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showing individual expression of protein variants in multiple, alternating lanes of gilt
n=7 (G) and sow n=7 (S) colostrum. The boxed section above illustrates individual
variation observed between samples of colostrum protein.

Figure 3.16

15 % 1D SDS PAGE (Ruby Hoefer – 12 x 15 cm gel) separation of parity 3 sow
defatted colostral protein (30 μg/well protein) and densitometer tracing showing the
dominant protein intensity peaks from one lane of gel shown in Figure 3.15.

Figure 3.17

Mean band density of colostrum samples from gilts (n=7) and sows (n=7) (gel 1) of
major protein bands run on a 15 % SDS gel and compared densities between gilt and
sow samples (data presented as mean optical density OD + SEM).

Figure 3.18

Mean band density of colostrum samples from gilts (n=7) and sows (n=7) (gel 2) of
major protein bands run on a 15 % SDS gel and compared densities between gilt and
sow samples (data presented as mean optical density OD + SEM).

Figure 3.19

Graphical depiction of the densitometric tracing of 30 bands of separated colostral
proteins from gilt (n=14) and sow (n=14) colostrum samples separated using 15 %
SDS PAGE and densitometric analysis with ImagePro Plus (data presented as mean
optical density OD + SEM).

Figure 3.20

Diagrammatic representation of the process of Tandem Mass Spectrophotometry
(MS/MS) for identification of proteins showing the steps involved including sample
ionisation, separation and detection.

Figure 3.21

12 % SDS 1D PAGE (Ruby Hoefer, 30 μg protein stained with coomassie blue)
showing the individual bands of alternate sow and gilt colostrum samples that were
analysed by mass spectrophotometry for protein identification. (confirmed *by MS
**
analysis and assumed by molecular weight).

Figure 3.22

15 %, (12 x 15 cm) 2D Gel (200 μg protein load, pH gradient 4 - 7 strip, stained with
coomassie blue) comparison of protein profiles expressed between gilt (A) and sow
(B: P3) colostrum collected at parturition. The red circle highlights one protein spot
that was expressed by 3/5 sows and 0/5 gilts and is highlighted in the inset by the red
arrow.

Figure 3.23

15 %, 12 x 15 cm, 2D PAGE Gel (200 μg protein load, pH gradient 4 - 7 strip) defatted
sow colostrum (200 μg loaded protein, stained with coomassie blue) separated by
Isoelectric charge and molecular weight highlighting the proteins identified using
Tandem Mass Spectrophotometry (MS/MS).
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Figure 3.24

15 % 2D PAGE pH 4 - 7, defatted sow colostrum (200 μg loaded protein) separated
by Isoelectric charge and molecular weight highlighting the protein identified using
ImageMaster analysis as being two-fold different to gilt samples.

Figure 3.25

Progenesis reference image of 15 % 2D PAGE pH 4 - 7, defatted sow colostrum (200
μg loaded protein) separated by Isoelectric charge and molecular weight, stained with
coomassie blue and analysed by the Progenesis 2D program showing spots matched
across all gels.
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Progenesis reference image of 15 % 2D PAGE pH 4 - 7, defatted sow colostrum (200
μg loaded protein) separated by Isoelectric charge and molecular weight analysed by
the Progenesis 2D program showing spots (numbered) that were not significantly
matched between the gilt and sow classes and less than one-fold difference. The spot
circled in green was the spot considered to be significantly different (>two-fold
difference) in sow samples than found in the gilt samples.

Figure 3.27

Pseudo-electrophoretic gel generated by the Bioanalyser 2100 Off gel (Protein 230
microchip) electrophoresis system, showing the marker ladder (L) and alternating gilt
(n=5, lanes 1,3,5,7,9) and sow (n=5, lanes 2,4,6,8,10) defatted colostrum samples
(1.5 µg loaded protein sample) (lanes 1-10) showing differences in the expression of
protein profiles between gilt and sow colostrum samples.

Figure 3.28

A representative profile of protein peaks of a defatted colostrum sample from a single
sow, with assigned intensity values (FU) and calculated molecular weight (kDa). Line
profile generated using the Bioanalyser 2100 software. Where the x axis = molecular
weight of the peak (kDa) and the y axis = fluorescent unit (FU).

Figure 3.29

Comparison of defatted colostrum samples from gilt (n=5) and sow (n=5) line profiles
generated using the Bioanalyser 2100 software, run against a marker ladder (blue)
and where the x axis = molecular weight of the peak (kDa) and the y axis =
fluorescent unit (FU).

Figure 3.30

Comparison of Bioanalyser results of mean peak intensity of main peaks of protein
from colostrum of gilts (n=10) and sows (n=10). (data presented as ng/µl + SEM)
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Figure 4.1:

Diagram depicting a section of small intestinal lumen and highlighted villi that line the
surface of the epithelium and the internal structures of the villi that facilitate the
absorption of colostral nutrients
(www.mhhe.com/biosci/ap/dynamichuman2/content/digestive/visuals.mhtml).

Figure 4.2

Photograph of section of intestinal villi tract from day old chick.

Figure 4.3

Illustration of the parameters of the villi measured a:villi height, b:crypt depth,c: basal
width and d: apical width (Iji et al, 2001).

Figure 4.4

Comparison of mean egg weights and hatching weights of day old chicks over
treatments injected into fertilised eggs. n=10 per treatment group and n=20 for all
control groups. (data presented as mean of egg/chick weight (g) per treatment +
SEM).

Figure 4.5

Hatchability of treated fertilised eggs, (n=20 eggs for each control treatment and n=10
eggs per colostrum /D3 milk treatment: n=140 total eggs) injected, HMB = hydroxy
methyl butyrate. (data presented as mean hatchability % + SEM).

Figure 4.6

Comparison of crypt depth measurements of villi from intestinal sections removed
from chicks 1D post-hatching where n=20 eggs for each control treatment and n=10
eggs per colostrum /D3 milk treatment, HMB = hydroxy methyl butyrate, injected (data
presented as mean measurement µm + SEM).
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Figure 4.7

Comparison of apical width measurements of villi from intestinal sections removed
from chicks 1D post-hatching where n=20 eggs for each control treatment and n=10
eggs per colostrum /D3 milk treatment HMB = hydroxy methyl butyrate injected (data
presented as mean measurement µm + SEM).
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Comparison of basal width measurements of villi from intestinal sections removed
from chicks 1D post-hatching where n=20 eggs for each control treatment and n=10
eggs per colostrum /D3 milk treatment, HMB = hydroxy methyl butyrate injected (data
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Comparison of villus height measurements of villi from intestinal sections removed
from chicks 1D post-hatching where n=20 eggs for each control treatment and n=10
eggs per colostrum /D3 milk treatment HMB = hydroxy methyl butyrate injected (data
presented as mean measurement µm + SEM).
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Overview of villi parameters measured and the comparison of these measurements
between the gilt and sow colostrum (0.5 and 5 mg/ml) and D3 milk (0.5 and 5 mg/ml)
injected treatments where n=10 eggs per colostrum /D3 milk treatment injected where
GM= gilt milk, SM= sow milk, GC = gilt colostrum, SC = sow colostrum. (data presented
as mean measurement µm + SEM).

Figure 4.11

Comparison of villus surface area of all gilt and sow colostrum (0.5 and 5 mg/ml) and
D3 milk (0.5 and 5 mg/ml) treatments including controls administered to fertilised eggs
where n=10 eggs per treatment and n=20 eggs per control group, HMB = hydroxy
2
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A monolayer of proliferating T84 human gastrointestinal cells (~75 - 80 % confluency)
grown in a T75 flask with growth media containing 10 % FCS (P. Geale: magnification
X10).

Figure 4.13

Results of optimising cell numbers (n= 5000, 10,000 and 20,000 cells) plated per well
of a 96 well plate in either SFM or 10 % FCS supplemented growth media and
incubation time (min) after addition of assay dye prior to plate reading. (data shown as
mean RFU 485/520 nm + SEM of triplicates).

Figure 4.14

Response of T84 human intestinal cells to a triplicate dilution series 100 ng/ml to 1
ng/ml of EGF as a positive control and untreated cells/dye only as a negative control
(data shown as mean RFU 485/520 nm + SEM of triplicates).
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Response of T84 human intestinal cells to a dilution series 1:200 to 1:1000 of
porcine colostrum using EGF as a positive control and untreated cells as a negative
control (data shown as mean RFU 485/520 nm + SEM of triplicates).
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Response of T84 human intestinal cells to a dilution series 1:100 to 1:800 of casein
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casein and whey fractions using EGF as a positive control, plus polypep (10 mg/ml)
and untreated cells as negative controls (data shown as mean RFU 485/520 nm +
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D21 of lactation (data presented as mean protein concentration mg/ml + SEM).
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difference are outlined in green with their identification number assigned by
ImageMaster, (LM= landmark used to match gels).
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gels in this high v low producing gilts and sows experiment where n=3 ‘high’ sows,
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DEAE + obestatin and B= Montanide + obestatin (data presented as mean obestatin
antibody titre log + SEM).

Figure 6.8

Mean obestatin antibody titre (log) of sow colostrum and plasma collected from sows
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and B (n=10) and the mean litter wean weight of piglets for treatment group A (n=51)
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ABSTRACT

The female mammal makes an enormous metabolic investment in the early
development of her offspring and this continues until the offspring is independent of its
mother at weaning. Mammary secretion of colostrum and then milk requires a high
proportion of ingested nutrients from the maternal diet and represents a continuation of
metabolite partitioning for the growth and development of the young in-utero. Lactation
represents the most energetically demanding process of the reproductive cycle.

This thesis reviews current knowledge of the composition of porcine colostrum and
mature milk, focusing on compositional differences that may help account for the
poorer weaning performance of gilt litters in comparison to performance of litters of
more experienced sows.

The research has (a) elucidated differences in the expression of the major proteins
expressed in porcine colostrum and how these proteins might influence the
gastrointestinal development of the neonatal piglet; (b) established that piglet growth
through to weaning can be enhanced using cross-fostering techniques; (c) developed
in-ovo and in-vitro models to investigate responses of gastrointestinal epithelial cell to
porcine colostral proteins and protein fractions and (d) investigated the influence of
passive immunisation of piglets against an anorexic enteric peptide on feed intake .

Firstly, compositional analysis of the differences in the expression of proteins in
colostrum and mature milk and then from gilts and sows was conducted. Colostrum
was collected from gilts (n=55) and sows (n=70) without the use of oxytocin and D21
milk was also collected by manual palpation of rear teats during a natural let down. The
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compositional analysis of macronutrient content of colostrum from gilts and sows was
compared.

The major compositional differences were in total protein as measured by BCA assay
(186 + 4.9 and 160 + 5.6 mg/ml in sow (n=70) and gilt (n=55) colostrum respectively)
(p=0.002). Other major differences between sow (n=11) and gilt (n=12) colostrum
composition included IgG concentration as measured by ELISA (84.5 + 3.9 and 61.9 +
5.5 mg/ml respectively (p<0.001).

In comparing the effect of parity, total sialic acid N-acetyl neuraminic acid (Neu5Ac)
was also measured by HPLC, and it was identified that it was approximately 4 %
higher in sow (n=5) colostrum (3378 + 316 mg/L) than in gilts (n=10) colostrum
(2908 + 373 mg/L) which was considered statistically significant (p= 0.053). Neu5Ac
the precursor for 3’ and 6’ prime sialyllactose (3’SL and 6’SL) are associated with
intestinal mucins and act as specific receptors for pathogens where these act as
binding sites for viruses, bacteria and parasites. However, levels of Neu5Gc also
measured by HPLC, was shown to be expressed in sow colostrum (n=5) (105 + 13
mg/L) compared to gilt colostrum (n=10) (102 + 8.5 mg/L) but did not differ
significantly (p=0.216). Although 3’ sialyllactose status similarly measured by HPLC
was not found to differ between sows (n=5) (1081 + 121 mg/100g) and gilts (n=5)
(1012 + 75 mg/100g) (p=0.614), the concentration of 6’ sialyllactose as measured by
HPLC was significantly higher (p=0.021) in sow colostrum (n=5) (120 + 12 mg/100g)
relative to that of colostrum from the gilt (n=5) (67+ 13.3 mg/100g). The increase in
sialyllactose in sow colostrum compared to gilts could help play a part in early piglet
health and survival.
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The compositional experiments reported here highlighted significant differences in
the composition of colostrum including total protein, IgG and sialic acid content
between gilts and sows. Such compositional differences may add to the
understanding of why sow progeny are heavier at birth and at wean, and are less
susceptible to illness. Seasonal differences in colostrum composition were also
recorded. Colostral protein was highest in August for sows (n=10) (234 + 16.7 mg/ml)
and gilts (n=10) (216 + 18.2 mg/ml) and lowest in November for sows (n=10) (174 +
13.4 mg/ml) and gilts (n=10) (150 + 6.4 mg/ml). Initial results indicated a possible
seasonal effect on the protein composition of colostrum from sows and gilts
(p<0.001). No significant differences were observed for lactose (p=0.679) or fat
(p=0.523) content in colostrum between gilts and sows sampled in spring. This
analysis indicated that the time of year (season) the sow farrows and nurses her
piglets, could affect the protein concentration and other components of their
colostrum.
Subsequent to initial gross compositional analysis, more detailed analysis of the
secreted

proteome

was

also

undertaken

by

conventional

2

Dimensional

Polyacrylamide Gel Electrophoresis (2D PAGE). Observable differences (threshold >
two-fold difference) between protein profiles of sow and gilt colostrum by 2D PAGE
were observed, and related to differences in phosphorylation states and the
expression of protein variants between individuals. The one major protein unique to
sow colostrum but absent consistently from gilt colostrum, an α-S 1 Casein precursor,
was considered by ImageMaster 2D analysis as having a two-fold greater difference
from over 200 spots matched between gilts and sows. This protein was identified as
further characterised by Maldi-TOF and Maldi-TOF-TOF analysis. Observable
differences (threshold > two-fold difference) between protein profiles of sow and gilt
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colostrum by 2D PAGE were observed, and related to differences in phosphorylation
states and the expression of protein variants between individuals. Some minor
differences found may be due to the fact that lactational proteins occur in
heterogeneous populations of isoforms which are subjected to post-translational
modifications such as proteolysis, phosphorylation and glycosylation.
The colostrum of sows and gilts was further tested functionally by co-incubation with
a series of model systems to assess the impact of colostrum from different parity on
gastrointestinal cell proliferation and gastrointestinal tract development.
Colostrum and milk from gilts and sows gave different proliferation responses in
intestinal cells when assessed in a developmental model using chicken embryos inovo.
A method for injecting fertilised chicken eggs was developed and two concentrations
(0.5 mg/ml and 5 mg/ml in MilliQ water) of porcine colostrum and D3 milk (0.5 mg/ml
and 5 mg/ml) from gilts (P1) and sows (P3) were injected into fertilised eggs (n=10
for each colostrum and D3 milk treatment group). In addition to treatment groups
(n=20) eggs (per control group) were also injected with Hydroxy methyl butyrate
(HMB) (0.5 and 5 mg/ml) a precursor of cholesterol synthesis and source of readily
oxidised energy substrate, polypep (0.5 and 5 mg/ml) a non-specific protein digest,
saline (0.9 %) and penetration with needle only. A total of n=140 treated eggs were
incubated under commercial conditions, 37.5°C and 65 % humidity until hatching.
Sow D3 milk (5 mg/ml) treatment resulted in lower mean egg weights but, in contrast,
was the treatment that yielded the heaviest mean chick hatch weight. The highest
hatchability rate was seen among eggs treated with sow colostrum, sow D3 milk and
polypep (0.5 mg) treatments. On the day of hatching the gastrointestinal tracts were
removed from the newly hatched chicks and samples of tract from different
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anatomical locations collected from each hatchling. Sections of the small intestine
were collected from the proximal duodenal and the jejunum and four photographs
were taken of each section of GIT and 20 villi per photograph were measured by
image analysis. Villi were measured for height, crypt depth, basal and apical width
(mean of 20 observations for each of n=20 eggs per control groups and n=10 eggs
per treatment groups) to determine if D3 milk or colostrum had any proliferative effect
on the gastrointestinal cells when compared to the control treatments of saline,
injection only, HMB and polypep. Sow colostrum (0.5 mg/ml) tended to increase the
surface area of villi (36775 + 25376 µm2) of intestinal cells more effectively than gilt
colostrum (0.5 mg/ml) (29935 + 14903 µm2), gilt milk (5 mg/ml) (25550 + 1495 µm2),
sow D3 milk (0.5 mg/ml) (26288 + 1382 µm2) or sow D3 milk (5 mg/ml) (28836 +
2320 µm2), but the differences were not significant (p=0.131).
Villus surface area responded with an enhanced pattern of growth and development
to injection with a non-specific peptide mix polypep 0.5 mg/ml (52783 + 2630 µm2)
and 5 mg/ml (46195 + 3086 µm2) and with hydroxy methyl butyrate (38307 + 2166
µm2) 0.5 mg treatment. The lowest effect was seen in the gilt milk (5 mg) and sow
milk (0.5 mg) treatments. Investigating proliferative effect of lactational proteins on
gastrointestinal development using an in-ovo egg model was subjected to large
individual animal variation in response to injected treatments of colostrum and milk,
and in this investigation was not able to give any definitive answers on the ability of
colostral proteins to stimulate intestinal cells of the chick. Immediate access to feed
after hatch is critical for the development of the intestine. Thus, nutrient supply during
the pre-hatch period (~ D17 of incubation) using in-ovo feeding would be expected to
enhance development of the small intestine (Uni & Ferket 2004).
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To further investigate the functional implications of colostrum from different parity
animals on the growth and development of gastrointestinal epithelia, the colonic
immortalised cell line T84 was used as a mechanism to investigate the role of
milk/colostral proteins and peptides in initiating gastrointestinal proliferation. The key
protein components, casein and whey, in milk/colostrum samples were then
assessed for their impact on proliferation of gastrointestinal cells in a number of
model systems. T84 human intestinal cells (20,000) were grown in either serum free
(T84 growth media without fetal calf serum) or 10 % fetal calf serum supplemented
growth media. Treatments of colostrum (4 µg/µl) from both gilt and sow colostrum
samples were added and controls of epidermal growth factor (EGF) at a
concentration of 1ng/μl as a positive control, and a non specific protein (polypep –
bovine protein digest) 10 ng/μl and cells with no treatment as a negative control. All
treatments were run in triplicate and incubated at 37°C, 5% CO 2 for a further 48 hrs,
and analysed for proliferation using CyQuant Non Fluorescent cell proliferation assay
kit. The extent of proliferation is determined by comparing cell counts for samples
treated with colostral proteins of interest with untreated controls.
Key findings were a significant difference in the proliferative effect on a human cell
line of sow whey fractions in serum free media (27747 + 824 RFU) compared to gilt
whey (19245 + 400 RFU) fraction samples (p=0.05). No significant differences
between were observed for casein fractions from gilt (n=10) 22625 + 686 RFU and
sows (n=10) 23137 + 713 RFU in SFM was observed on proliferation rate of human
gastrointestinal cells (p=0.726) or an effect of gilt casein (n=10) 22919 + 622 RFU,
sow casein 22623 + 570 RFU (p=0.606) and whey fractions gilts (n=10) 21620 + 764
RFU, sows (n=10) 23437 + 568 RFU (p=0.513) in fetal calf serum (FCS)
supplemented media on cell proliferation.
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It is reasonable to assume that nutrients provided by colostrum and milk would have
a positive effect on the gastrointestinal development of the mammalian neonate.
Observed differences in the proliferation response to sow whey when compared to
gilt whey suggests that differences in composition of colostrum and milk, and the
expression of these proteins, may impact on the growth and development of the
neonate.
The potential to enhance piglet growth by cross-fostering between gilt and sow litters
was also investigated. Sows (=20) and gilts (n=20) were divided into four groups: gilt
born: gilt reared, gilt born: sow reared, sow born: sow reared and sow born: gilt
reared. At birth, piglets were weighed and cross-fostered (n=10 piglets per group) to
a sow or gilt (except their birth dam). At D28 piglets were again weighed and
weaned. Colostral protein content tended to be higher in sow colostrum (182.8 + 8.2
and 161.3 + 8.6 mg/ml for sows (n=20) and gilts (n=20) respectively p= 0.08)
although this tendency was not apparent in gilt (37.2 + 2.8 mg/ml) and sow (34.8 +
2.5 mg/ml) D21 milk samples (p=0.488). Weaning weights were significantly higher
for sow-nursed progeny regardless of the birth dam (58.4 ± 1.3 and 55.6 ± 1.1 kg) for
sows and gilts respectively p= 0.021). In our experiment the parity of the dam rearing
the piglets appeared to be more important than the parity of the birth-dam in
determining pre-weaning growth performance. When piglets were cross-fostered
between sows and gilts we observed that all sow reared piglets exhibited higher
weaning weights than gilt reared piglets regardless of birth dam. It would seem there
are a number of factors influencing piglet neonatal growth through to weaning and
possible interactions between these factors that may play a role. Differences exist in
components of colostrum from sows compared to gilts that may influence neonatal
development. Cross-fostering allowed us to compare the lactation performance of the
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dams and any effects the parity of the nursing dam may have had on the outcome of
wean litter weights. Improving litter wean weights per sow is an important
consideration for commercial pig farmers.
A proteomic comparison of the colostral proteins of n=3 sows and n=3 gilts from each
cross-foster group was also performed to evaluate differences in protein profiles and
to identify individual proteins of interest. These groups were selected as low
producing gilts and sows, and high producing gilts and sows by their colostrum
protein concentration and litter wean weights.
Optical density analysis indicated that one spot (in the region of the α-S 1 -caseins as
determined by Maldi-TOF analysis and as previously identified in initial compositional
analysis) was found to be 2.2-fold higher in the gels of high producing sows than was
found in the gels of the gilts or low producing sows and was constant with previous
analysis described above. A specific protein of 10kDa in the region of β-lactoglobulin
was also found to be 1.3-fold different in the gels of sows than was seen in the gilts.
A related protein was visually observed in three of three high producing sows, one of
three low producing sows, one of three high producing gilts, and none of three in low
producing gilts. This protein was identified by tandem mass spectrophotometry
(MS/MS) as being an α-S 1 -casein precursor with an approximate molecular weight of
23 kDa. The α-S 1 -casein is associated with having antioxidant and radical
scavenging abilities. Sows expressing the α-S 1 -casein precursor may provide their
piglets with increased intestinal protection and improved health and subsequent
growth of the piglet.
The aim of the obestatin trial was to immunise sows with obestatin conjugated to a
large foreign protein ovalbumin during late pregnancy to ensure that newborn
suckling piglets are passively immunised with antibodies directed against obestatin
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through the consumption of colostrum. The potential of the anorexic peptide
obestatin to limit the orexigenic drive of piglets was investigated by passively
immunising new-born piglets with colostrum containing high titres of specific
antibodies directed to this peptide. We hypothesised that this would result from the
immuno-neutralisation of obestatin causing over-transcription of the pre-proghrelin
precursor protein. Theoretically this should lead to the over-expression of the
orexigenic peptide ghrelin, thereby, driving the suckling response in piglets resulting
in a higher consumption of colostrum and milk.
The Montanide group of adjuvants containing highly purified oil and injectable
emulsifying agents which yield low viscosity formulations, are reported as having
high immuno-potentiating capacity and show lesser side-effects (Wahgmare et al
2009). DEAE-dextran on the other hand, is effective at inducing strong immune
responses to protein antigens in sheep (Wedlock et al 2002). These two adjuvants
were therefore compared in the immunisation of sows with obestatin conjugated with
the large antigenic protein ovalbumin.
At week eight of gestation, sows (n=10 sows per treatment group) of parity 3 – 7,
were vaccinated with 0.5 mg obestatin-ovalbumin in 2 ml DEAE + BP85:Span80
(treatment A) or 0.5mg obestatin-ovalbumin in 2 ml Montanide (treatment B). Blood
samples, via the jugular vein (10ml), were collected before the primary immunization.
At weeks 13 and 15 of gestation, sows were re-immunised with the same vaccination
for their treatment groups (as above). All sows gave birth unassisted and were
allowed to suckle their piglets uninterrupted until weaning (D28). At farrowing
treatment group A sows produced n=94 piglets and treatment group B sows
produced n=90 piglets. Analysis was performed using only the piglets that survived
from birth to D28 weaning and where a full complement of piglet plasma samples
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and weights were recorded for each piglet (treatment A n=51 and treatment B n=55
piglets).
Blood samples (~ 5 ml) were collected from the ear vein of piglets, and (~ 10 ml)
from the jugular vein of sows at farrowing and again from piglets at D5 and D28.
Comparison of the mean of obestatin antibody titres (by ELISA) in the colostrum of
sows from treatment group A (5543 + 2388 OD) and treatment group B (3139 + 1151
OD) tended to be higher in the treatment group A than in the treatment group B,
although the differences were not significantly different (p=0.586). Comparison of
mean obestatin antibody titres in the plasma (by ELISA) of sows from treatment
group A (2949 + 1743 OD) and treatment group B (1490 + 587 OD) also showed no
significant differences between treatment groups for sow plasma titres (p=0.736).
The obestatin antibody titres in the plasma of D5 piglets were not significantly
different between treatments (p=0.479). Comparisons of the mean of obestatin
antibody titres in the D28 plasma of piglets from treatment group A (3039 + 494 OD)
and treatment group B (1410 + 194 OD) showed a much higher titre for the treatment
group A piglets and was considered to be significantly different (p=0.002).
Mean protein concentration (mg/ml) tended to be higher in the treatment group B
sows (0.5 mg obestatin-ovalbumin/Montanide (ISA 50v) as adjuvant) (190.9 + 12.2
mg/ml) than in the treatment group A sows (0.5 mg obestatin-ovalbumin/DEAE +
BP85:Span80 as adjuvant) (166.2 + 12.8 mg/ml) however this difference was not
statistically different (p=0.179). Comparison of mean IgG content (mg/ml) in the
colostrum of sows from treatment A (67.7 + 3.0 mg/ml) was significantly lower than
was seen for treatment B (82.3 + 4.8 mg/ml) (p=0.018) although this cannot be
related to the specific immunisation procedure .
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Piglet mean litter birth weights between treatment groups were similar as were the
weaning weights, in which case treatment B litters tended to be heavier. One positive
association found here was between the residual antibody titre in the circulation of
piglets treated with the DEAE/obestatin antigen combination (Group A) with growth to
weaning.
The obestatin antibody study was initially established as an antigen/adjuvant efficacy
trial so no controls would be needed as very low antibody titres from treated sows
were the most appropriate controls for sows expressing high titres. Therefore, we
have assessed the biological effectiveness of the antibody titre by determining the
relationship between expressed titres and the production parameters being analysed.
Sufficient spread existed across the treatment groups to take our approach, and in
fact, we were able to report some significant relationships.
The most significant results from these studies were that maternal milk supply was
the principle determinant of piglet growth more so than the parity of the birth dam.
We have observed differences in protein composition and expression profiles
between gilts and sows which may compromise health and growth of piglets. Further
studies into improving intestinal growth performance in piglets would be
advantageous for commercial piggeries as healthier piglets equates to more meat to
market at weaning.
Regardless of the season of collection of colostrum sows were found to have
consistently higher protein concentration (~183 mg/ml) than was observed for gilts
(~160 mg/ml) and similar higher concentrations of IgG (sows 8.3 %, gilts 6.3 %).
The investigation of seasonal effects on colostrum and milk composition was outside
the scope of our study, although preliminary results indicate further investigation into
seasonal effects should be conducted.
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The total number of pigs born and pigs born alive per litter were not affected by
dietary lysine levels during gestation but were affected by parity, with gilts farrowing
fewer piglets than parity 2 or 3+ sows: live weights of gilt litters were lighter by 130 g
per piglet than those reported for parity 2 or 3+ sows (Cooper et al 2001).
In our observations, gilts farrowed fewer piglets than higher parity sows which is
similar to previous studies (Coffey et al 1994, Mahan 1998).
The antibody repertoire passed onto piglets from gilts is likely to be very different to
that provided by a sow since they will not have been exposed to the same range of
enteric pathogens. The chance of illness in gilt progeny is therefore likely to be
significantly higher since the broader spectrum of antibodies in sow colostrum will
provide greater protection for sow progeny from enteric pathogens. Part of this may
be due to differences in the complex carbohydrate composition of colostrum from
sows and gilts.
Further research is needed to investigate the impact of environment on maternal
capability to support maximal growth of litters irrespective of parity. Detailed
longitudinal studies of changes in lactation across the commercial parity spectrum of
different genotypes may assist in elucidating other factors that limit the growth of gilt
progeny. Allowing gilts to achieve maturity and therefore a heavier body weight prior
to first time mating may ensure that gilt born piglets are no more nutritionally
disadvantaged than their sow born counterparts.
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Chapter 1.
________________________________________________________________

Literature Review
1.1

Aim of review

This review focuses on factors that influence the production and composition of
porcine milk and the regulation of its consumption by piglets. The relationship
between these factors and piglet growth to weaning is important in maximizing
production efficiency through to slaughter. Prior to birth the fetus receives all its
nutrients via the maternal placenta. After birth, the gastrointestinal tract of the
neonate must take on the responsibility of absorbing nutrients from colostrum, in
the form of proteins, lactose, fat and immunoglobulins to provide passive
immunity, and also provide a complex repertoire of developmental hormones and
growth factors required to direct tissue differentiation and growth in the neonate.
The transformation of colostrum to milk involves a dramatic decrease in the
incorporation of immunoglobulins and changes in the levels of hormones and
growth factors supplied to the neonate.
The female mammal makes an enormous metabolic investment in the early
development of her offspring and maternal investment continues until the offspring
is independent of its mother at weaning. Lactation represents a continuation of the
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metabolic investment into gestation and the birth process by the mother and
energetically is the most demanding process of the reproductive cycle, where the
relationship of lactation length to the reproductive cycle of sows is depicted in
Figure 1.1. Lactation may last for as short as 3 - 5 days, as in the hooded seal
(Bowen et al 1985), or extend for multiple years (480 - 900 days) as in the case of
the polar bear (Oftedal 1993) and the African elephant (McCullagh & Widdowson
1970). In contrast pig lactation is relatively short lasting between 14 – 28 days in
the sow (Verstegen et al 1998). Irrespective of its duration, lactation is of equal
importance to the health and growth of all neonates.

Non lactating 7-10 days

Wean

Service

Lactation period
14-28 days

Gestation
114-115 days
Farrowing

Figure 1.1 The relationship between wean to service interval, farrowing and lactation and the reproductive
cycle in the sow.
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Gilts (virgin female pig) usually have a longer weaning-to-service interval (WSI)
than multiparous sows. Gilts that reach puberty late also have a longer WSI after
weaning the first litter (Tantasuparuk et al 2001). The length of the WSI provides
an excellent indicator of reproductive efficiency, and can be used to indicate
fertility in subsequent reproductive cycles (Tantasuparuk et al 2001, Costa et al
2004, Tummaruk et al 2010).
We have focussed investigations on the common observation that the offspring of
gilts are born lighter than those that are born to multiparous sows, and are often
smaller and lighter at weaning (Carney et al 2009, Beaulieu et al 2010). The most
accepted theory for the above observation is that the gilt is still growing and
maturing when introduced into the breeding herd and therefore, unlike the mature
sow, needs to partition energy for her own physical needs (van Milgen & Noblet
2003) in addition to the needs of the developing litter and subsequent lactation
(Figure 1.2).
Conceivably, differences in the composition of milk from sows and gilts may
contribute to differences in the growth performance of sow and gilt litters. In
theory, the more rapid development of sow litters may be due to molecules
responsible for gastrointestinal development and absorption of immunoglobulins
and nutrients in both colostrum and mature milk. The impact of the imposition of
pregnancy on gilts that have not attained their mature reproductive live-weight on
colostrum/milk composition is important to understand. The impact of these
combined factors is likely to affect gastrointestinal development, passive immunity
and subsequent growth and health of the piglet (King et al 1997). Investigation of
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these aspects of porcine lactational physiology will form the basis of much of this
review and subsequent experimental investigations.

Body Tissue

Feed
Intake

Body Nutrient
Pool
Gilt Growth &
Development

Maintenance

In-utero
maintenance

Production

Figure 1.2 Schematic diagram of distribution of nutrient requirements of the gilt to facilitate maturity, growth
and reproduction.

1.2. Mammogenesis in the fetal sow______________________________
Mammogenesis is the development of the mammary gland which starts in the
fetus of all mammalian species (Svennersten-Sjaunja & Olsson 2005) and most
structural development of the mammary gland occurs during pregnancy (Neville et
al 2001). The formation of the milk secreting structures during pregnancy is
dependent on a synergy between prolactin and progesterone signalling where
these hormones trigger an initial wave of cell proliferation during day two to six of
pregnancy (Oakes et al 2006). The hormones involved in pregnancy are also
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responsible for mammary growth and a close relationship between the extent of
fetal development and the extent of mammary development as shown in Figure
1.3.

Figure 1.3 Schematic diagram of the early development of the embryonic mammary gland in the fetal piglet
showing the growth of the milk line to mammary buds as the pregnancy progresses (adapted from Robinson
2007).

All female pigs are born with a genetically defined potential for milk production with
the limiting factor for milk production being the number of milk-producing cells in
the mammary glands (Farmer & Sorensen 2001, Oakes et al 2006).
Progesterone is found in high concentrations in the blood of the mother during
pregnancy and is critical for maintaining pregnancy. Similarly, estrogen is elevated
in the blood of the mother, typically during the latter stages of pregnancy, and it is
these high concentrations of estrogen and progesterone that provide the primary
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physiological drive for mammary growth and development during pregnancy.
(http://classes.ansci.illinois.edu/ansc438/beginning/beginning_7.html 14/08/10).

1.2.1 Alveolus development in the pig____________________________
Immense tissue remodelling occurs within the mammary gland during pregnancy,
resulting in the formation of lobuloalveoli that are capable of milk secretion (Oakes
et al 2006).
The stages of development of the generalised mammary gland are depicted in
Figure 1.4 showing the growth rate of the alveolus from a pubertal stage through
to the dense mature alveolar at lactation (Hennighausen & Robinson 2005). In the
sow, mammary growth during pregnancy is slow in the initial two-thirds of
pregnancy and accelerates during the final third (Sorensen et al 2002, Ji et al
2006).

Figure 1.4 The stages of development of the generalized mammary gland from puberty through to lactation in
the sow, highlighting the growth rate of the alveolar during pregnancy to the dense mature alveolar at
lactation. TEB = terminal end buds (adapted from Hennighausen & Robinson 2005).
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The alveolus is a blind-sac consisting of a single layer of secretory epithelial cells
surrounding a lumen and is the basic milk secreting structure in the lactating
mammary gland (Oakes et al 2006). The epithelial cells are surrounded by a
diffuse layer of contractile myoepithelial cells that are involved in milk ejection
(Figure 1.5). Oxytocin contracts the myoepithelial cells and influences maternal
behaviour and metabolism (Svennersten-Sjaunja & Olsson 2005).

Figure 1.5 Schematic action of prolactin plus oxytocin on mammary epithelial cells. Prolactin acts directly on
the mammary gland epithelium to facilitate milk ejection. (www.colorado.edu/intphys/class/IPHY3430200/024reproduction.html 24/09/2009).

Upon stimulation either manually or by suckling, the axon terminals in the nipple
discharge oxytocin into the circulation where it travels to the mammary gland and
binds to specific receptors located on myoepithelial cells, which function
peripherally to regulate the contractile effectiveness of the oxytocin-sensitive
myoepithelium within the mammary gland.
In the mammary gland contraction of smooth muscle of the myoepithelium forces
milk from the alveolar channels into the large sinuses (milk let down) where it is
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available for suckling by the neonate. In such domestic species as the cow, ewe,
sheep or goat, this milk is collected in an udder and available to the young ad
libitum. However in the pig, milk is only available to the piglet at each sow
mediated let down. In addition, an autocrine factor, termed feedback inhibitor of
lactation (FIL) (Wilde et al 1995, Knight et al 1998) is secreted from the alveolar
epithelial cells and accumulates in the alveolar lumen. The FIL then feeds back
and inhibits further milk secretion from the alveolar epithelial cells. The removal of
milk at milking or suckling removes the inhibitory effect of FIL and allows for
continued milk secretion (Kim et al 2001, Hurley 2001). Failure to milk glands out
at each suckling may result in the molecules such as FIL being synthesised
(Peaker et al 1998).

1.2.2

Lactogenesis and milk production in the pig _________________

Lactogenesis is the onset of milk secretion and includes all of the changes in the
mammary epithelium necessary to go from the undifferentiated mammary gland in
early pregnancy to full lactation sometime after parturition (Neville et al 2001).
Litter size has the greatest positive influence on total production of milk from sows
(Hartmann et al 1997, Ramanau et al 2004) which is in part regulated by autocrine
control of each mammary gland, rather than systemically via hormonal control.
The stages of lactogenesis are listed below.
Stage I: Occurs during pregnancy, when the gland becomes sufficiently
differentiated to secrete small quantities of specific milk components, such as
casein and lactose. In humans, stage I occurs at mid pregnancy and can be
detected by the measurement of increased plasma concentrations of lactose and
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α-Lactalbumin (Neville et al 2001). After this stage has been achieved the gland is
sufficiently differentiated to secrete milk, but secretion is delayed by a high plasma
concentration of circulating progesterone.
Stage II. This is associated with the onset of copious milk secretion at parturition
and is characterised by an increase in the concentrations of lactose and fat, and a
decrease in the concentration of protein in the mammary secretion from normally
suckled glands of the sow (Perrin 1955, Atwood & Hartmann 1993).
In many species, such as cows, goats and rats, this stage begins before the birth
of the young, brought about by the sharp decrease in plasma progesterone that
also initiates parturition (Neville et al 2001) (Figure 1.6).
Lactation in the sow is even more demanding than gestation as 100 % of maternal
dietary energy intake in the lactating sow may be required for milk synthesis
(Pluske et al 1995).

Figure 1.6 Schematic diagram of the flow of events from the estrus cycle from conception through to
parturition and lactogenesis in the sow (html://classes.ansci.illinois.ed/ansc438/beginning_7.html 31/03/2009).
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The transformation from pregnancy to lactation requires a concerted change in
several processes including changes in the permeability of the paracellular
pathway between epithelial cells and changes in the secretion of protective
substances, such as immunoglobulins (Ig), lactoferrin and complex carbohydrates.
Once lactation is established by the process of lactogenesis, it must be maintained
in order to meet the growing needs of the neonate.

1.2.3____Mammary Development of the pig________________________
The defining characteristic of all mammals is the production of milk, although the
location and external form of the mammary glands differ among species. The
development of the mammary gland which starts in the fetus is shown in Figure
1.3. The general phases of development and the mechanisms of milk production
are an integral component of the highly successful reproductive strategy of
mammalian species. Mammals reproduce multiple times throughout their lives but
provide nutrients for their offspring for the duration of lactation only. The
effectiveness of the mammary gland and the secretions they produce to support
the growth, development and survival of the neonate is dependent on the
efficiency of the biosynthetic processes occurring in the mammary gland itself.
Periods of extensive mammary gland development in pigs occurs during
pregnancy and lactation (Ji et al 2006) where growth of the mammary gland to
farrowing will affect the volume of milk produced by the sows, and ultimately to the
growth of their piglets (Kim et al 1999a, Ji et al 2006). By the third trimester in pigs,
mammary growth has accelerated and continues until term, however, in the first
and second trimesters of pregnancy there is limited mammary growth (Farmer et
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al 2004). In late pregnancy, the mammary gland undergoes a period of allosteric
growth similar to that observed in puberty in which mammary stem cells
repopulate the mammary gland through rapid proliferation, and cellular
differentiation to prepare the gland for the subsequent phase of lactogenesis
(Cranwell & Varley 1995).
At the time of parturition changes in the hormonal balance associated with
farrowing initiates lactation and the production of colostrum. These interactions are
depicted in Figure 1.7.

Figure 1.7 Endocrine control of oxytocin showing the positive feedback loop to the hypothalamus
which encourages uterine contraction and parturition in the sow. Where CRH = Corticotrophin-releasing
hormone, ACTH = Adrenocorticotrophic hormone, DHEA = Dehydroepiandrosterone, E 3 = Estriol and PG =
Prostaglandin. (www.colorado.edu/intphys/class/IPHY3430-200/024reproduction.html 24/09/2009).

In lactating sows the mammary glands are the primary recipients of absorbed
nutrients (Boyd & Touchette 1997) to support the growth of the mammary gland
and its lactational output. Increases in milk production during early lactation may
result from increases in secretory cell number, enhancement of functional
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differentiation of cells, or both mechanisms working together (Hurley 2001, Oakes
et al 2006).
In ruminants, significant cell proliferation occurs during the early lactogenic phase,
while an increase in yield per cell indicated an increase in differentiation of
secretory cells, which continues as lactation approaches peak yield (Knight &
Wilde 1987). This finding was supported by Hurley (2001) who also found a high
correlation between the number of mammary cells estimated to be in the lactating
glands and milk yield in rats. In this study mammary wet weight increased by more
than 50 % and mammary gland DNA by 100 % over the course of the 21 day
lactation. Kim et al (1999b) also reported an increase of 100 % in mammary gland
DNA between D5 and D21 of lactation in rats, with similar results also being
reported in the rat by Tucker (1987) and in the heifer by Ji et al (2006).
Farmer & Sorensen (2001) found that mammary development in pre-pubertal gilts
is limited until three months of age when the rate of mammary tissue and DNA
accretion increases four to five-fold. Total mammary DNA can be used as an index
of mammary cell number, and therefore, mammary development as the amount of
DNA per mammary cell is constant during pregnancy and lactation (Weldon et al
1991).
While it is imperative for the sow to produce enough milk of the correct
composition for the health and growth of the piglet, it is equally important that the
milk is able to be transferred to the piglet via functional teats. Domestic swine
typically have 12 to 14 mammary glands composed of one to two pairs of thoracic
glands, four pairs of abdominal glands, and one pair of inguinal glands (Wagstrom
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et al 2000). Each gland is a separate and functional unit with one teat, two teat
canals and cisterns and two external openings (see Figure 1.8).

Figure 1.8 Diagram demonstrating teat classification showing functional teats (1, 2 & 3) and inverted
and non-functional teats (4 & 5) (www.thepigsite.com.au11/12/09).

Functional teats are an important consideration when selecting or receiving gilts
into the breeding herd. If the teat sphincter cannot be seen at eye level it is likely
that such a teat will remain inverted and will not be functional as shown for teats 4
and 5 (Figure 1.8). In pigs, a functional mammary gland is an important
commercial selection criterion for increasing the survival rate of piglets (Tetzlaff et
al 2009).
Some inverted nipples will revert to normality and may be functional when the
mammary gland is fully developed. Not only is it important that the teats be
functional to ensure lactational success but the teats also need to be in the ideal
alignment along the sows’ abdomen to ensure the teats are easily accessible to
the piglets. Failure to locate the teat may result in the piglet missing their narrow
window of opportunity to suckle at let-down.
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Figure 1.9 indicates the ideal nursing alignment of the teats of a lactating sow and
how this alignment affects the positioning of the teats, noting the angle of the teat
in comparison to its position on the midline of the sow.

Figure 1.9 Representation of teat placement along the ventral midline of the sow and how this alignment
affects the position of the teat when the sow is nursing and ultimately how well the piglet can access the teat
at nursing (www.thepigsite.com.au 11/12/2009).

It is well known that the domestic pig has a complex nursing and sucking
behaviour which in many ways is closely related to the milk ejection (Fraser 1980).
Nursing frequency plays a crucial role in adjusting the milk output, when the
intervals between nursing are shortened and the number of nursings per day
increases, milk production rises significantly (Puppe & Tuchscherer 2000).
Together with number of nursings, suckling frequency is also affected by
differences in litter size normally occurring in domestic pigs under commercial farm
animal conditions (Puppe & Tuchscherer 2000).
14
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Within the first few hours after birth fighting for teats occurs among newborn
piglets, but a teat order is quickly established and piglets develop a preference for
a specific teat or teat pair (Skok et al 2007). For pigs of purebred Large White and
crossbreeds such as Large White x Landrace, teat order becomes stable seven
days after farrowing and remains consistent throughout the whole suckling period
(K.R. Nicholas: pers comm).
Sow grunting appears to have an initial positive influence in attracting piglets to the
cranial teats. Heavier piglets tend to suckle anterior teats, have a stronger
influence on stimulation of udders and are therefore able to obtain more milk. Skok
et al (2007) reported that although front teats were more productive, this fact did
not significantly affect the weight gains of piglets, and nor was any effect of
nursing frequency on milk production supported (Thodberg & Sorensen 2006).
However, Devillers et al (2007) found no support for farrowing order of the piglets
on milk production, although a study by Farmer & Quesnel (2009) demonstrated a
farrowing order difference in colostrum intake between piglets existed. Farmer &
Quesnel (2009) also suggested that position of the teats also affects milk yield with
more being available from the anterior teats. However, Kim et al (1999a) reported
no significant differences in milk yield between anterior and posterior teats in the
sow.
Various ways to increase colostrum intake by piglets must be considered, such as
increasing piglets’ ability to suckle, reducing within-litter variation in birth weight,
and increasing the quantity of colostrum that sows produce (Quesnel 2011).
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1.2.4

Hormones involved with mammary development in the pig__________

Changes in several key hormones including estrogen, prolactin and progesterone
around the time of parturition (some of which are involved in the process of
parturition) also control the stimulation of the mammary gland to initiate
lactogenesis. In the sow, key hormones required for mammary development are
estrogen, progesterone, cortisol and prolactin (Devillers et al 2004).
Figure 1.10 illustrates the role of these key hormones and their interaction with the
local signalling pathways that induce cell proliferation.

Figure 1.10 Schematic representation of mammary gland development (black) under the influence of
estrogen, progesterone and prolactin and how these reproductive hormones interact with local signalling
pathways that control proliferation of cells (www.isrec.ch/research_groups_detail_eid_1692_lid_2.htm 14/06/2010).

Estrogen, progesterone and prolactin are essential to mammary development and
the success of lactation by inducing intensive alveolar proliferation and additional
ductal branching after elongation. Ductal branching leads to the filling of the
interductal spaces with epithelial acinar structures called lobuloalveoli which are
the milk producing elements of the mammary gland (Mukhina et al 2006).
In the sow, there is circumstantial evidence that poor milk production is associated
with early withdrawal of progesterone, and high concentrations of progesterone
have been reported to be associated with delayed lactogenesis and poor milk
16
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production (de Passille et al 1993). The late initiation of lactogenesis I in the sow
may be, in part, attributed to the fact that the sow lacks a placental lactogen
(Forsyth 1986, Kensinger et al 1986, Byatt et al 1992), a hormone that appears to
be associated with growth and development of the mammary gland during
pregnancy in a number of species, including the cow (Hartmann et al 1997). In
fact, placental lactogens are not necessarily found in all members of an order. For
example, several groups have failed to demonstrate lactogenic activity in placental
tissue of the pig. The porcine placenta also lacks binucleate cells, which
synthesise placental lactogens in ruminants (Byatt et al 1992).

1.2.4.1

Prolactin and its role in milk production____________________

Prolactin is a hormone which exerts a direct effect on the mammary gland through
the prolactin receptors, which are located on the plasma membrane of the
secretory cell. It is essential for the stimulation of milk secretion, and during
pregnancy it prepares the mammary alveoli for milk production (Brunton & Russell
2008). Prolactin increases milk protein biosynthesis, particularly caseins, where it
has been suggested that both the availability of prolactin and the responsiveness
of the mammary epithelial cells are important for the switch over from the first to
the second stage of lactogenesis.
Initial response of the binding of prolactin to their receptors is an increase in
ribosomal RNA and the accumulation of casein mRNA (Soboleva et al 2005)
(Figure 1.11).
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Figure 1.11 Schematic diagram of the reactions described by the prolactin-prolactin receptor signalling
pathway model. U represents the unbound prolactin receptor on the surface of the cell, B1 is the bound
receptor, B2 is the dimerised receptor, P represents prolactin in the plasma, and R is the mRNA for the
prolactin receptor (Soboleva et al 2005).

Studies conducted in different breeds suggest that lower numbers of prolactin
receptors expressed during mammogenesis may affect mammary gland
development in gilts (Farmer et al 2000a).

Low circulating concentrations of prolactin (between D60 - D90 of pregnancy) are
sufficient to stimulate mammary development in pigs. This suggests that a certain
threshold of prolactin concentration is required for optimal mammary gland
development in gilts and that fine tuning of prolactin responsiveness beyond that
point is due to changes in prolactin receptor number and affinity (Farmer et al
2000b).
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1.2.4.2

Estrogen and its role in milk production____________________

Estrogen induces lactogenesis in many species with well developed mammary
glands. The role of estrogen in lactogenesis is an indirect one. Estrogen stimulates
secretion of prolactin from the pituitary gland, while estrogen and glucocorticoids
working together increase the number of prolactin receptors on the mammary cell
membranes (Soboleva et al 2005). Mammary gland development in pregnant gilts
seems to be stimulated predominately by estrogen production from the
fetoplacental unit and by declining progesterone concentrations after D90 of
gestation (Farmer et al 2000b).
Horrigan et al (2009) reported that interactions between estrogen and prolactin are
the main determinants of growth and morphogenesis in the porcine mammary
gland. In the pig, placental estrogens also act on the endometrial epithelia in a
paracrine manner to increase expression of specific growth factors, including
insulin-like growth factor one (IGF-I) (Spencer & Bazer 2004). Estrogen also
induces the formation of terminal buds in the mammary glands of gilts, where
other livestock species apparently do not have terminal buds to direct ductal
penetration into the mammary gland fat pad (Horigan et al 2009).

1.2.4.3

Progesterone and cortisol in milk production_________________

Progesterone acts on the uterus to stimulate and maintain uterine functions that
are permissive to early embryonic development, implantation, placentation and
successful fetal and placental development to term (Spencer & Bazer 2004).
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In the pig, and the majority of mammalian species (including ruminants, rodents,
rabbits and most domestic species), plasma concentrations of progesterone rise
during early pregnancy, are maintained at elevated levels and then fall prior to the
onset of parturition (Lye 1996). Nest-building in the pig is also thought to be
stimulated by a pre-parturient surge in prolactin, creating a concern that sows in
traditional farrowing crates may experience psychological stress as a result of
physical interference with natural nest-building behaviours (Lawrence et al 1994)
resulting in increased levels of cortisol. The general increase in cortisol in the early
post-partum period suggests that parturition in itself has stress-inducing aspects.
The rise in cortisol in gilts may also be associated with the physical strain or a
psychological reaction to the novelty of giving birth (Damm et al 2003). Interactions
also exist between progesterone levels and feed restriction. Restricted feed affects
secretion of other hormones involved in reproductive performance (Virolainen et al
2005). In pigs, restricted feeding impairs luteinizing hormone secretion (Prunier et
al 1993). Moreover, feed deprivation during early pregnancy results in elevated
plasma cortisol concentration in gilts (Turner et al 1999) who demonstrated that
prolonged elevation of plasma cortisol levels prohibits the luteinizing hormone
surge in gilts. Poor milk production may be due to a hormonal imbalance in the
sow, including elevated progesterone levels immediately after parturition (de
Passille et al 1993). In contrast, progesterone alone is apparently dispensable for
ductal development, but potentiates ductal branching as well as terminal end bud
development (Horigan et al 2009).
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1.2.4.4

Insulin, growth hormone and other growth factors______________

The role of insulin and growth hormone on lactogenesis is not fully understood.
Both insulin and insulin-like growth factor (IGF) may be involved in glucose uptake,
where the uptake of glucose is essential for the synthesis of lactose through the
membranes of the Golgi apparatus, and expression of milk protein genes. Insulin
is essential for casein synthesis and for the transcription of the β-casein gene, but
not for the stabilisation of the transcripts (Menzies et al 2010).
Growth hormone may have an indirect effect on lactogenesis by increasing the
secretion of IGF (Mukhina et al 2006). To be of biological relevance for the
offspring, milk growth factors such as epidermal growth factor (EGF), transforming
growth factor β (TGF-β), IGF I and IGF II have to pass from the mother to the
offspring in an active form and be found in physiologically significant
concentrations in the intestinal lumen of the offspring (Xu et al 2000). Booth et al
(1995) also found that EGF stimulates migration processes in the intestinal tract,
whereas TGFβ-I inhibits intestinal epithelial growth. IGF-1 also stimulates
development of enzymic systems of the intestine (MacDonald 1999).

1.2.4.5

Prostaglandins____________________________________

Prostaglandin is an important regulator of corpus luteum function, uterine
contractility, ovulation, and embryo attachment (De Rensis et al 2012).
Prostaglandins are also important mediators of embryo-uterine communication in
the initiation of implantation (Ding et al 2006) and are synthesised in the uterus
and mammary glands to inhibit milk secretion.
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Therefore at parturition, prostaglandin must be removed or inactivated for lactation
to commence. In the mammary gland of the sow, prostaglandin is inactivated a
few days pre-partum to facilitate the process of milk removal by the suckling
young, immediately following parturition. If the number of suckling piglets is less
than the number of teats, the unsuckled teats will clearly regress rapidly as
residual prostaglandin continues to exert its inhibitory effect. Parturition is readily
induced by prostaglandins, with a concomitant decrease in plasma progesterone
(Ellendorf et al 1979) and are widely used in sows for the induction of farrowing so
that parturition can be synchronised and cross-fostering facilitated (De Rensis et al
2012). Prostaglandins are also involved in the control of sow behavior during the
peri-partum period, and have been reported to stimulate nest building behaviours
(De Rensis et al 2012).

1.2.5 __ Hormonal control of milk ejection in the pig _________________
The rate at which milk is ejected from the mammary gland during suckling or
milking depends upon the relative function of a complex arrangement of factors,
with oxytocin as the key regulator. Milk ejection is most efficient when mechanical
stimulation and oxytocin combine to contract the myoepithelium (Goodman &
Grosvenor 1983, Oakes et al 2006). Milk ejection is instigated by a
neuroendocrine reflex that results in the secretion of oxytocin from the posterior
pituitary gland which initiates the milk let down reflex. Oxytocin interacts with
myoepithelial cells that surround the ducts and alveoli of the mammary gland
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which raises the intra-alveolar pressure resulting in expulsion of milk from the
alveoli into the larger ducts (Neville 2001).
Oxytocin also has a stimulatory effect on the smooth muscle of the uterus in
addition to that of the mammary gland (Riviere & Papich 2009). The hypothalamus
and pituitary gland regulate the secretion of reproductive hormones. The
hypothalamus secretes releasing hormones, which mediate the release of
prolactin, follicle stimulating hormone (FSH) and Luteinizing hormone (LH) from
the anterior pituitary (Webster 2001). Figure 1.12 shows a diagram depicting the
release of oxytocin from the pituitary gland as a major pathway involved in
pregnancy and lactation.

Figure 1.12 Diagrammatic presentation of oxytocin release from the pituitary and the stimulatory effect on
uterine muscle and mammary gland development and antidiuretic hormone (ADH) which stimulates water
retention (www.anselm.edu/homepage/jpitocch/genbio/endocrinenot.html.21/05/2009)
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Suckling leads to neurogenic responses mediated through the cerebral medulla to
inhibit dopamine secretion in arcuate nucleus neurons and stimulate oxytocin
secretion in paraventricular neurons to release prolactin from the anterior pituitary
(Lechan & Toni 2008). Prolactin and oxytocin exert effects on mammary tissue,
but prolactin also gains entry into the central nervous system to affect maternal
behaviour and inhibit reproductive function by acting on medial preoptic neurons
(Lechan & Toni 2008). The hypothalamus also directs secretion of oxytocin from
the posterior pituitary gland.

1.2.6 __Milk ejection mechanism in the pig - behavioural_______________
Milk secretion is defined as the synthesis of milk by the mammary epithelial cells
and the passage of this milk from the epithelial cell to the alveolar lumen in
readiness for ejection and removal. Milk removal involves the passive removal
from the cisterns and the ejection of milk from the alveolar lumen. The combined
processes of milk secretion and milk removal are collectively regarded as
lactation. In pigs, nursing behaviour is closely related to milk ejection (Farmer &
Robert 2006).
The sow’s frequency of milk ejection appears to be limited by the refractory period
of the milk ejection reflex (Fraser 1975a, Spinka et al 1997, Puppe & Tuchscherer
2000). Since the sow lacks a mammary cistern, milk is not available for piglets
unless they are suckling at the time of initiation of milk flow.
Fraser (1980) and Illmann et al (2001) reviewed the behavioural mechanisms of
milk ejection from the domestic pig and reported that there appears to be several
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distinct phases in this process involving grunting and calls between the sow and
her piglets before the commencement of a letdown of milk and piglet feeding.
Fraser (1980) observed that in primiparous gilts, phase 3 was observed only when
the piglets were six weeks of age, but was very distinct from the end of the first
week with multiparous sows.
The rate of these grunts by the sow is thought to be elucidated by manual
stimulation of the teats and is also thought to be connected with oxytocin release
from the posterior pituitary gland. The increase in the grunting rate is often
indistinct during the early weeks of a female’s first lactation (G. Logan Rivalea,
pers comm).
Behavioural studies have indicated that a sow can differentiate between the
vocalisations of her own offspring and those of others (Illman et al 2001). There is
also a quantitative relationship between udder massage and the release of
prolactin, glucagon and vasoactive intestinal polypeptide, suggesting that the
sows’ metabolism is also altered by the piglets’ behaviour (Drake et al 2008).

1.2.7 __Heat stress, feed intake and their affect on the lactating pig__________
The pregnant sow requires feed to maintain her own nutrient demands as well as
the demands of the gestating piglets and the growth of mammary tissue and the
ensuing lactation (Whittemore & Morgan 1990).
Many lactating sows do not consume sufficient feed to meet their nutrient
requirements for lactation. Several factors affect feed intake with the relationship
between intake during pregnancy and the subsequent lactation being of great
importance (Dourmad 1991, Kernerova et al 2006). For example Xue et al (1997)
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demonstrated that increasing feed intake during pregnancy resulted in a decrease
in the voluntary feed intake during lactation, especially in gilts and high producing
sows. The capacity to consume feed also tends to decrease with persistent
selection for leaner pigs with a lower feed conversion ratio (Bergsma et al 2009).
Therefore, the impact of heat stress on feed consumption must be considered in
conjunction with other key factors influencing the orexigenic drive (having a
stimulatory effect on the appetite). Heat stress, and the temperature at which a
sow is housed, can decrease the voluntary feed intake as sows attempt to
dissipate their heat load (Messias de Bragnanca et al 1997, Hurley 2001, Asala et
al 2010).
The zone of thermal comfort for a lactating sow (12 to 22°C) is considerably lower
than that required by her piglets (30 to 37°C) (Eissen et al 2000). If not managed
carefully this difference in optimum temperatures could potentially lead to heat
stress in lactating sows. Black et al (1993) found that for each degree C above
16°C, the daily voluntary feed energy intake of lactating sows (80 to 100 MJ/day)
decreased by 2.4MJ/DE. The pattern of voluntary feed intake during lactation is
related to the nutrient requirements for milk production where at least 70 % of the
total of a sow’s energy requirement is needed to support lactation (Eissen et al
2000).
Black et al (1993) also found that milk production decreased in heat stressed
sows, more so than can be explained by reduced nutrient intake, suggesting a
direct effect of high ambient temperature on mammary function in sows.
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One possible cause may be the diversion of blood flow to the skin for cooling
purposes which decreases the blood flow to the mammary gland and may
decrease milk production.
Lethargy in the sow in the first few days after farrowing, and failure to consume
adequate amounts of feed and water causes low milk production in early lactation
and consequently low average bodyweight gains by the piglets (Fraser & Phillips
1989). Piglets are especially susceptible to cold stress due to a lack of coat hair, a
large surface area to body weight ratio, lack of suitable energy reserves and poor
body thermostability at birth (English & Morrison 1984). When the environmental
temperature falls below 34°C the newborn piglet is subjected to cold stress and
will begin to mobilise its glycogen reserves in the liver and skeletal muscles and
nutrients supplied through the sows’ colostrum to increase its heat production
(Johnson 2001, Johnson & Marchant-Forde 2009). While undergoing cold stress,
the piglet reduces its locomotive vigour, and it can soon become weak through
starvation and will be less able to avoid the restless movements of the sow
(Johnson & Marchant-Forde 2009).

1.3

Porcine colostrum composition______________________________

The unique properties of proteins found in colostrum and milk are the result of an
evolutionary adaptation during the development of mammalian species. Proteins
have specific nutritional roles and physiological functions that provide the offspring
with amino acids required for the growth and health of the piglet and peptides
regulating developmental processes.
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Porcine colostrum, produced just prior to parturition and for approximately 48 hrs
post-partum, has a high concentration of total solids (24.8 %) and protein (15 %)
but lower levels of lactose (3 - 4 %) and fat (5 - 6 %) than is found in porcine
mature milk over a 4 week lactation (Klobasa et al 1987).
Protein concentration in sow colostrum is comparable with those in colostrum of
other domestic species including the cow (15 %) (Kehoe et al 2007), ewe (15 - 23
%) and goat (6 - 18 %) (Csapo et al 1994). In comparison, Bactrian and
Dromedary camels colostrum have comparable protein concentrations (Zhang et
al 2005a), although protein concentrations in the colostrum of some bats are
reported as being as low as 8 - 9 % with a fat content of 10 - 15 % (Kunz et al
1995), while in the African elephant colostrum the protein content is 5.1 % with fat
at 9.3 % and lactose 3.6 %. However this species differs to domestic ruminants in
that the concentrations of protein and fat increase as lactation progresses, while
the lactose concentration decreases (McCullagh & Widdowson 1970).
Interestingly this is consistent with the milk compositional changes reported for the
marsupial Tammar wallaby, in which milk supports the growth of the pouch young
from a very early developmental age (Nicholas et al 1987).
A comparison of these protein concentrations in colostrum are shown in Figure
1.13.
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c
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f

Figure 1.13 Differences in the protein concentration found in sow , bat , elephant , seal , cow , goat and ewe
a
b
c
colostrum (data presented as mean protein %) (adapted from Klobasa et al 1987, Kunz et al 1995,
d
e
f
McCullagh et al 1970, Mellish et al 1999, Kehoe et al 2007, Csapo et al 1994).

Colostrum differs from mature milk in many ways, the greatest difference being the
content and composition of proteins, which change rapidly over the 48 hr transition
phase. Colostrum consumption has been estimated by Fraser & Rushen (1992) to
be approximately 5 to 7 % of a piglet’s body weight during the first hour of
suckling.
Much of the protein in early colostrum is present as soluble whey proteins, of
which the major part consists of immunoglobulins (Widdowson 1985, Haug et al
2007).
Casein is made up of a number of fractions and is therefore heterogeneous. The
whey proteins are also made up of a number of distinct proteins as shown in
Figure 1.14.
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Proteins
(colostrum)

Whey fractions
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α-Caseins

αs-Caseins
κ-Caseins

β-Lactoglobulin
α-Lactalbumin

Immunoglobulins

y-Caseins
Blood serum albumin
β-Caseins

Protease-peptones

Figure 1.14 Distribution of protein fractions of porcine colostrum, showing the major and minor colostrum
proteins of casein and whey. (adapted from http://www.ilri.org/InfoServ/Webpub/fulldocs/ilca_manual4/Milkchemistry.htm
8/2/2012).

1.3.1

Transition from colostrum to mature milk in the pig____________

The transition from colostrum to ‘mature milk’ is generally characterised by a
substantial decrease in total solids from 25 % in colostrum to 18 % in milk and
proteins from 15 % to 5 %, while at the same time an increase in concentration of
lactose from 3.4 % to 5.3 % and fat from 6 % to 8 % respectively occurs
(Verstegen et al 1998) see Figure 1.15.
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Figure 1.15 Comparison of protein, lactose and fat content of sows colostrum and mature milk showing the
marked difference in the content of protein between colostrum and mature milk (adapted from Verstegen et al
1998).

The composition of porcine milk and colostrum composition varies among breeds,
with the Large White x Landrace breed having less total protein and specific
components like IGF-1 than the Duroc breed. Individual intake varies significantly
both within and between litters and between individual sows and gilts (Farmer &
Quesnel 2009). As observed in dairy cattle, the number of mammary epithelial
cells and their secretory activity determine the shape of the lactation curve and
depending on the species, these factors account for increased milk yield to peak
lactation (Capuco et al 2003). Sow milk yield was also found to be largely affected
by the number of milk secretory cells present at the onset of lactation (Farmer et al
2010).
During pregnancy in the sow (115 + 3 days) the mammary glands change in
histological appearance with an increase in alveolar epithelial tissue with a
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proportional reduction in adipose and connective tissue (Xu & Cranwell 2003).
These results were supported by Ji et al (2006) who found a histological shift from
primarily an adipose tissue in early gestation to one containing extensive lobuloalveolar tissue in late gestation. These same researchers also reported that wet
weight of middle mammary glands was significantly greater (p=< 0.05) than the
wet weight of posterior mammary glands.
The endocrine components of milk are complex and essentially reflect the full
spectrum of hormones and growth factors to which most cells are exposed through
the

circulation

during

development.

These

include

prolactin,

oestrone,

prostaglandin-like substances, insulin, neurotensin, bombesin, thyroid hormones,
epidermal growth factor and insulin-like growth factors to name but a few. All are
detected in both colostrum and milk, and are described elsewhere in this review.

1.3.2

Milk production and milk yield in the pig___________________

It is generally supported that sows suckling the third and fourth litters produce the
most milk (Allen & Lasley 1960, Devillers et al 2007, Farmer & Quesnel 2009).
This observation still holds true even with commercial producers selecting for litter
size and entering gilts into the production herds earlier (G. Logan Rivalea, pers
comm).
Allen & Lasley (1960) reported major differences in the quantity of milk produced
between Landrace, Landrace x Poland and Duroc sows. Landrace pigs produced
the most milk and suckled larger litters than either the crossbred or the purebred
Duroc. These investigators found that milk production was greater with shorter
suckling intervals, while higher litter weights at weaning were always associated
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with superior milk production and higher creep feed intakes. These superior sows
experienced greater weight loss during lactation while at the other end of the
scale, gilts with high backfat produced the least milk. Nursing frequency plays a
crucial role in influencing milk output (Auldist & King 1995, Spinka et al 1997,
Valros et al 2003). Sows nursing at short intervals (35 min) displayed a higher
number of suckling episodes without milk ejection, but produced 27 % more milk at
the subsequent nursing resulting in litters that gained more weight than sows
suckling at 70 min intervals (Auldist & King 1995).
Devillers et al (2004) reported that colostrum yield was not affected by age, body
weight, duration of parturition or rectal temperatures, but in a subsequent report
this worker revealed there was a slight difference in colostrum yield between sows
of different parity, with the greatest production in the second and third parity.

1.3.3

Gross milk composition in the pig________________________

Milk protein content decreases through to the middle of week three of lactation and
then remains stable until the end (Klobasa et al 1987) (Figure 1.16). Ash content
increases steadily over the course of a lactation but reaches a plateau point during
the third week. This is not correlated to the stage of maximum production of milk
but appears to occur one or two weeks earlier.
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Figure 1.16 Compositional changes in total solids, protein, lactose and fat in colostrum (0 hr) and mature milk
(D7 and D21) in the sow. This graph shows the differences in protein and total solids and the relative stability
of the lactose and fat content throughout lactation (adapted from Klobasa et al 1987).

Total solids rise until the fourth week followed by a gradual decrease over the rest
of the six week lactation (Klobasa et al 1987). This is associated with a slight rise
in fat content from colostrum to D7 milk which then remains steady throughout the
rest of lactation (D21).

1.4__Porcine milk composition in detail____________________________
Milk proteins:
Milk protein is synthesised from amino acids and short peptides that are derived
from the systemic circulation and consists mainly of the casein and whey protein
components. Proteins with specific functions also are also found in milk.
Lactoferrin is an antimicrobial protein which binds directly to microorganisms and
sequesters iron which is required for bacterial growth. The nature of these
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antimicrobial components and their effectiveness is dependent on the species. For
example, bovine milk is normally low in lactoferrin, low in lysozyme activity, and
low in IgA, but high in lactoperoxidase activity. In contrast, human milk is normally
high in lactoferrin, high in lysozyme activity and high in IgA and has a higher
antimicrobial activity overall compared with bovine milk, although human milk is
low in lactoperoxidase activity (Neutra et al 2001).
Although IgA is a minor immunoglobulin in sow colostrum, the pattern of lactation
changes very rapidly during the first few days, where IgA predominates in sow milk
(Hill & Porter 1974). IgA participates in the development of the gastrointestinal
system and the immune system in the neonate (Kumura et al 2000, Hurley & Theil
2011).

1.4.1___Porcine milk casein proteins_____________________________
The caseins, a family of phosphoproteins, form the largest protein component in
most mammalian milk. Casein synthesis and assembly into the casein micelle
occurs in the golgi apparatus of the mammary gland (Horne 2006).
The casein family of proteins consists of a number of different functional entities
the principal ones of which are alpha (α), beta (β) and kappa (κ) - casein (Table
1.1). Casein is the major component of milk constituting about 80 % of the total
milk protein fraction (Shah 2000). Table 1.1 shows the major caseins found in
porcine colostrum and milk and their main role in biological activity.
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Table 1.1 The major caseins in porcine milk, their molecular weight and biological activity (adapted
from Yalcin 2006, Haque et al 2009 and Livney 2010 ).

Protein

Total Caseins
α-s1
α-s2
β-casein
κ-casein

Concentration (g/L)
Colostrum
Milk
76 - 86 %
45
15.0
25 - 35
8 -- 15

28
3.3
1.2
3.3

Molecular Weight
(kDa)

22 - 24
25.0
23 - 24
19.0

Biological
Activity
Transport of ions
(Ca,PO 4 ,Fe,Zn.Cu)
Regulates blood pressure
Renin-Angiotensin system
Regulates immune functions
Regulates immune functions

In the sub-micelle model (see Figure 1.17), the caseins first aggregate via
hydrophobic interaction into subunits of 15 - 20 molecules each. Micelles consist
predominately of the casein proteins and calcium phosphate, and although they
may vary in size, their general structure is thought to be similar across species
(McMahon & Oommen 2008).

Figure 1.17 Diagram of generalised casein micelle and casein submicelle showing the interaction of K-casein
and the casein sub-micelle structure (where CMP = caseinomacropeptide).
(www.foodsci.uoguelph.ca/deicon/casein.html 30/7/2010).
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In porcine milk, the caseins consist of 4 major proteins, α-S 1 , α-S 2, β- and κcasein (Kim & Jimenez-Flores 1994) that are secreted in their numerous genetic
and post translational variations as was also reported for bovine milk (Farrell et al
2004, McMahon & Oommen 2008). Porcine, human and murine milk proteins were
expressed differently from those of the ruminants when examined using twodimensional gels (Kim & Jimenez-Flores 1994).

All caseins are phosphoproteins and are readily precipitated by a low
concentration of calcium ions. The biological and physiological activities of milk
proteins are partially attributed to several peptides encrypted within the protein
molecules (Bouhallab & Bougle 2004).
A fundamental property of αs 1 -casein is its molecular self association. These
caseins do not occur in milk as protein monomers, but rather as aggregates
consisting of several members of the casein protein family. It is this interaction
between casein aggregates and milk calcium phosphate that gives rise to the
colloidal micelles of protein and calcium phosphate that gives milk its characteristic
white opaque appearance (Phadungath 2005).
β-caseins,

quantitatively

the

second

major

group

of

proteins,

forming

approximately 25 % of total milk protein, are carriers of calcium which aid in
calcium absorption in the neonate, and act as a source of dietary essential amino
acids. κ -casein has the ability to stabilise other proteins in the presence of
calcium, having a high solubility at concentrations of calcium that would cause
other caseins to precipitate (Walstra 1999).
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1.4.2 Porcine milk whey proteins_______________________________
Traditionally serum proteins or whey proteins is the term describing the milk
proteins remaining in the milk after precipitation of caseins and account for about
20 % of the total milk proteins. Most whey proteins are globular proteins with high
hydrophobicity and densely folded peptide chains. They are heat sensitive and will
denature and become insoluble once milk is heated (Phadungath 2005). The whey
fraction of milk contains a great variety of proteins which differ from each other in
their chemical structure, functional properties and biological functions.
The individual whey proteins differ in their functional properties e.g. acid stability,
adhesion, binding properties, emulsification, gelation, solubility, and water holding
capacity (Korhonen & Pihlanto 2007). Whey fractions include blood serum
albumin, α-lactalbumin, β- lactoglobulin, IgA, IgG, IgM and lactoferrin.
Porcine α-lactalbumin appears to be completely non-glycosylated. β-lactoglobulin,
the most abundant whey protein secreted by porcine mammary gland, exists in
monomeric form with a molecular weight of 18.5 kDa. This differs from ruminant βlactoglobulins, which exist in dimeric form with molecular weights of 37 kDa.
Colostrum albumin, a protein with molecular weight of 65 kDa, functions
physiologically to transport fatty acids or amino acids.
The IgA, IgG, and IgM in porcine milk are identical to those in blood serum. Other
minor components in porcine whey include trypsin inhibitor, lysozyme and
lactoferrin (Aimutis et al 1982).
Table 1.2 shows the major whey proteins found in colostrum and milk and their
biological activity.
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Table 1.2 The whey proteins of porcine milk, their molecular weight and biological activity (adapted
from Yalcin 2006 and Livney 2010).

Protein

Total whey
proteins

Concentration (g/L)
Colostrum Milk

Molecular
Weight
(kDa)

Biological
Activity

14-24 %

8.0

3.2

18.3

Retinol carrier, Binding of fatty
acids, Antioxidant

3.0
20 -150

1.2
0.5 -1.0

14.2
150 - 1,000

Lactose synthesis, Ca carrier,
Immunomodulation
Immune protection

Glycomacropeptide

2.5

1.2

8

Bifidobacteria growth,
immunomodulatory, antiviral

Lactoferrin

1.5

0.1

80

Antimicrobial, antiviral,
antioxidant, antitoxin

Lactoperoxidase

0.02

0.03

78

Antimicrobial, wound healing

Lysozyme
Serum Albumin
Protease peptones

0.0004
1.3

0.0004
0.3

14
66

Synergistic effect with lactoferrin

NA

0.8

4 -- 40

β-Lactoglobulin

α-Lactalbumin
Immunoglobulins

The minor milk proteins lactoferrin, lysozyme, transferrin, Vitamin B 12 –binding
proteins and the bifidus factor are thought to play a complementary role to the
immune system in protecting piglets from disease (Verstagen et al 1998).
α-Lactalbumin: (MW ~ 14 kDa) contains eight cysteine groups, all involved in
internal disulfide bonds, and four tryptophan residues. It has a highly ordered
secondary structure, and a compact, spherical tertiary structure and associated
with lactose synthesis and immuno protection. ß-Lactoglobulin: (MW ~ 18 kDa)
comprises about half the total whey proteins (see Table 1.2).
Whey acidic protein (WAP) was identified in the 1980’s as the major whey protein
in the milk of the mouse, rat and camel. At that time, it appeared that species
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secreted either WAP or β-lactoglobulin as their major whey protein (Simpson &
Nicholas 2002). Both proteins are associated with binding of fatty acids and
antioxidant activity. Identification and characterization of the WAP gene in the pig
is the first example of a species to secrete both WAP and β-lactoglobulin (Simpson
& Nicholas 2002) as a major protein in sow’s milk from farrowing to weaning. The
molecular weight of WAP in SDS PAGE analysis was significantly greater than the
11.7 kDa determined from amino acid sequence suggesting this difference of
apparent molecular weights is likely a reflection of the degree of glycosylation of
the protein (Simpson et al 1998).

1.4.3

Lactose in porcine milk_________________________________

Lactose, the major carbohydrate in porcine milk, is a disaccharide consisting of
glucose and galactose (monosaccharides). Lactose is the key osmolar molecule in
milk drawing water into the golgi and secretory vesicles and is important in
maintaining colostrum and milk volume. Figure 1.18 shows the pathway by which
the α-lactalbumin protein interacts with galactosyl-transferase in the golgi
apparatus in the synthesis of lactose.
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Figure 1.18 Overview of the process of milk synthesis. Lactose is synthesized from glucose and galactose
within the milk secreting cell (adapted from http://www.biocarta.com/pathfiles/lactosePathway.gif
15/10/2008).

This reaction is catalysed by the enzyme galactosyltransferase which normally
transfers galactose from uridine diphosphate galactose (UDP-galactose) to a
number of compounds including N-acetylglucosamine but not to glucose unless in
the presence of α-lactalbumin which binds to galactosyltransferase. This process
allows for secretion of milk in large volumes and is the most obvious manifestation
of stage II of lactogenesis, described above. (www.biochem.arizona.edu/classes/bioc462
15/10/2008).

The concentration of lactose in plasma is only 0.05 - 0.2 % of its concentration in
colostrum and milk during lactation in the sow. Higher plasma concentrations of
lactose are associated with the onset of lactation and weaning, which coincides
with acute changes in the secretory activity of mammary glands (Hartmann et al
1984).
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Mature milk is not secreted until ~ D3 - D6 post-partum in cows, sheep and goats
(Hartmann 1973). However, lactogenesis in the sow occurs more rapidly
compared with these species. The transition from first colostral secretion to mature
milk varies only between D1 - D2 post-partum in individual sows.

1.4.4___Fat (lipids) and fatty acids in porcine milk___________________
Milk fat (lipid) is comprised mainly of triglycerides (triacylglycerols), which are
synthesised from glycerols, with lesser amounts of di- and mono–glycerides,
phospholipids, glycolipids, cholesterol, cholesterol ester, fat soluble vitamins and
free fatty acids present. Fat content is highest between 48 - 72 hrs post-partum:
peak concentrations vary from 6 - 7 % in the cow (Kehoe et al 2007) 5 - 6 % in the
pig (Klobasa et al 1987) to 10 - 15 % in the little brown bat (Kunz et al 1995) and
up to 48 % in the seal (Mellish et al 1999). Sow breed and dietary regime can also
influence the fat component of the colostrum and milk. Fat appears to be highest
in parity 1 and 2 sows with no significant difference between gilts and sows
(Devillers et al 2004).
Fat is a major component of milk varying from 1 – 4 g/L in the rhinoceros (Nath et
al 1993), to over 500 g/L in the grey seal (Mellish et al 1999). Over 95 % of the fat
is triacylglycerol, phospholipid, unesterified fatty acids, cholesterol and cholesterol
esters in all species (Barber et al 1997).
The concentration of fat reflects the needs of the young for energy and for water.
Production of milk fat represents a considerable investment of energy in most
mammals including those of domestic importance and its production imposes a
considerable metabolic drain on an animal for at least part of lactation.
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Porcine colostrum is devoid of short chain fatty acids but is dominated by long
chain fatty acids including oleic and palmitic acid as the most abundant fatty acids,
followed by linoleic acid (Bee 2000). Diet can have a significant effect on fatty acid
composition of milk. Atwood & Hartmann (1993) suggested that in the rat, the
withdrawal of progesterone, as well as removal of colostrum was necessary to
initiate fatty acid synthesis. In the sow, the withdrawal of colostrum from the
mammary gland by the piglets is also an important component of the progressive
increase in colostral fat during lactogenesis II (Atwood & Hartmann 1993). The
increase in the concentration of colostral fat may, in part be due to a teat-alveolar
gradient with the high concentration of lipid droplets present in the alveolar lumen
and the cytoplasm of the mammary epithelial cells being drawn down the ducts to
the teat as colostrum is withdrawn (Atwood & Hartmann 1993).

1.5

Other bioactive protein molecules of porcine colostrum______________

At present, milk proteins are considered the most important source of bioactive
peptides (Korhonen 2009). Many bioactive protein molecules found in milk are
latent in that they are inactive within the protein sequence, requiring enzymatic
proteolysis for release of bioactive peptides from milk protein precursors (Meisel
2004, Baldi et al 2005, Korhonen & Pihlanto 2007). Table 1.3 lists some of these
bioactive peptides, their protein precursors and main bioactivity of these peptides.
The antimicrobial properties of milk are mainly attributed to immunoglobulins, and
to non-immune proteins, such as lactoferrin, lactoperoxidase and lysozyme. Upon
oral administration, bioactive peptides may affect the major body systems, the
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cardiovascular, digestive, and immune and nervous systems depending on their
amino acid sequence (Haque & Chand 2008).
Table 1.3 Some bioactive peptides, their precursors and main bioactivity of porcine milk proteins
(adapted from Meisel 2004).

Bioactive Peptide
Casomorphins
α- Lactorphin
β- Lactorphin
Lactoferroxins
Casoxins
Casokinins
Lactokinins
Immunopeptides
Lactoferricin
Casoplatelins

Protein Precursor
α, β-Casein
α- Lactalbumin
β- Lactoglobulin
Lactoferrin
κ- Casein
α, β-Casein
α- Lactalbumin, β-Lactoglobulin
α, β-Casein
Lactoferrin
κ- Casein, Transferrin

Phosphopeptides

α, β-Casein

Main Bioactivity
Opioid agonist
Opioid agonist
Opioid agonist
Opioid antagonist
Opioid antagonist
ACE-Inhibitory
ACE-Inhibitory
Immunomodulatory
Antimicrobial
Antithrombotic
Mineral binding,
Anticarcinogenic

Many milk derived peptides reveal multifunctional properties, that is, specific
peptide sequences having two or more different bioactivities, where some regions
in the primary structure of caseins contain overlapping peptide sequences that
exert different biological effects (Meisel 2004). This multifunctionality of peptides
are linked to immunomodulatory, cytomodulatory, ACE-inhibitory (angiotensin 1
converting enzyme), opioid or mineral binding properties (Meisel 2004, Haque &
Chand 2008, Haque et al 2009) as shown in Table 1.3. This immunostimulatory
activity of casein derived peptides may have a direct effect on gastrointestinal
resistance to bacterial and viral infections. Milk derived opioid peptides are those
having pharmacologically similar properties to opium (morphine), are involved in
mood, memory and stress control, and are derived from casein as casomorphins
(Shah 2000). Schlimme & Meisel (1995) demonstrated that bioactive peptides
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derived from casein, such as β-caseinomorphins and phosphopeptides, can be
released during their gastrointestinal processing.
Lactoferrin has been observed to have a range of biological properties as its role
was originally thought to be antimicrobial but is now considered to have nutritional
and physiological significance (Baldi et al 2005) by way of its probiotic support for
beneficial organisms such as Bifidobacteria and Lactobacilli. Lactoferrin most
commonly binds Fe+3, but it can also bind other metal ions like copper, chromium,
manganese and aluminium in-vivo (Livney 2010).
The angiotensin 1 converting enzyme (ACE) hydrolyses largely inactive
angiotensin I to the octapeptide angiotensin II which increases blood pressure
(Shah 2000) and this has been linked to a number of cardiovascular diseases
(Haque & Chand 2008). ACE inhibitors derived from milk proteins represent
different fragments of caseins, named casokinins or whey proteins, named
lactokinins and are also likely generated during gastrointestinal transport (Haque &
Chand 2008).

1.5.1____Gastrointestinal development in the neonatal piglet______________
At farrowing, the piglet becomes dependent on its own uptake of nutrients for the
first time, and the functional characteristics of the gastrointestinal tract (GIT) must
change rapidly after birth to meet this challenge. After ingestion of colostrum and
milk the GIT undergoes morphological, biochemical and ultrastructural changes,
which leads to the maturation of the neonatal intestinal tract (Simmen et al 1990,
Lopez-Pedrosa et al 1998).
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A comparison between three different species is shown in Figure 1.19 which
highlights the relationship between the gastrointestinal development in mammalian
neonates and the differences in duration of nursing until weaning. Figure 1.19 also
shows the difference in time spans that these neonates have to reach intestinal
maturation prior to weaning.

Figure 1.19 Progression of gastrointestinal maturation of infants, pigs and rats. Changes in GI maturation
occur mainly from shortly before birth to just after weaning (Sangild 2001).

There are dramatic changes in the demands placed on the gastrointestinal tract of
the piglet at farrowing. Prior to birth the GIT is only exposed to minute amounts of
a complex supply of nutrients via the amniotic fluid (predominately water and salts)
that is swallowed (Sangild 2001).
Absorptive performance depends on these changes and the ability of the gut to
supply hormones, enzymes, salts and buffers to facilitate the process. The GIT
must then digest and absorb nutrients from high intakes of protein and energy rich
colostrum. The mucosal surface of the GIT interacts with the intestinal lumen
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(Burkey et al 2009) and after the piglet begins to suckle the GIT exhibits
immediate and profound physiological changes including growth and differentiation
(Simmen et al 1990). Widdowson (1985) demonstrated that intestinal growth is
absent when unsuckled pigs were fed only water orally administered.
Mammalian milk, including that of pigs, contains many factors that play an
important role in post-natal differentiation and small intestine development (Pluske
et al 1997). EGF (epidermal growth factor), insulin, insulin-like growth factor and
the polyamines are bioactive compounds that have been implicated in this
development (Pluske et al 1997). Polyamines, which include spermine,
spermadine and putrescine, are necessary for proliferation, differentiation and
migration of intestinal epithelial cells. Wu et al (2000) have suggested that these
polyamines play an important role in regulating intestinal maturation and
remodelling. Cheng et al (2006) also offered the hypothesis that milk borne
polyamines play a role in the intestinal maturation of young pigs during the
suckling period.
At the time of birth the barrier to protein uptake in the intestine is not completely
mature in any species, but is more fully developed in some species. In humans, for
example, the immunoglobulins, which provide the newborn with passive systemic
immunity, have been transferred to the fetus from the maternal circulation before
birth (Widdowson 1985). In other species, like the ruminants and pigs,
immunoglobulins are not transferred to the fetus through the placenta before birth,
but instead are provided through colostrum. These antibodies are then absorbed

47

Literature review
_______________________________________________________________________
intact through the intestinal epithelium which remains permeable for 24 hrs postpartum until ‘gut closure’.
The term ‘gut closure’ was defined by Rooke & Bland (2002) as the cessation of
transfer of IgG to the circulation of the piglet rather than the cessation of uptake
into the enterocyte from the gut.
Within two or three days the concentration of antibodies in the serum of the
newborn reaches adult levels, and by this time the permeability of the intestinal
epithelium has changed and so further uptake as intact proteins is restricted
(Rooke & Bland 2002). In contrast immunoglobulin A is synthesised in the GIT and
acts in the intestine and limits the multiplication of bacterial and viral antigens
within the digestive tract (mucosal immunity) when the GIT has matured.

1.5.2
Sialic acid content of milk and its role in intestinal and cognitive
development in the piglet.
Sialic acids (SA) play an important role in brain development and in the normal
functioning of cell membrane receptors and subcellular organelles (Wang et al
1998). SA’s are a derivative of neuraminic acid that have been N-acylated to form
N-acetylneuraminic acid (Neu5Ac) and N-glycolyneuraminic acid (Neu5Gc) as the
key functional components. Small amounts of SA are present in many extra-neural
tissues and body fluids including human milk and saliva. The highest concentration
occurs in brain gangliosides where they play an essential role in the transmission
and storage of information in the brain (Wang et al 1998). On a phylogenic scale,
higher order animals such as mammals, have higher levels of brain gangliosides
than do the lower order mice, snake, frogs and fish (Price & Yu 1976).
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The distribution of specific SA varies among animal species: bovine, equine and
porcine tissues possess both Neu5Ac and Neu5Gc whereas human tissues
possess only a very small concentration of Neu5Gc (less than 0.1 % of total SA’s)
(Suzuki et al 2000).
Table 1.4 shows a comparison of sialyllactose content of colostrum and mature
milk between three mammalian species.

Table 1.4 Sialic acid content of colostrum and mature milk of three mammalian
species.

Sow
Ovine
Human

Colostrum
mg/L

Mature milk
mg/L

References

840
632
1018

303
228
365

Wang et al 2007
Puente et al 1995
Martin-Sosa et al 2003

Sialic acid generally occupies terminal positions in the oligosaccharide chains of
glycoconjugates where it is involved in mediating and regulating a variety of
physiological cell-cell interactions and is also exploited by a number of pathogens
as adhesion ligands (Malykh et al 2003). In the intestinal tract of the pig, Nglycoconjugates play a crucial role in mediating infections by enterotoxigenic
Escherichia coli, which binds to N-Gly in gangliosides and attaches to the
absorptive and mucus-secreting cells of the intestine causing potentially fatal
diarrhoea (Malykh et al 2003). In pigs, viruses, such as influenza, corona virus,
rotavirus and rubulavirus depend on a positive organotropism, which is determined
by specific interactions between sialic acid expressing cells and viral adhesion
proteins (Vallejo et al 2000).
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Adhesion of these pathogens to SA occurs at the non-reducing end of the
oligosaccharide chain and can be inhibited or reduced by the presence of free
oligosaccharides that possess a structure analogous to that of cell receptors
(Coppa et al 2006). Thus the pathogen binds to the oligosaccharide instead of the
cell membrane. Certain oligosaccharides inhibit specific pathogen-binding to host
cell receptors in the intestinal tract (Martin-Sosa et al 2003) giving a measure of
immunoprotection to the piglet. Aimutis et al (1982) reported that porcine
colostrum contained almost twice as much hexosamine and slightly elevated Nacetylneuraminic acid as porcine mature milk.
Milk oligosaccharides are relatively resistant to digestion and contribute to the antiinfective and pre-biotic activities of milk (Tao et al 2010). The total proportion of
oligosaccharides over porcine lactation declines from the colostral phase to D24
(wean). Total proportion decreases from 80 % at farrowing, 60 % at early lactation
(D4 – D7) to approximately 40 % by late lactation (D24). This pattern has also
been reported in bovine milk (Tao et al 2009).
Sialic acids are also present in mammalian milk oligosaccharides in the form of
various sialyloligosaccharides (Kunz et al. 2000), including sialyllactoses (3′- SL
and 6′- SL).
Sialic acid-containing glycoconjugates are associated with various biological
phenomena, such as mammalian cell–cell interactions, immune responses,
bacterial adhesion and viral infection (Kiyohara et al 2011). Rotaviruses have been
typically classified as sialidase-insensitive, whereas the infectivity of rotaviruses
that commonly infects piglets is sialic acid dependent, thus a high concentrations
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of sialyated oligosaccharides in porcine milks may confer protection for the
neonate (Tao et al 2010).
The differences in sialic acid content between gilts and sows, colostrum and milk,
formed the basis of analysis to investigate whether this could be a factor in the
health and growth of sow progeny when compared to gilts.

1.5.3_ Immunoglobulins in porcine colostrum________________________
Immunoglobulins (Ig’s) cannot cross the placenta in pregnant sows leaving
neonatal piglet’s agammaglobulinemic at birth (Salmon et al 2009).
IgG is the main class of Ig’s in porcine colostrum and in piglet blood circulation
(Huang et al 1992). Total IgG concentration in the serum of pigs has been shown
to decline during late pregnancy and early lactation (Klobasa et al 1987, Huang et
al 1992). The neonatal piglet is only able to absorb intact IgG prior to gut closure,
which usually occurs in the first 24 hrs post-partum and is induced by intakes of
colostrum which are generally insufficient to maintain piglet live weight. To assist
in absorption of intact IgG the digestive tract has low proteolytic activity and
colostrum also contains protease inhibitors which can also help to facilitate
absorption (LeDividich et al 2005).
Concentrations of IgG, IgM, and IgA in colostrum vary widely among sows in the
same production unit (Klobasa et al 1987). IgA and IgG levels are influenced by
parity, lowest in 1 - 3 parity and highest for parity 4 and greater (Inoue 1981, Inoue
et al 1980). This was also investigated by Jensen et al (2001) who reported 22.6
% absorption for porcine IgG. All of the IgG, 40 % of the IgA and most of the IgM
are transferred to the colostrum from the sow’s serum. Immunoglobulins not
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derived from the sow’s serum are produced by lymphocytes located within the
mammary tissue itself. Figure 1.20 shows the large difference in immunoglobulin
content of porcine colostrum and milk, supporting the importance of colostrum
intake to the neonate as IgG is almost absent from mature milk.

Figure 1.20 Immunoglobulin content of sow colostrum and D21 milk (data presented as mean
immunoglobulin content mg/ml) (adapted from Klobasa et al 1987).

The piglet receives protection against systemic diseases from colostrum for the
first 14 days after birth and continuous ingestion of antibodies from milk continue
to provide protection from enteric diseases until the piglet starts to produce its own
antibodies at about 10 days of age.
Most of the Ig’s produced by piglets are of the IgM class with lesser quantities of
IgA produced. It is important to bear in mind that it is only possible for the piglet to
receive immunity from a sow that has been exposed to pathogens which then
induce specific antibody production within immune cells. This was supported by
the work of Lin et al (2009) who also reported the percentage of absorbed Ig’s was
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25.2 %, but considering the possibility of Ig catabolism, investigators speculated
that only 25 % of colostral IgG was successfully absorbed intact during the first
three days of life.

1.5.4__Cross-fostering: maximising neonatal growth potential_____________
Cross-fostering is a technique used in swine management systems to reduce preweaning mortality rates, increase growth rates and reduce weight variations within
litters (Wattanaphansak et al 2002, Su et al 2007). It is well accepted that gilt
progeny are generally born lighter, grow more slowly and have increased mortality
rates than do sow progeny (Beaulieu et al 2010), and anecdotal observations
suggest that gilt progeny also have reduced health status and subsequent
performance compared to sow progeny (Carney et al 2009). This may in part be
attributed to the gilt not producing the same quality of colostrum and milk that is
produced by more experienced sows. Sufficient quantities of good quality
colostrum and milk are fundamental for normal growth of pre-weaning piglets and
to minimise piglet mortality post-farrowing (Noble et al 2002). The level of passive
immunity in a given population of piglets varies according to the amount of
colostrum they ingest (Carney et al 2009). In addition the level of passive immunity
acquired may directly affect the development of active immunity and indirectly
affect the health and performance of the piglet (Carney et al 2009). Quiniou et al
(2002) reported that an increase in litter sizes were associated with reductions in
piglet birth weights. Litter birth weights in piglets have been associated with greater
pre-weaning mortality and slower growth rates and decreased pork quality
(Beaulieu et al 2010). Although litter size and birth weight are related, it remains
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uncertain if the effects of light birth weight can also be attributed to increased litter
size. Beaulieu et al (2010) also reported that average birth weight decreased by
approximately 33 g per pig with increasing litter size (p=<0.001) and concluded
that increased litter size resulted in reduced average birth weight, but there was no
effect on within litter variability in birth weight performance.
Gondret et al (2005) suggested that selection for a sow’s ability to give birth to a
higher number of piglets has led to an increased within litter variation in piglet birth
weight. It has also been reported that the greatest proportion of mortality in
commercial pig production occurs prior to weaning (Fix et al 2010). Selecting sows
for larger litter size is common practise for commercial piggeries. Therefore, could
vaccinating pregnant sows with a novel obestatin molecule, manipulate the
orexigenic drive in the piglet and encourage piglets to consume more milk at each
natural let down.

1.5.5

Obestatin vaccination: improving neonatal feed intake_____________

Obestatin, a 23 amino acid peptide and ghrelin (28 amino acids) are two
gastrointestinal hormones obtained by post translational processing of a common
precursor protein, pre-proghrelin (Hassouna et al 2010). Ghrelin was originally
isolated from the stomach, and is produced in the oxyntic glands of the gastric
mucosa, which is the main source of circulating ghrelin (Grönberg et al 2008).
Ghrelin, secreted from the gastric fundus directly into the circulation, has been
shown to be the first link between a blood-borne hormone and the stimulation of
the feeding centre in the hypothalamus (Qi et al 2007). Ghrelin is a multifunctional
molecule, that interacts with the GHS-R receptor and is involved in many biological
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processes ranging from appetite regulation and feed intake (Guo et al 2007),
growth hormone release through to gastrointestinal motility (Tack et al 2006,
Fujimiya et al 2010) and modulation of cell proliferation (Jeffery et al 2005).
In pigs, it is thought to function more to prevent chronic energy imbalance rather
than acting as an acute regulator of feeding behaviour (Scrimgeour et al 2008). Its
receptor was identified initially in the rat stomach but has now also been identified
in the intestine and hypothalamus (Zhang et al 2008) and many regions of the
brain including the pituitary gland and cerebral cortex (Green et al 2007).
Circulating ghrelin and pancreatic ghrelin may both regulate beta-cell function,
development, and proliferation (Chanoine & Wong 2004) and inhibit apoptosis
(Granata et al 2007). Obestatin and ghrelin are thought to exert opposite actions
on feeding behaviour with ghrelin promoting an orexigenic response, and obestatin
is thought to induce an anorexic response. This hypothesised ability to manipulate
feed intake formed the basis of the obestatin vaccination trial.

1.6__Aims of experimental chapters______________________________
Current published research supports the widely held view that there are many
physiological differences between multiparous sows and primiparous gilts and their
abilities to wean large litters with minimal piglet losses. Differences include
composition of colostrum and mature milk, expression of major proteins delivered
via these lactational secretions and the sows’ ability to produce adequate milk
yields to sustain piglets through to weaning. These differences have been the
primary focus of the first two experimental chapters of this thesis. Limitations of the
described analysis have so far been discussed. To further test the hypothesis of
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piglet growth and development, and how development may be impacted by
suckling from gilts or sows was investigated.
Gilts have the added pressure of partitioning their energy needs between their own
growth to attain a mature live weight as a productive sow and being able to sustain
a pregnancy and subsequent lactation (van Milgen & Noblet 2003, Grandinson et
al 2005). By the time the gilt is mated, the mammary glands consist of an
extensive ductal system with numerous bud-like outgrowths, and it is in this
context that mammary development is important since the extent of mammary
growth is likely to be an important determinant of subsequent milk production
(Farmer & Sorensen 2001). Sows need a large amount of amino acids to support
mammary tissue growth and milk synthesis during lactation, and it is these amino
acids that serve as precursors for the synthesis of proteins (Kim & Wu 2009).
Many factors are involved in the health and growth of piglets from commercial
farms. Factors that may include the health and welfare of the pregnant sow,
including the overall composition of the colostrum and antibody repertoire, the sow
is able to provide for her piglets. The two major roles of colostrum are
predominately to provide the piglet with energy for heat production and
metabolism, and passive immunity to help prevent infections (Le Dividich et al
2005). Colostrum also plays an important role in the development of the
gastrointestinal tract of the piglet (Xu et al 2002). Therefore, early and increased
intake of colostrum is of vital importance for the health and growth of piglets.
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We hypothesised that differences existed in the composition of colostrum between
gilts and sows and that these differences may be an important consideration in the
growth and development of the neonatal piglet.
The following chapters investigate the colostral composition of these porcine
lactational secretions, using biochemical analysis, and compare these findings
between gilts and sows. Proteomic techniques were utilised in (Chapter 3) to
investigate differences in expression of proteins and the effect these proteins have
on the development of the gastrointestinal tract of the neonate, and the possible
impact on health and growth (Chapter 4). Manipulation of piglet growth through to
weaning using cross-foster techniques, and investigating the performance of gilts
compared to more experienced sows in weaning healthier, heavier piglets
(Chapter 5). A sow immunisation trial to enhance the feed intake of piglets and
increase litter wean weights (Chapter 6) form the basis of this thesis.
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Materials and Methods
2.1

Experimental Animals

2.1.1 Pigs used for collection of colostrum and milk samples for all analysis___
Gilts (~ 26 wks of age) and sows (parity 2 - 6, at least 90 wks of age) of the breed
Large White x Landrace (Sus scrofa) from the commercial herd at Rivalea
(Australia) Pty Ltd, Corowa, N.S.W Australia were the source for all colostrum
and milk samples collected. Colostrum samples were hand collected from
individual pigs by manual palpation of rear teats after the birth of the second
piglet. Samples were placed on ice immediately after collection, pipetted into 2 ml
aliquots and stored at -20°C within 30 min of collection (for 24 hrs) and then
stored at -80°C until assayed.
Pigs were fed a commercially available gestation diet (2.4 kg/day) from mating
and throughout gestation, and a lactation diet, fed from ~ D110 of gestation until
completion of lactation, with ad libitum access to water. Animals were housed
under standard commercial conditions. The composition of commercial diets
offered to pigs is shown in Table 2.1.
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Table 2.1 Energy, protein, fat and fibre content of gestating and lactating
sow diets.

Gestating Sow
Diet
Digestible
Energy
Protein
Fat
Fibre

%
13MJ
14.5
2.2
4.2

Table 2.1 a: Commercial diets fed to
gestating sows.

Lactating Sow
Diet
Digestible
Energy
Protein
Fat
Fibre
Lysine (Total)

%
14MJ
19
5.3
3.8
0.9

Table 2.1 b: Commercial diets fed to
lactating sows.

2.1.2 Chicken eggs for use in in-ovo analysis of the biological activity found in
protein fractions of colostrum and milk samples
Gilt and sow colostrum and milk were injected into fertilised chicken eggs to
investigate the effect of the addition of constituents of these fluids on the
proliferative response of gastrointestinal cells in the developing chicken.
Fertilised chicken eggs (D1 post-laying) were purchased from Ingham’s
Enterprises, Casula N.S.W. Eggs were weighed and set into the incubation trays
(D0) and placed in a commercial incubator (Aussieset-100, Bellsouth P/L,
Victoria, Australia) at 37.5°C and 65 % humidity. Eggs were examined using
candle light on D7 for the presence of a blood ring to establish fertility and
embryo development and only fertile eggs were returned to the incubator, infertile
eggs were removed. On D16 treatments were injected (see 2.1.3 - 2.1.4). The
temperature of the incubator was reduced to 36.5°C until hatching (D22).
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2.1.3 Sample preparation of colostrum and milk for injection into fertilised
chicken eggs
Sow and gilt colostrum (D1) and milk (D7) samples were centrifuged at 21,000 xg
(Beckman-Coulter Microfuge-R, Gladesville, N.S.W Australia) for 30 min at 4°C to
remove fat. The supernatant was aspirated, protein concentration determined by
BCA

(Bicinchoninic

acid)

assay

(Pierce,

Quantum

Scientific.

Murarrie,

Queensland, Australia) (as per section 2.2.1) and diluted to yield 0.5 and 5 mg/ml
protein, in saline (0.9 %) in a final volume of 1 ml and filter sterilized using a 0.22
µm syringe filter (Sartorius Minisart. Goettingen, Germany) into 2 ml sterile
eppendorf tubes (Interpath, West Heidelberg, Victoria, Australia) for immediate
use.

2.1.4 Injection of colostrum and milk samples into fertilised chicken eggs_____
A fine dissection needle was used to make a small puncture in the pointed end of
the eggshell. The treatments prepared for the injection were 1 ml of protein from
whole colostrum and D7 milk protein at 0.5 and 5 mg/ml (in sterile 0.9 % saline),
Hydroxy Methyl Butyrate (HMB 99 %) (Australian Sports Nutrition online, Bondi
Junction N.S.W Australia) at 0.5 and 5 mg/ml, Polypep, a proprietary bovine
protein digest, (Sigma-Aldrich. Castle Hill, N.S.W Australia) at 0.5 and 5 mg/ml,
saline only and injection with needle only. On the day of injection treatments were
placed in a 1 ml syringe (Livingstone Rosebery, N.S.W Australia.) and the
attached full length of the needle (23 gauge, 35 mm) (Livingstone, Rosebery,
N.S.W. Australia.) was inserted through the hole in the egg and 1 ml injected.
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The treatment samples were injected into 10 eggs per treatment, and the controls
were administered into 20 eggs per treatment. The hole in each egg was sealed
using candle wax. The eggs were then transferred to hatching trays for the
remainder of incubation (D22) (modified from Jochemsen & Jeurissen 2002).

2.1.5 Collection of gastrointestinal tissue from day old chicks from the in-ovo egg
trial
Chicks successfully hatched on D22 were weighed, sexed and euthanised by
cervical dislocation 24 hrs post- hatch. The gastrointestinal tract was collected by
dissection of the peritoneal cavity. First sample of 2 cm of the proximal
duodenum, cut 1 cm from the gizzard, and a second 2 cm sample from the
jejunum, cut 1 cm anterior to the Merkel’s diverticle, were collected from each
bird (see Figure 2.1).

Figure 2.1 Diagram of chicken intestine showing the sites where the gastrointestinal tract samples were
taken (herkules.oulu.fi/isbn9514259904/html/x174.html).
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The samples were immediately placed into histology cassettes containing a
fixative (84 % by volume of methanol, 10 % of 37 % formaldehyde, and 6 %
glacial acetic acid) for 4 hrs then stored completely submerged in 10 % neutral
buffered formalin at room temperature (RT) (Sigma-Aldrich, Castle Hill, N.S.W
Australia) until processed for histological sectioning.

2.1.6 Histological sectioning of gastrointestinal tissue from the in-ovo egg trial__
Elaine Chew and Karen Barnes, Histopathology Laboratory, Veterinary Pathology
Diagnostic Services, Faculty of Veterinary Science, University of Sydney, N.S.W
Australia, performed the histology on all samples. Tissues were processed using
a Thermo Shandon Excelsior Tissue processor and embedded in Paraplast
paraffin wax (melting point 56°C) using a Shandon Histocentre 2 embedding
centre. Tissue blocks were cooled on ice and sectioned at 5 µm, using a Leica
PX 40 microtome with feather S35 microtome blades. Sections were floated in a
45°C water bath containing RO water (reverse osmosis) which contained noninactivated horse serum (10 ml) (Invitrogen, Mount Waverley, Victoria. Australia)
to promote adhesion. After sections were mounted on glass microscope slides
they were allowed to dry overnight at 56°C. Tissues were stained with
haematoxylin and eosin as follows.
To de-wax, slides were loaded into staining racks and immersed in xylol for two
changes of 3 min each then immersed in 100 % ethanol for two changes of 2 min
each. Then two changes of 95 % ethanol 30 sec each, two changes of 70 %
ethanol, 30 sec each and slides were then washed in running tap water for 2 min
and then stained as follows.
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Sections were placed in Whitlock’s Haematoxylin (0.1 %) for 3 min, washed in
running tap water for 2 min and placed in Scotts Blueing solution for 2 min
(alkaline solution of Mg 2 SO 4 and NaCO 3 ). Slides were then washed in running
tap water for 2 min, rinsed in 70 % ethanol and counterstained in alcoholic Eosin
Y (0.5 %) for 28 sec. Slides were dehydrated rapidly through 70 % and 95 %
ethanol to 100 % ethanol and cleared in xylol and mounted in DPX mounting
medium (Veterinary Pathology Diagnostic Services Histopathology Laboratory
Manual, Faculty of Veterinary Science, The University of Sydney.)
Cross sections of intestinal slides were photographed (Olympus BX-41
microscope and DP-70 camera, Olympus America Inc, Center Valley, PA, USA)
and images transferred to ImagePro Plus v5.1 software (Media Cybermatics,
Silver Springs, USA) where microvillus lengths and widths, and crypt depth were
measured (Figure 2.2) and analysed (statistically) to determine the effect of
treatments on intestinal development.

Figure 2.2 Outline of whole villi, showing measurements involved in morphometric assessment of intestinal
mucosa. Morphometric measurements taken included: A: villi height, B: crypt depth, C: basal villi width and
D: apical villi width. Villus surface area was calculated as (c+d)/2 x a. (Iji et al, 2001).

63

Materials & Methods
________________________________________________________________

2.2

Compositional analysis of colostrum and milk
(protein, lactose and fat).

2.2.1 Protein concentration analysis - sample preparation of gilt and sow
colostrum and milk to determine protein concentration in all samples
BCA, Bicinchoninic acid, is a stable water-soluble compound which forms a
colour complex with cuprous iron (Cu1+) during the reaction of proteins. The
colour produced from this reaction is stable and increases in proportion to a
broad range of increasing protein concentrations of BSA (Bovine serum albumin,
0 - 2000 µg/ml for standard curve (see Table 2.2).
Table 2.2 Preparation of standards for BCA protein concentration assay.
Vial
Diluent
Stock BSA 2 mg/ml
Final BSA concentration
#
(μl)
(μl)
(μg/ml)
A
0
300
2000
B
125
375
1500
C
325
325
1000
D
175
175 -vial B dilution
750
E
325
325 -vial C dilution
500
F
325
325 -vial E dilution
250
G
325
325- vial F dilution
125
H
400
100- vial G dilution
25
I
400
0
0

The BCA assay maintains the high sensitivity and low protein-to-protein variation
associated with the Lowry method (Smith et al, 1985).
Colostrum and milk samples were defatted as described in section 2.13.
Supernatant was aspirated and diluted 1:300 in MilliQ water (water which is
deionised and purified from all other ions except H 3 0+ and OH-) and protein
concentration determined by adding 25 µl of diluted sample (as above) plus 2 %
SDS (sodium dodecyl sulphate), to eliminate interference from lipids, into each
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well of a 96 well plate (Greiner Bio-one, Interpath, West Heidelberg, Victoria.
Australia.). Working reagent (200 µl of 50:1 of reagent A: (1 - 3 %) sodium
carbonate and reagent B: 4 % cupric sulphate pentahydrate) was added to give a
total of 225 µl/well, which was incubated for 30 min at 37°C and allowed to cool to
room temperature (RT) before reading at 560 nm on a plate reader (Polarstar
Optima – BMG Labtech Aust. Mornington, Victoria, Australia). Optical density
was calculated using a linear curve to determine protein concentration of
samples in mg/ml. Results were statistically analysed using a one way ANOVA
in Genstat (Version 10) with parity as the variable factor

2.2.2 Lactose analysis – sample preparation of gilt and sow colostrum and milk
to determine lactose content in all samples
Lactose concentration was determined using a Lactose assay kit (BioVision,
Mountain View, California. USA). This determination is based on the following
reactions:
β − gal

 D-glucose + D-galactose (pH 6.6)

Lactose + H 2 0

HK

 G6P + ADP

D-glucose + ATP
+

G6P + NADP

(pH 7.6)

G6P - DH



D-gluconate-6-phosphate + NADPH + H+

Lactose standard solution was diluted to 1 nmol/µl in lactose assay buffer to
generate a standard curve 0-10 nmol/well of lactose standard (see Table 2.3).
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Table 2.3 Preparation of standards for lactose assay.
Diluent
Stock Lactose
Final Lactose conc.
(ul)
1nmol/ul (ul)
(nmol/well)
40
10
10
42
8
8
44
6
6
46
4
4
48
2
2
50
0
0

All samples were defatted as described in section 2.1.3 and supernatant was
aspirated and 2 µl of aspirated samples were added in triplicate in a 96 well plate
(Greiner Bio-one, Interpath, West Heidelberg, Victoria. Australia) and diluted 1:25
with lactose assay buffer.
To subtract for any free galactose in samples 2 µl of Lactase was added to one
of each triplicate wells of samples. Lactose reaction mix (50 µl) was added to
each well, Lactose assay buffer 90 %, Probe 5 %, Lactose enzyme mix 5 % and
incubated at 37°C for 30 min protected from light. Plate was read at 570 nm on a
plate reader (Polarstar Optima – BMG Labtech Aust. Mornington, Victoria.
Australia).

Lactose concentration was calculated using the equation:

C=Ga/Sv (in nmol/ µl or µmol/ml or mM)
Lactose molecular weight = 342.3.
Ga = Galactose amount in the sample wells (in nmol)
Sv = Sample volume added into the wells (in µl)
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Background was corrected for by subtracting the value of the zero lactose control
well from all standard and sample readings. Standard curve was plotted as
lactose (nmol) vs readings (nm).

2.2.3 Fat analysis – determination of fat content of gilt and sow colostrum____
Whole homogenised colostrum samples (100 µl) were transferred to pre-weighed
1.5 ml eppendorf tubes (Greiner Bio-One, Interpath, West Heidelburg, Victoria,
Australia) with 100 µl 1N NH 4 OH (28 %) (Sigma, St Louis. USA), Ethanol (96 %
Ajax Fine Chemicals, Taren Point. N.S.W Australia) (100 µl) and shaken
vigorously for 1 min followed by addition of 0.013 mM Diethyl ether (98 %) (Chem
Supply, Gilman, South Australia, Australia) and 0.01 mM Petroleum ether (90 %
BDH Chemicals Australia, Port Fairy, Victoria, Australia). Samples were shaken
vigorously for 1 min and then centrifuged at 800 xg for 5 min at 4°C (Beckman
Coulter microfuge R) to pellet the residue. The upper layer of ether mix was
transferred to pre-weighed 1.5 ml microfuge tubes (Greiner Bio-One, Interpath)
and the residue extracted a further 2 times with 1:1 v/v of diethyl ether/petroleum
ether (as above) and pooled. The extracts were transferred to a fume hood to
dry. Tubes were weighed and fat content calculated as follows: (Adapted from
A.O.A.C. Method) (8)15.029 (1960).

% Fat

=

(wgt flask + fat) – wgt flask X 100
wgt sample
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2.2.4 Porcine IgG antibody determination in gilt and sow colostrum (ELISA)_
Immunoglobulin G content was determined using a commercial Pig IgG
quantitative ELISA kit (Bethyl Laboratories, Texas USA.). 96 well plates were
coated overnight at 4°C with 1 μl capture antibody (A100-104A) in 100 μl coating
buffer (0.05 M Carbonate-Bicarbonate pH 9.6) per well using a multichannel
pipette. Coated wells were aspirated and rinsed with wash solution (50 mM Tris
(Sigma-Aldrich, Castle Hill, NSW Australia), 0.14 M NaCl, 0.05 % Tween 20
(Sigma-Aldrich) (pH 8.0) three times and wells were blocked using 200 μl post
coat solution (50 mM Tris, 0.14 M NaCl 1 % BSA) (Sigma-Aldrich) (pH 8.0) for 30
min.
Standards and samples were diluted in sample diluent (50 mM Tris, 0.14 M NaCl,
1 % BSA, 0.05 % Tween 20 (pH 8.0). Standards ranged from 7.8 ng/ml to 500
ng/ml as per kit protocol (RS10-107-3) see Table 2.4. A blank well substituting
sample diluent for samples was also used.
Table 2.4 Preparation of standards for IgG assay
Dilution
IgG
Diluent
Standard
(ml)
0
1
2
3
4
5
6
7

5µl
1 ml from step 0
1 ml from step 1
1 ml from step 2
1 ml from step 3
1 ml from step 4
1 ml from step 5
1 ml from step 6

8.25 ml
19 ml
1 ml
1 ml
1 ml
1 ml
1 ml
1 ml

Final IgG
conc.
(ng/ml)
10,000
500
250
125
62.5
31.25
15.6
7.8

Colostrum samples were defatted as described in section 2.1.3 and diluted
1:200,000 in sample diluent. Samples and standards were incubated at RT for
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1hr (100 μl/well). Wells were aspirated and washed five times with wash solution
and goat anti-pig IgG HRP conjugate detection antibody (1 mg/ml) (A100-104P)
was diluted in sample diluent to yield a 1:125,000 dilution. 100 μl of HRP
(1:125,000 in conjugate diluent) was added to each well and incubated at RT for
1 hr protected from light. Wells were aspirated and washed five times with wash
solution.

100

μl/well

of

enzyme

substrate,

1:1

v/v:

TMB

(3,3’,5,5’-

tetramentylbenzidine) solution (0.4 g/L) and peroxide solution, 0.02 % hydrogen
peroxide in citric acid buffer was added to each well and incubated at RT for 5 30 min.
Reactions were stopped by the addition of 100 μl/well 0.2 M H 2 SO 4 (SigmaAldrich). Plates were read at 450 nm on a plate reader (Polarstar Optima, BMG
Labtech). Standard curve was generated using a 4 parameter logistic curve
(Assayzap - universal assay calculator for windows – Biosoft, Cambridge UK).

2.2.5 Sialic acid content in gilt and sow colostrum and milk_____________
Sialic acid analysis was performed by Veronique Spichtig and Sean Austin at
Nestle Research Centre, Lausanne, Switzerland, using the method of Hara et al
(1989). Samples were randomly selected for analysis by the technicians at
Nestle, and were limited by the sample amount required for each analysis.
Colostrum and D21 milk samples were collected as per section 2.7.2 and 2 x 1
ml of each sample were aliquoted into 2 ml clear glass serum lyophilisation vials
(Wheaton, Midville N.J. USA) after the vials and the drying platform were frozen
at -80°C. The frozen drying platform and samples were placed into the drying
chamber (Christ, Alpha 1- 4 freeze drier, Martin Christ Gefriertrocknungsanlagen,
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Osterode am Harz, Germany) and evacuated to 0.12 millibars. The temperature
was then reduced to -50°C. After 12 hrs the vacuum was reduced to 0.05
millibars for a further 2 hrs. The vacuum was released and the samples sealed
with 13 mm butyl lyophilisation stoppers (Wheaton, Midville, NJ, USA and 13 mm
unlined aluminium seal, (Wheaton) and stored at -20°C until transported.
Colostrum and milk content of the 2 major sialyllactose Neu5Ac (Nacetylneuraminic acid) and Neu5Gc (N-glycolyneuraminic acid) were assayed
using high-performance liquid chromatography (HPLC) with flurometric detection.
100 to 500 μg of sialic acid (SA) (Sigma) (Cat # A2388 Neu5Ac and cat # A0812
Neu5Gc) were weighed into a 200 ml volumetric flask and 100 ml of warm MilliQ
water was added and stirred at RT for 10 min and allowed to cool, the volume
was adjusted to total 200 ml. 200 μl each of sample solution and 1 M formic acid
(Merck, Darmstadt, Germany cat # 111670) were mixed and hydrolysed for 2 hrs
at 80°C.
Hydrolysed samples were cooled on ice and transferred into a filtration unit
(Ultrafree MC Biomax-30, Milipore USA) and centrifuged for 10 min @ 5000 xg.
Hydrolysated samples were mixed with 200 μl 7mM DMB reagent (Fluka, Buchs,
Switzerland), 1.4 M acetic acid (Merck, Darmstadt, Germany) containing 0.75 M
2-mercaptoethanol (Fluka) and 18 mM sodium hydrosulphite (Fluka), and heated
@ 80°C for 50 min. Samples were cooled on ice and diluted 1:2 with MilliQ water.
Separation was performed on a Zorbax SB-Aq Rapid Resolution column (3.5 μm,
4.6 x 50 mm – Agilent Technologies, Santa Clara, CA USA) held at 30°C for 2
min. The sialic acids were eluted from the DMB using a mixture of water:
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methanol (Merck):acetic acid (75:25:0.05 v/v/v) flowing at 2 ml/min. Columns
were washed with a mixture of methanol:water:acetic acid (80:20:0.05 v/v/v) for
1.2 min, then re-equilibrated for 3.3 min (with a total run time of 7 min).
Derivatised Neu5Ac and Neu5Gc were eluted at retention times of 1.3 and 1.6
min respectively. A series of standard mixed solutions of Neu5Ac and Neu5Gc
prepared in the same way as the samples, except for the heating at hydrolysis
step, was used for calibration of the columns.
Analysis of derivatised samples using a Shimadzu Prominence HPLC-system
controlled by Class-VP software with a Shimadzu RF-10Ax1 fluorescence
detector (Shimadzu, Kyoto, Japan). Fluorescence was detected using 448 nm
emission and 373 nm excitation with a response time of 1.5 sec and a sampling
rate of 5 Hz. Results were analysed using a one-way analysis of variance with
SPSS for Macintosh 16.0 (SPSS Inc, Chicago).

2.3

Cell Culture

2.3.1 T84 human intestinal cell line ________________________ ____
The T84 immortalised cell line was used to investigate the growth promoting
activity of colostrum and milk proteins and protein fractions from gilt and sow
colostrum and milk at varying concentrations (1, 10 and 100 mg/ml). This was
assessed by determining proliferation and apoptosis involved in gastro-intestinal
development.
T84 human intestinal cells (ATCC, Monassas,Virginia USA) were used between
passage numbers 60 and 72, cultured in T75 culture flasks (Greiner Bio-one,
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Interpath) in T84 growth medium, DMEM/High Modified and Ham’s Nutrient
Mixture F12 (Sigma-Aldrich) in equal amounts (1:1 v/v), supplemented with 10 %
Fetal Calf Serum (FCS) (Invitrogen), 200 mM L-glutamine in saline, 5000 U/ml of
penicillin/5000 µg/ml streptomycin (Penstrep) (Sigma-Aldrich), 50 µg/ml Fungin
antimycotic (Invivogen, San Diego, USA cat # ant-fn-1), and 100 µg/ml Normocin
(Invivogen San Diego, USA cat # ant-nr-1).
Cells were incubated at 37°C in a humidified atmosphere of 5 % CO 2 (Napco
Scientific incubator 5410, Oregon USA).

2.3.2 Passaging T84 human intestinal cells________________________
Cells were passaged at a split ratio of 1:3 after reaching 80 % to 90 %
confluency, ~ 7 days following original seeding of 5x106 cells per T75 flask.
Growth medium was removed from flasks and confluent cells were washed for 15
sec with 10 ml PBS (Phosphate buffered saline, Ca2+ Mg2+ free) pre-warmed to
37°C in a water bath to remove traces of FCS, which acts to de-active trypsin.
After PBS was removed, 10 ml of 2.5 % Trypsin (Invitrogen, Australia) was added
to each flask and incubated at 37°C for 5 - 10 min until cells began to lift. Prewarmed T84 growth medium (10 ml) was added to the T84 cells mixed with
Trypsin. The media/trypsin/cell mixture was transferred to a sterile 50 ml tube
(Interpath) and centrifuged at 300 xg for 5 min at RT and the pellet resuspended
in 15 ml of fresh T84 growth media and split evenly into three sterile T75 flasks
containing 20 ml of T84 media (pre-warmed) to 37°C, and returned to the
incubator at 37°C and 5 % CO 2 .
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2.3.3 Cell count of passaged T84 human intestinal cells following harvesting to
determine live cell count for re-passaging
Cells in suspension following standard cell passaging procedure (as per section
2.3.2) were counted and viability determined using trypan blue exclusion staining
with a haemocytometer (Zahlkammer, Germany).
Using equal aliquots (20 µl) of cell suspension, 0.4 % w/v trypan blue (SigmaAldrich), and growth media, live cell numbers were estimated as follows:
•

Cells/ml = (Average number of live cells/Square) x 3 x 104

•

Total number of cells = (Cells/ml) x (Volume)

•

Viability ( %) = (Average number alive)/(Total number alive + dead) x 100

Cell count viability was typically between 85 % and 95 % viable live cells per T75
flask which contained ~ 2x107 cells at 90 % confluency. Cells were discarded if
live cell counts were below 70 % viability.

2.3.4 Storing T84 human intestinal cells in liquid nitrogen following standard
passaging and harvesting
Following digestion by trypsin and centrifugation to form cells into a pellet (as per
section 2.3.2), the supernatant was removed and the pellet resuspended in a
volume of warm FCS to give 1x107 cells/500 µl. Cells in FCS (500 µl) were then
aliquoted into 2 ml screw top cryovials (Greiner, Interpath). Warm 20 % DMSO
(Dimethylsulphoxide) (Sigma-Aldrich) in FCS was added (500 µl) to each aliquot
of cells, drop wise while tapping the vial, to mix and gently suspend the cells. The
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cryovials were stored in a foam rack at -80°C overnight to allow slow cooling and
freezing then transferred to liquid nitrogen (LN) after 24 hrs.

2.3.5 Recovery of frozen T84 human intestinal cells from liquid nitrogen_____
Recovery of T84 cells from LN involved removing a cryovial of cells from LN and
thawing in a 37°C water bath while gently agitating the vial. Cells were then
transferred to a sterile 50 ml centrifuge tube that contained 15 ml of warm growth
media and spun at 300 xg for 5 min at RT to pellet the cells. The supernatant was
discarded and cells resuspended in 15 ml pre-warmed growth media containing
~15 x 106 cells. Cells were plated at a density of ~ 5 x 106 cells per T75 flask
containing 20 ml of pre-warmed T84 growth media and returned to the incubator
in conditions described in section 2.3.2.

2.3.6 Determining cellular response to the presence of gilt and sow colostrum
proteins using cultured T-84 human intestinal cells: a fluorescent method
An alternative assay method was utilised to investigate the proliferative effect of
colostral proteins on intestinal cells, CyQuant (Jones et al 2001)
The CyQuant® Non Fluorescent cell proliferation assay (Invitrogen) is based on
measurement of cellular DNA content via fluorescent dye binding. As cellular
DNA content is highly regulated, it is closely proportional to cell number. The
extent of proliferation is determined by comparing cell counts for samples treated
with colostral proteins of interest with untreated controls.
Confluent (~80 %) T84 cells between passages 50 - 72 were passaged and
counted using the trypan blue method as described in section 2.3.3. Cells were
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plated at a density of 2 x 104 cells/well in 96-well plates (Interpath) and grown in
100 µl serum free growth media for 48 hrs in a humidified incubator (Napco) at
37°C and 5 % CO 2 for attachment. Cells were rinsed with 100 µl PBS and media
was replaced with treatment media of serum free (T84 growth media without
FCS) and 10 % FCS supplemented growth media and incubated (as above) for a
further 24 hrs. Whole skim colostrum (WSC – defatted as per section 2.3.1) at a
dilution of 1:400 from both gilt and sow colostrum samples was assessed with
epidermal growth factor (EGF) at a concentration of 1ng/μl as a positive control,
and a non specific protein (Polypep – bovine protein digest, Sigma-Aldrich) 10
ng/μl as a negative control. All treatments were run in triplicate and incubated (as
above) for a further 48 hrs.
After incubation all media and treatments were removed from each well and
replaced with 100 μl of 1:500 dye binding solution: 1 x dye binding solution : (1 5 % Digitonin, Cat #11024-24, Dimethylsulfoxide (DMSO) cat # 67-68-5, 60 - 100
% Invitrogen) in 1 x HBSS buffer, and incubated (as above) for 5 - 30 min. The
plate was read at excitation 485 nm and emission 530 nm using a plate reader
(Polarstar Optima – BMG Labtech). Results were calculated after subtracting for
no treatment and dye only wells, using Excel for Windows (07) and statistical
analysis was performed using a one way ANOVA with parity of the sows as the
variable.

2.3.7 Separation of casein and whey proteins from porcine colostrum________
Colostrum samples were defatted as described in section 2.1.3. HCl (0.1 M) was
added to defatted colostrum supernatant until a pH of 4.6 (at 40°C) was reached.
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Sample was centrifuged at 3000 xg, 10 min @ 4°C to pellet precipitated caseins.
The casein pellet was washed twice in 0.1 M HCl and re-suspended in PBS and
pH returned to 7.4 using 0.1 M NaOH where necessary.
Supernatant containing the whey proteins was also adjusted for pH to 7.4 and
stored at -20°C until use.

2.4

1-D SDS PAGE

2.4.1_ 1-D SDS PAGE gels________________________________
Single dimensional SDS PAGE (sodium dodecyl sulphate polyacrylamide gel
electrophoresis) is a widely used proteomic method for separating proteins by
their molecular weight, giving both a visual and quantitative method of comparing
individual expression of protein profiles.
This technique was used to identify and characterise proteins in gilt and sow
colostrum and milk which differ in levels of expression during the lactation cycle.

2.4.2_Sample preparation of colostrum for 1-D SDS PAGE gels_________
All colostrum samples were defatted as described in 2.1.3. Supernatant was
aspirated and protein concentration determined as per section 2.2.1 and diluted
in an appropriate volume of MilliQ water to yield a concentration of 4 µg/µl
protein. Total volume (3 µl) 0.250 % v/v diluted sample in 0.375 % v/v MilliQ
water and 0.375 % v/v 4 x loading buffer (1 M Tris, 0.02 % bromophenol blue, 20
% glycerol) was prepared to add 12 µg protein per lane of gel. Prepared samples
were boiled for 5 min then placed immediately on ice to prevent proteins from
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coiling and prohibiting them moving freely through the gel before loading onto the
gel.
Samples were run on a 12 % acrylamide gel at 200 V, 60 mA and 30 w for 45
min using 1 x running buffer (3.02 % (w/v) Tris (Sigma-Aldrich), 1 % (w/v) SDS
(Sigma-Aldrich), 14.4 % (w/v) Glycine) (Sigma-Aldrich) and then stained with
coomassie blue stain (0.1 % coomassie blue, Sigma-Aldrich), 25 % v/v methanol
(Lomb Scientific, Taren Point, NSW. Australia) and 5 % v/v glacial acetic acid
(Lomb Scientific) overnight.
Gels were de-stained in 25 % v/v methanol, 10 % v/v glacial acetic acid until
background of gel was clear. Gels were scanned using Labscan 5.0 (Amersham
Biosciences) for quantitation of protein bands.

2.4.3_Quantitation of line profile measurements of 1D SDS-PAGE gels of gilt
and sow colostrum
The Image-Pro Plus image analysis program was used to obtain density
measurements from a band of pixels within a gel image, establish a baseline
measurement of incident light and plot the density measurements for each band
against the incident light baseline. A sample line profile is shown in Figure 2.3.
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Figure 2.3 Sample of a line profile generated from ImagePro analysis of a 12 % 1D PAGE, where each peak
represents an individual band where the intensity is calculated from the baseline.

2.5

2-D SDS PAGE

2.5.1 Iso electric focusing (IEF) : first dimension. Sample preparation of samples
of gilt and sow colostrum
Rehydration of immobilised pH gradient strip with sample: Colostrum samples
were defatted as per section 2.1.3. IPG strips (Immobiline pH gradient), (GE
Healthcare, Rydalmere NSW cat # 17-6000-88 ) pH 4 - 7 (non-linear) were
loaded with 200 µg/µl protein in 2 µl IPG buffer (GE Healthcare,) and 1.3 ml
rehydration buffer (8 M Urea, 2 % CHAPS (Sigma-Aldrich), 2 % IPG buffer (G.E
Healthcare), 16 mM DTT (Dithiothreitol) (Sigma-Aldrich), 0.002 % (w/v)
bromophenol blue (Sigma-Aldrich) in a re-swelling tray, covered with paraffin oil
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(Ajax Finechem, Lomb Scientific), and allowed to re-hydrate at RT for 10 - 15 hrs
overnight.
Iso-electric focusing:
Using the Multiphor II isoelectric focusing unit (Amersham Biosciences,
Rydalmere N.S.W, Australia) cooled to 15°C. The IPG strips were placed in the
grooves of the aligner ensuring that the strip was correctly positioned with gel
side of strip facing up and the positive end is at the red electrode (anode). Damp
electrode strips (Amersham Biosciences) were placed at the end of the IPG
strips. Electrode bridges were secured over the electrode strips and the IPG
strips were covered with paraffin oil. The IPG strips were run as follows:

1. 300 V

2 mA 5 W

1 min

2. 3500 V 2 mA

5W

1.5 hrs

3. 3500 V 2 mA

5W

4.0 hrs

The power was supplied by an EPS 3501 XL (Amersham Biosciences). Upon
completion, the IPG strips were removed and placed in labelled tubes.
Strips were equilibrated in equilibration buffer (50 mM Tris pH 8.8, 6 M Urea
(Sigma-Aldrich), 30 % (v/v) glycerol (Sigma-Aldrich), 2 % (w/v) SDS, 0.002 %
(w/v) bromophenol blue), 5 ml per strip containing 10 mg/ml DTT (Sigma-Aldrich)
for 15 min on a rocking platform, buffer was changed to equilibration buffer (as
above, 5 ml per strip) containing 25 mg/ml iodoacetamide (Sigma-Aldrich) for a
further 15 min on a rocking platform. Strips were rinsed three times in 1x running
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buffer, 3.02 % (w/v) Tris, 1 % (w/v) SDS, 14.4 % (w/v) glycine) to remove excess
equilibration buffer.

2.5.2

SDS-PAGE 2nd Dimension 2D gel separation______________

Resolving gels (15 %) (33 % MilliQ water, 25 % 1.5 M Tris (pH 8.8), 40 % (30 %
T/2.67 % C) Acrylamide, 10 % SDS, 10 % Ammonium persulfate and 0.001 %
N,N,N',N'-Tetramethylethylenediamine (TEMED) (Sigma-Aldrich) were poured
and allowed to set. Strips were placed, edge down, on top edge of prepared gel
and 7 µl PAGE protein ladder (Fermentas, Quantam Scientific, Murarrie QLD.
Australia) was loaded at the outer edge for approximate molecular size of
proteins and covered with agarose to seal. Gels were run at 250 V, 60 mA and
30 w for 4 - 5 hrs using 1 x running buffer using a Ruby Hoefer SE600
(Amersham Biosciences), stained with coomassie blue (as per section 2.4.2)
overnight and de-stained (as per section 2.4.2).
2D SDS PAGE gels were analysed using (ImageMaster 2D Platinum software
v5.0 (ed AB) Amersham Biosciences, Little Chalfont, Buckinghamshire UK).

2.5.3 SDS-PAGE
software

2D gel analysis using ImageMaster 2D Platinum

2D 15 % SDS PAGE gels of 200 μg colostral proteins were run as per section
2.5.1 and 2.5.2 and analysed for fold differences of proteins using ImageMaster
2D platinum software analysis.
Sow (n=5) (Class – sows) and gilt (n=5) (Class - gilts) gel images were loaded
into the ImageMaster 2D software program and the area of interest was outlined
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(as per the boxed area in Figure 2.4). All gels were selected for analysis and spot
parameters were auto-detected after the background noise of the gel was
reduced. Spots that were above the background saliency were outlined in red.
Selected spots that were similar in all gels were used as ‘landmarks’ for the
purpose of aligning all gels as closely as possible (see Figure 2.4).

Figure 2.4 ImageMaster gel image of spots used as landmarks for alignment of all gels in analysis.

A reference gel was selected (sow 1) and all gels were then auto-matched to give
an indication of the number of pairs of spots that matched across all gels within
the selected classes (gilts and sows). Any spots with a two-fold difference or
greater were outlined in green (see Figure 2.5)
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Figure 2.5 ImageMaster platinum image of a protein spot (circled in green) run on a 2D gel and verified
as two-fold higher in sow colostrum samples (3/5) than was found in gilt samples (0/5).

These spots are then able to be cut from the gel and preliminary identification is
attempted using mass spectrophotometry.

2.5.4

SDS-PAGE 2D gel analysis using Progenesis 2D software______

2D 15 % SDS PAGE gels of 200 μg colostral proteins were run as per section
2.5.1 and 2.5.2. Sow (n=5) (in triplicate) and gilt (n=5) (in triplicate) 30 gel images
in total were loaded into the Progenesis 2D software program and a master gel
was composed of triplicate replicates from each group. Gels were analysed for
fold differences of proteins between gilt and sow samples.
Spots that were considered different between groups were assigned a number
(see Figure 2.6).
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Figure 2.6 Progenesis image of one sow master gel showing the spots that were identified as being
different between gilt and sow replicate 2D gels.

These spots are also able to be cut from the gel and preliminary identification can
be attempted using mass spectrophotometry techniques.
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2.6

Protein analysis – Bioanalyser 2100

2.6.1___Introduction - Bioanalyser 2100 Off gel electrophoresis___________
The Bioanalyser 2100 has been developed for practical use, in which protein
assay procedures of staining, de-staining, separation and detection are
integrated into a micro-fabricated chip and has been used in this thesis for the
separation of the major whey and casein proteins in colostrum and milk.

2.6.2___Sample preparation for Bioanalyser 2100 Off gel electrophoresis_____
Colostrum samples were defatted as per section 2.1.3 and protein concentration
determined as per section 2.2.1 and diluted with MilliQ water to yield 7.5 μg/μl of
total protein. Total protein (4 μl containing 30 μg) was mixed with 2 μl 1 M DTT
(Sigma-Aldrich) and vortexed for 5 sec. 6 μl of protein ladder (part of - Agilent
Protein 230 Kit (Pacific Laboratory Products, Blackburn, Victoria. Australia) was
pipetted into a separate 0.5 ml microfuge tube (Ambion, Texas. USA) and both
ladder and samples were heated, with a heat block, to 95°C for 5 min and
allowed to cool. Samples were spun in an Eppendorf quickspin microfuge for 15
sec and 84 μl MilliQ water was added to both protein and ladder and vortex to
mix.
The microchip (P230 chip) was primed with gel mix using the chip priming station
for 1 min, gel/dye mix was removed from the well and discarded. Gel/dye mix (12
µl), prepared samples and de-stain were pipetted into appropriately marked wells
and the samples were run on the Bioanalyser 2100 gel electrophoresis unit (see
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Figure 2.7). Peaks were assigned an intensity value and these results were
statistically analysed using one way ANOVA in Genstat (v. 10) with parity of the
sows as the variable factor.

Figure 2.7 Representative example of a line profile (sow) generated by the Bioanalyser 2100 Off gel
electrophoresis utilising microchip technology.

2.7

Cross-foster trial

2.7.1 Vaccination of gilts and sows in cross-foster trial (Chapter 5)________
Pregnant sows (Parity 2 - 5) and gilts (Parity 1) of the same mating date were
supplied by Rivalea (Australia) Pty Ltd, Corowa, NSW Australia. Sows (n=20)
and gilts (n=20) over two farrowing weeks were randomly selected and
vaccinated seven weeks prior to farrowing. Sows/gilts were vaccinated with
Equivac T, (tetanus vaccine Clostridium tetani) (1 ml IM injection, Pfizer Aust,
West Ryde. NSW, Australia). Four weeks prior to farrowing sows/gilts were re85
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vaccinated and again at two weeks prior to farrowing. At farrowing, piglets were
assigned into the following treatment groups.
Treatments were in four groups:
1. Treatment A: (n=5) Gilt born and (n=5) Gilt reared
2. Treatment B: (n=5) Gilt born and (n=5) Sow reared
3. Treatment C: (n=5) Sow born and (n=5) Sow reared
4. Treatment D: (n=5) Sow born and (n=5) Gilt reared

Normal commercial gestation and lactation diets were used throughout the trial
(as per Table 2.1) and sows/gilts were housed in the farrowing sheds of the
R & D facility at Rivalea.

2.7.2__Sample collection of all gilts and sows on cross-foster trial (Chapter 5)__
Piglets were weighed and ear tagged within two hours after birth, and before they
could suckle, and assigned a foster sow/gilt. All piglets below 900 g in live weight
were removed from the trial. Five piglets (gilt born) and five piglets (sow born)
were allocated to another sow/gilt ensuring that the pigs did not receive their own
offspring and piglets had ad libitum access to their nursing dams.
After the birth of the second piglet colostrum samples were collected by manual
palpation of the rear teats, before any piglets could suckle, from all sows and gilts
on trial. Colostrum was placed on ice immediately after collection and transferred
to -20°C within 30 min of collection (for 24 hrs) and subsequently stored at -80°C
until assayed. Blood samples (~ 5 ml) were collected from the jugular vein of
sows, while restrained with a snout rope, using 23G x 1 ¼” needle (Livingstone,
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Rosebury, N.S.W, Australia) into EDTA-heparin plasma tubes (Interpath) and
spun at 1100 xg for 7 min at RT to separate blood components. Separated
plasma was stored at -20°C in 5 ml sample tubes (Sarstedt Aust, Technology
Park, South Australia cat # 63.9921.529) until assayed. On D21 of lactation, milk
was collected during a natural suckling after piglet removal, and treated in the
same manner as for colostrum (above) without the use of oxytocin.

2.8

2.8.1

Obestatin vaccination trial (Chapter 6)

Experimental animals used for obestatin vaccination trial (Chapter 6)__

Sows (n=28) of various parities (3 - 7) in the same mating week were selected
from the commercial herd at Rivalea (Australia) Pty Ltd, Corowa, N.S.W
Australia. Sows housing and feeding regime was the same as previously
described on page 58. Sows (n=20) were randomly selected at farrowing and
had their litters randomly standardised (within treatment groups) to 10 piglets per
sow (n=200 piglets). Excess piglets were allocated to other sows in the shed with
smaller litters (fostered).

2.8.2 Vaccination of animals involved in obestatin vaccination trial (Chapter 6)
Week one of trial: At week eight of gestation (n=28) sows were randomly
selected from the same mating week, divided into two treatment groups, Group
A: Montanide + peptide (n=14) and Group B: DEAE + BP85:Span80 + peptide.
(n=14) sows were each immunised aseptically with 0.5 mg antigen (Ovalbumin87
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proghrelin conjugate, custom synthesis, Auspep P/L, Parkville Victoria, Australia,
batch # 540863) in 2 ml of treatment A adjuvant (60 % Montanide (cat #1SA 50V.
Tall Bennett Group, Warriewood N.S.W Australia), 0.1 % Thiomersal (SigmaAldrich) and 0.50 % Tris 1 M (Austral Scientific Caringbah N.S.W Australia),
(primary immunization) using a Slapshot® flexible vaccinator fitted with a 16G x
½” needle (Nasco Export, Fort Atkinson WI, USA cat # C14747N). Sows (n=14)
were immunised with 0.5 mg antigen (Ovalbumin - Proghrelin conjugate, custom
synthesis, Auspep P/L, Parkville Victoria, Australia batch # 540863) in 2 ml of
treatment B adjuvant: 20 % DEAE (Sigma-Aldrich) and 80 % BP85 (Lubes direct,
Penrith N.S.W Australia):Span 80 (Sigma-Aldrich) 9:1, 0.1 % Thiomersal (SigmaAldrich) and 0.50 % Tris 1 M (Austral Scientific) delivered as for treatment A
above.
At weeks 13 and 15 of gestation, sows were re-immunised with the same
vaccination for their treatment group prepared and delivered as above. Blood
samples were collected from all sows on trial, after initial vaccination, as per
section 2.7.2. Normal commercial gestation and lactation diets were used
throughout trial (as per Table 2.1).

2.8.3 Collection of colostrum and blood samples from obestatin vaccination trial
(Chapter 6)
After the birth of the second piglet colostrum was collected and treated as per
section 2.7.2. All piglets from on-trial sows were individually weighed and ear
tagged and returned to their dam. Fostered piglets were placed with a dam
receiving the same treatment as their birth dam where possible and excess
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piglets were fostered onto other sows in the same farrowing shed. On D5 and
D27 post-farrowing blood samples were collected from ear veins from all piglets
on trial and treated as per section 2.7.2.

2.8.4__Analysis of composition of colostrum and plasma samples collected from
obestatin vaccination trial sows (Chapter 6)
Colostrum was prepared and assayed for protein concentration as per section
2.2.1, for lactose concentration as per section 2.2.2, for fat % as per section
2.2.3, IgG antibody % as per section 2.2.4. Plasma was assayed for antiobestatin antibodies as per section 2.8.5 and ghrelin as per section 2.8.6.

2.8.5__ELISA assay of anti-obestatin antibodies present in colostrum and
plasma.
High binding flat-bottom 96 well microtitre plates (Nunc Maxisorp, Invitro
Technologies, Gladesville NSW, Australia) were coated with either (Obestatinproghrelin (Auspep batch # S40863) (4 μg/ml) prepared in PBS solution

and

incubated overnight at 4°C.
Wells were washed four times with PBS/Tween20 (Bio-Rad Laboratories,
Gladesville, NSW, Australia) (0.05 % wt/vol) wash solution. Wells were blocked
using 120 μl 1 % BSA (Sigma) in PBS (Na 2 HPO 4 (5.6 g/L), KH 2 PO 4 (2.7 g/L) ,
NaCl (4.1 g/L), adjusted to pH.7.4 and sterilised by autoclave (Sambrook et al
1989) for 4 hr at RT and washed four times with wash solution. Dilutions were
prepared by adding defatted colostrum and plasma samples into PBS and a twofold serial dilution performed (1:200 - 1:25600) and 100 μl was added to the
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appropriate well. The microtitre plate was incubated overnight at 4°C. Wells were
washed four times with wash solution.
100 µl of secondary HRP conjugated anti pig antibody (Goat polyclonal anti-pig
IgG (H & L chain) Abcam, USA, distributed by Sapphire Bioscience) at 1:5000
concentration in PBS was added to each well and incubated for 1 hr at RT, wells
were washed four times with wash solution. 100 μl (1:1 v/v) TMB (3,3’,5,5’tetramentylbenzidine) solution (0.4 g/l) and peroxide solution, 0.02 % hydrogen
peroxide in citric acid buffer (Sigma-Aldrich) (2.1 g/100 ml distilled water) was
added to each well and incubated at RT 15 min in a dark environment until colour
change occurred (Fromme et al 2003).
Reaction was stopped using 100 µl 1 M HCl (Lomb Scientific) and plate read at
450 nm using a Thermo Multiskan Ascent plate reader. Results were calculated
as follows. A two-fold serial dilution of the sample occurred from 200 - 25600.
The ELISA OD (optical density) results were interpreted by using the negative
control as a base line. The average of the triplicate sample was taken and the
background subtracted to all samples. To ensure that all the samples were
positive an arbitrary line was created 0.1 OD above the negative value. The
sample OD was averaged and the average background subtracted and the point
at which the samples curve crosses the arbitrary positive line is what is
considered the final titre value at which the sample is positive. This positive line
was determined by using an intersection of two lines formula and calculating the
sample and the arbitrary positive line. As this ELISA does not have a standard
curve an EC50 could not be used to report the OD values. In using a basic

90

Materials & Methods
________________________________________________________________
mathematical equation of a function the error level was reduced and the reliability
of the data was improved. Various algorithms have been devised to report ELISA
results (Loizou et al 1985).

2.8.6 Ghrelin RIA assay of obestatin vaccination trial sow colostrum and piglet
plasma samples
Plasma and colostrum samples from sows and plasma from piglets in the
obestatin vaccination trial (Chapter 6) were collected as per section (2.7.2) and
prepared as follows.
Plasma (1 ml) was added to 1 ml of Buffer A (Phoenix- Abacus ALS, East
Brisbane, QLD, Australia, composition not specified) in a 2 ml Eppendorf tube
(Greiner Bio-One, Interpath) to acidify samples. Samples were centrifuged at
7500 xg for 20 min at 4°C (Heraeus Biofuge Primo R Rotor Number 7593, 17000
g Rotor).
Columns (Strata C18-E 55 μm 70 A, 200 mg / 3 ml) (Phoenix-Abacus ALS, East
Brisbane, QLD, Australia) were equilibrated by washing 1 ml Buffer B (PhoenixAbacus ALS, East Brisbane, QLD, Australia, composition not specified) through
the column, under vacuum pressure followed by 3 ml of buffer A (Phoenix
porcine ghrelin RIA kit (Abacus ALS, Macquarie Park, QLD, Australia).
Samples were loaded onto column and allowed to pass through the column
without pressure, then columns were washed twice with 3 ml Buffer A.

Peptide was eluted once with 3 ml acetonitrile (Sigma Aldrich, cat #271004) and
collected into polystyrene tubes (Technoplas 5 ml 12 x 75 mm, Interpath) and
stored over night at 4°C. Samples were loaded into a centrifugal concentrator
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(Savant Speed Vac Plus SC210A).100 μl of sample, standard and antibody (see
Table 2.5) were added to each appropriate tube and 100 μl of primary antibody
was added to each tube except the TC and NSB (non specific binding) tubes.
Tubes were vortexed for 5 sec and incubated for 16 - 24 hrs at 4ºC.
Table 2.5 Preparation of standards for RIA assay of ghrelin in sow and piglet plasma.
Tube
Sample
RIA Buffer.
Standard Concentration
Stock
0
A
B
C
D
E
F
G
H

Powder
100 μl of Stock
10 μl of 0
500 μl of A
500 μl of B
500 μl of C
500 μl of D
500 μl of E
500 μl of F
500 μl of G

1.0 ml
900 μl
990 μl
500 μl
500 μl
500 μl
500 μl
500 μl
500 μl
500 μl

12.8 μg/ml
1,280,000 pg/ml
12,800 pg/ml
6,400 pg/ml
3,200 pg/ml
1,600 pg/ml
800 pg/ml
400 pg/ml
200 pg/ml
100 pg/ml

125

I-peptide was added with an average count of 9964 cpm, vortexed for 5 sec

and incubated for 16 - 24 hrs at 4ºC. GAR and NRS (100 µl of each) were added
to each tube and vortexed for 5 sec and incubated at RT for 90 min. RIA buffer
(500µl: part of RIA kit – contents undisclosed) was added to each tube and
vortexed for 5 sec then centrifuged for 20 min at 1,700 xg at 4°C (Heraeus
Multifuge 4K-R Centrifuge, KI Scientific). The supernatant was aspirated (except
TC tubes) and tubes counted for 60 sec on (Wallace Gamma Counter, Perkin
Elmer, Glen Waverley, Victoria, Australia). Results were calculated using a four
parameter logistic curve using Assayzap - universal assay calculator for windows
1996 – (Biosoft, Cambridge UK) and compared using Excel 07. This
methodology is based on Dwenger (1984) as cited in kit instructions.
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Compositional differences between gilt and sow
colostrum: a possible mechanism for the superior growth
of sow progeny

3.1

Porcine colostrum, its composition and significance
to production.

3.1.1 Introduction to investigation of compositional differences between gilt and
sow colostral proteins
Our aim was to evaluate the gross composition of colostrum and any specific
compositional differences between gilt and sow colostrum, using a proteomic
approach and commercial assay kits. These approaches enabled investigation of
any differences that may help explain the lactational success of multiparous sows
to wean healthier, heavier piglets compared to outcomes for gilt born and raised
neonates. Commercial efforts to increase litter size at birth must be accompanied
by maximising a sows’ ability to synthesise the required quantity and quality of milk
to successfully rear the newborn piglets (Kim et al 1999a). Under typical
management systems, newborn piglets only achieve a fraction of their potential
growth rate while nursing from their dam (Harrell et al 1993, Hurley 2001). Milk
production is one of the limiting factors for neonatal piglet growth and survival (Ji
et al 2006) together with the quality of the secretions the sows produce. It is the
composition of lactational secretions that form the basis of the following analyses.
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It was hypothesised that gilt colostrum contains lower concentrations of protein,
and thereby lower concentrations of immunoglobulins, than sow colostrum
(Devillers et al 2007), and it was this observation that led to the hypothesis that
difference in composition of colostrum and milk between gilts and sows may be
responsible for the poorer performance of gilt progeny. Chapter 3 endeavours to
investigate this hypothesis. We further hypothesised that there could also be a
seasonal effect on protein concentration. Heat stress, housing, access to feed and
water and the number of piglets fed can also have a cumulative effect on the
performance of the sow including the composition of the colostrum she is able to
produce. We also investigated a seasonal effect hypothesis by comparing the
protein concentrations of colostrum of all pigs, within collection time points
throughout the year, disregarding the parity of the animals. Seasonal effects on
colostrum and milk composition was outside the scope of our investigation,
although preliminary results indicate further investigation into seasonal effects
should be conducted.

3.1.2 Experimental design: comparison of gilt and sow colostrum composition___
Gilts and sows from the commercial breeding herd at Rivalea (Australia) Pty Ltd,
Corowa, N.S.W, were selected from the same mating week for batch collection of
colostrum after farrowing commenced and after the birth of the second piglet to
ensure the mammary secretions were in the colostral phase.
All pigs were housed under the same conditions and fed commercial gestation and
lactation diets (see Tables 2a and 2b) with ad libitum access to water. Colostrum
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was collected by manual palpation of teats from gilts (n=55) and sows (n=70)
without the use of oxytocin and D21 milk was also collected by manual palpation of
rear teats during a natural let down.
These colostrum collections formed the basis for identifying any differences in the
mammary secretions from primiparous gilts and multiparous sows and how these
differences may affect the growth and health of their offspring. Samples for our
analysis were collected in September, October and November (spring) and data was
combined for all sows and gilts as they were collected during the same season.

All colostrum samples were defatted by centrifugation at 2,100 xg (Beckman-Coulter
Microfuge-R) for 30 min at 4°C to remove fat. Protein concentration was determined
using a commercial BCA assay kit (as per section 2.2.1). Lactose analysis of
colostrum was performed using a commercial lactose assay kit (as per section
2.2.2). Total fat percentage of colostrum was determined by analysis method (as per
section 2.2.3). IgG concentration of colostrum was analysed using a commercial IgG
kit (as per section 2.2.4).
Mass Spectrophotometry identification and Progenesis analysis of triplicate,
biological replicates of 2D gels were performed by Dr. Ben Crossett (Faculty of
Molecular Biosciences, University of Sydney) and are described later in this
chapter (section 3.3.5).
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3.2 Gross comparison of gilt and sow colostral composition

3.2.1 Protein concentration analysis of colostrum from gilts and sows________
Mean protein concentration analysis was performed on the defatted colostrum
collected in spring, from sows (n=70) and gilts (n=55) to compare the
concentrations of protein (mg/ml) in the colostrum, and these results are shown in
Figure 3.1.

Figure 3.1 Mean protein concentration of porcine colostrum collected at parturition from gilts (n=55) and sows
(n=70) (data presented as mean protein concentration mg/ml + SEM).

Mean protein concentration was found to be higher for sow colostrum samples
(182.9 + 4.9 mg/ml) than in colostrum samples of the gilts (159.5 + 5.6 mg/ml) and
this was found to be significantly different (p=0.002) when analysed using a one
way ANOVA with parity of the sow as the variable factor.
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BCA protein concentration assay was also performed on all colostrum samples
from all collections throughout the year to determine if a seasonal difference was
observed in the concentration (mg/ml) of protein in colostrum. These results are
shown in Figure 3.2.

Figure 3.2 Comparison of mean protein concentration of colostrum from sows and gilts sampled in Feb (n=6
sows, n= 8 gilts), April (n=8 sows, n=8 gilts), August (n=10 sows, n=10 gilts), Sept (n=10 sows, n=10 gilts),
Oct (n=10 sows, n=10 gilts) and Nov (n=10 sows, n=10 gilts) (data presented as mean protein concentration
mg/ml + SEM).

Mean protein concentration (mg/ml) of colostrum was higher for sows than for gilts
from all colostrum samples with the exception of September where the protein
concentration was similar: February (sows 124.3 + 6.5 mg/ml (n=6) and gilts 104.9
+ 17.9 mg/ml (n=8), April (sows 157.6 + 19.5 mg/ml (n=8) and gilts 129.9 + 18.5
mg/ml (n=8), August (sows 234.6 + 16.7 mg/ml (n=10) and gilts 216.7 + 13.2
mg/ml (n=10), September (sows 133.9 + 9.6 mg/ml (n=10) and gilts 132.9 + 11.0
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mg/ml (n=10), October (sows 190.4 + 9.8 mg/ml (n=10) and gilts 169.8 + 14.8
mg/ml (n=10) and November (sows 174.2 + 13.4 mg/ml (n=10) and gilts 150.2 +
6.4 mg/ml (n=10).
Regression analysis (Genstat v10) using protein concentration of the colostrum at
collection points as the fitted term for all colostrum collection points throughout the
year showed a significant difference (p=<0.001) for the protein concentration of
colostrum collected in August (winter) and no significant results for the colostrum
collected at other time points throughout the year compared to each other.
Suggesting there could be an effect on the protein composition of colostrum from
sows and gilts that farrow and lactate at different times throughout the year. While
this would be an interesting aspect to explore in relation to commercial farming, it
is beyond the scope of this investigation and was therefore not explored further.

3.2.2___Fat determination of gilt and sow colostrum samples______________
Fat content (%) of colostrum from gilts (n=17) and sows (n=17) (collected in
spring) was determined by analysis methods as per section 2.2.3 and results are
presented below in Figure 3.3.
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Figure 3.3 Comparison of mean fat percentage of porcine colostrum collected at parturition from gilts
(n=17) and sows (n=17) (data presented as mean fat percentage + SEM).

Statistical analysis using a one way ANOVA test showed there was no statistical
difference (p=0.523) between gilts (5.8 + 0.2 %) and sows (5.7 + 0.1 %) when
comparing the content of fat contained in colostrum. The number of gilts and sows
assayed for fat content was limited by the amount of sample needed to determine
fat content.

3.2.3____Lactose content analysis of gilt and sow colostrum samples_________
Lactose content (%) of colostrum samples from gilts (n=18) and sows (n=12)
(collected in spring) was determined as per section 2.2.2 and results are
presented below in Figure 3.4.
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Figure 3.4 Comparison of mean lactose concentration in porcine colostrum collected at parturition from
gilt (n=18) and sows (n=12) (data presented as mean lactose % + SEM).

One way ANOVA analysis indicated there was no significant difference (p=0.679)
between gilts (4.1 + 0.09 %) and sows (4.1 + 0.05 %) when comparing the content
of lactose in colostrum.

3.2.4____Immunoglobulin G analysis of gilt and sow colostrum samples ______
It is well established there is little or no placental transmission of maternal
immunoglobulins (Ig’s) in the pig (Wagstrom et al 2000, Le Dividich et al 2005).
As a result the piglets are born devoid of Ig’s, which contribute to the passive
immunity or other proteins directing intestinal development. The survival of piglets
depends on the ingestion of colostrum, which provides them with passive immunity
via the intestinal uptake of IgG’s contained in colostrum (Martin et al 2005).
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IgG concentration (%) of colostrum from gilts (n=13) and sows (n=10) (collected in
spring) was determined by commercial assay kit as per section 2.2.4 and these
results are presented in Figure 3.5.

Figure 3.5 Comparison of mean IgG concentration (% by weight of protein) of porcine colostrum collected
at parturition from gilts (n=12) and sows (n=11) (data presented as mean IgG percentage + SEM).

Statistical analysis of IgG concentration (% of protein by weight) of colostrum
performed using a one way (ANOVA) with parity of the sow as the variable
indicated a significant difference (p=<0.001) between the IgG content in colostrum
of sows (8.4 + 0.39 %) and in the colostrum from gilts (6.2 + 0.53 %) (total content
of IgG in sow (84.5 + 3.9 mg/ml) and gilt (61.9 + 5.3 mg/ml) colostrum).

3.2.5__ Sialic acid content in sow and gilt colostrum samples______________
Milk oligosaccharides are relatively resistant to digestion and contribute to the antiinfective and probiotic activities of milk (Tao et al 2010).
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Neuraminic acid is a component of brain gangliosides, and is N-acetylated to form
the precursor Neu5Ac, the most common form. Neu5Ac is found in high
concentrations in the human brain, which is associated with cognitive function and
learning (Wang et al 2006).
Neuraminic acid is also N-glycosylated to form Neu5Gc, (see Figure 3.6). This
variant of neuraminic acid is less predominant than Neu5Ac and is spread more
widely across the species including the pig.
In the pig intestinal tract, Neu5Gc–containing glycoconjugates play a crucial role in
mediating infections by certain pathogens such as Escherichia coli (Malykh et al
2003).

Neu5Ac

Neu5Gc

Figure 3.6 Two major sialic acids in mammalian cells. Sialic acids share a nine-carbon backbone, a carboxylic
acid at the C1 position, and various α-glycosidic linkages with the underlying sugar chain. The structures
shown above are the most prevalent sialic acids found in mammalian cells. The only differences between
these two molecules are the additional oxygen atom in the N-glycolyl group of Neu5Gc (see green boxed
area). (http://www.crscientific.com/article-5-min-stain-CrO3.html 11.9.2009).

Neu5Ac is also the precursor for 3’ and 6’ prime sialyllactose (3’SL and 6’SL) that
are associated with intestinal mucins and act as specific receptors for pathogens
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(Malykh et al 2003). 3’SL and 6’SL are a rich source of sialyllactose and sialyated
oligosaccharides which act as binding sites for viruses, bacteria and parasites.
Analysis for sialic acid components were performed by colleagues at the Nestle
Research Centre in Lausanne, Switzerland, (see section 2.2.5 for detailed
materials and methods) and analysed using a one-way analysis of variance with
SPSS for Macintosh 16.0 (SPSS INC, Chicago).
Colostrum and D21 milk samples (collected in spring) were analysed for sialic acid
content (mg/L) (Neu5Gc component) in colostrum from gilts (n=10) and sows
(n=5) and from D21 milk from gilts (n=10) and sows (n=7) these results are shown
below in Figure 3.7.

Figure 3.7 Comparison of Neu5Gc concentration of porcine colostrum gilts (n=10) and sows (n=5) collected at
parturition and milk from D21 of lactation from gilts (n=10) and sows (n=7) (data presented as mean Neu5Gc
content mg/L + SEM).
.

Neu5Gc content (mg/L) was determined in the colostrum of gilts (101.9 + 8.5
mg/L) and sows (105.7 + 13 mg/L) and also in D21 milk of gilts (11.9 + 1.1 mg/L)
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and sows (10.8 + 0.79 mg/L). Comparison of mean content of Neu5Gc in
colostrum between gilts and sows showed minimal difference and was not
statistically significant (p=0.216).
Comparison of mean content of Neu5Gc in D21 milk found minimal difference
between the mean measured content between the D21 milk samples between gilt
and sow samples (p=0.597).
No statistical differences were observed when comparing gilt and sow samples
however, statistical analysis using a one way ANOVA showed that Neu5Gc was
expressed at significantly higher levels (p=<0.001) in colostrum than was seen in
D21 milk samples.
Colostrum and D21 milk samples were also analysed for sialic acid content (mg/L)
(Neu5Ac component) in colostrum from gilts (n=10) and sows (n=5) and from D21
milk from gilts (n=9) and sows (n=7) these results are shown below in Figure 3.8.

Figure 3.8 Comparison of Neu5Ac concentration of porcine colostrum gilts (n=10) and sows (n=5) collected
at parturition and milk from D21 of lactation from gilts (n=9) and sows (n=7) (data presented as mean Neu5Ac
content mg/L + SEM).
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Neu5Ac content (mg/L) was determined in the colostrum of sows (3378 + 316
mg/L) and gilts (2900 + 373 mg/L) (p=0.053) and also in D21 milk of sows (815 +
32.7 mg/L) and gilts (813 + 25.8 mg/L) (p=0.257). Mean concentration of Neu5Ac
tended to be higher in sow colostrum than in gilt colostrum. Statistical analysis
indicated that Neu5Ac was expressed at significantly higher levels (p=<0.001) in
colostrum than in D21 milk.

Colostrum from gilts (n=5) and sows (n=5) and D21 milk samples from gilts (n=5)
and sows (n=5) were also analysed for the Neu5Ac subclass 3’SL and the results
are shown below in Figure 3.9.

Figure 3.9 Comparison of 3’siallylactose (3’SL) concentration of porcine colostrum collected at parturition and
milk from D21 of lactation from gilts (n=5) and sows (n=5) (data presented as mean 3’SL mg/100 g + SEM).

Mean 3’ Sialyllactose content (mg/100 g) was determined in the colostrum of gilts
(1012 + 75 mg/100 g) and sows (1081 + 121 mg/100 g) and also in D21 milk of
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gilts (240 + 19.4 mg/100 g) and sows (243 + 15.5 mg/100 g). Minimal differences
were observed between gilts and sows for 3’SL content in colostrum and D21 milk.
3’SL content in colostrum between gilts and sows was not significantly different
(p=.641) and no significance was observed between gilts and sows for D21 milk
(p=.925). Statistical analysis revealed a significant difference in the expression of
3’SL between colostrum and in D21 milk (p=<0.001).
Colostrum from gilts (n=5) and sows (n=5) and D21 milk samples from gilts (n=5)
and sows (n=5) were also analysed for the Neu5Ac subclass 6’SL and the results
are shown below in Figure 3.10.

Figure 3.10 Comparison of 6’siallylactose (6’SL) concentration of porcine colostrum collected at parturition and
milk from D21 of lactation from gilts (n=5) and sows (n=5) (data presented as mean 6’ SL mg/100 g
+ SEM).

6’ Sialyllactose content (mg/100 g) was determined in the colostrum of gilts (67 +
13.3 mg/100 g) and sows (120 + 12.9 mg/100 g) and also in D21 milk of gilts (65 +
9.7 mg/100 g) and sows (60 + 5.3 mg/100 g). Statistical analysis showed that 6’SL
was expressed at significantly higher levels (p<0.05) in colostrum than in D21 milk
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for sow samples. 6’ Sialyllactose was also expressed at significantly higher levels
in sow colostrum than was observed for gilt colostrum (p=0.021).

3.3 Characterisation of sow and gilt colostral protein profile

3.3.1

1D SDS PAGE gels of gilt and sow colostral proteins____________

Sodium dodecyl sulphate (SDS) is an anionic detergent that binds quantitatively to
proteins, giving them linearity and uniform charge, so that proteins can be
separated solely on the basis of their size. SDS also disrupts the forces that
contribute to protein folding (tertiary structure), ensuring that the protein is not only
linear but uniformly negatively charged. As the proteins have the same charge-tomass ratio, mobility becomes a function of molecular weight, highlighting
differences that may occur in expression of protein profiles in colostrum, between
gilts and sows. A broad range commercial protein ladder (7.5 kDa to 200 kDa), of
known molecular weight, was used for comparison of protein size.

3.3.2__1D preparation of colostrum collected from sows and gilts___________
The major proteins in colostrum from sows and gilts were separated and
compared using one dimensional (1D) SDS PAGE. Colostrum samples were
centrifuged at 2,100 xg (Beckman-Coulter Microfuge-R) for 30 min at 4°C to
remove fat. Samples were diluted in an appropriate volume of MilliQ water to yield
a concentration of 4 µg/µl of protein. Samples were run on a 12 % acrylamide (8 x
7.3 cm) gel as described in section 2.4.2.
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3.3.3__1D analysis of colostrum collected from sows and gilts______________
1D SDS gels were run as described above and analysed using line profile
densitometry to evaluate any differences in individual protein expression and to
identify any differences in this protein composition between gilts and sows.

Figure 3.11 shows the visual comparison of expressed protein bands when
compared to a protein ladder of known molecular weight. The boxed areas
highlight visual differences in expression of protein profiles between individual
animals.

1D SDS PAGE Analysis of
Gilt and Sow colostrum protein
200kDa

50kDa

10kD
Marker

Gilt 1

Sow 1

Gilt 2

Sow 2

Gilt 3

Figure 3.11 1D SDS PAGE gel of separated colostral proteins from gilt (n=3) and sow (n=2) showing
similarities and differences (in boxed area) in individual animal protein profiles between gilt and sow colostrum
samples (12 µg protein/lane).

108

Compositional changes in colostrum
___________________________________________________________________

3.3.4 Line profile analysis (densitometry) of 1D mini gels of gilt and sow
colostrum
Use of densitometric analysis (ImagePro Plus, Media Cybernetics, Silver Springs,
MD, USA) on 12 % 1D SDS mini gels indicated no observable differences
between gilt and sow protein profiles but did demonstrate individual variation in
expression of protein profiles when comparing gilt and sow gels.
A representative 1D mini gel comparing the protein profiles of alternating gilts
(n=4) and sows (n=4) and the tool (A) used by the ImagePro Plus software to
select bands for optical density analysis is shown below in Figure 3.12.

A

200kDa

B1
B2
B3
B4

50kDa

B5
B6
B7
B8
B9

10kDa

B10

Figure 3.12 12 % 1D PAGE of defatted, alternating gilt (n=4) and sow (n=4) colostrum (12 μg
protein/lane coomassie blue stained) used for preliminary densitometric analysis of proteins.
The specific bands identified are designated on the right hand side of the image.
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Each band was selected and highlighted individually (using the outlining tool (A)
shown in Figure 3.12) which produces a peak intensity line profile, as shown in
Figure 3.13 for each band selected and produces corresponding peaks.
The area under each peak is then calculated and can be statistically analysed for
any differences in optical density between gilts and sows.

Figure 3.13 Representative line profile of one lane of a 12 % 1D PAGE of defatted, 12 μg protein/lane
densitometer tracing showing main protein intensity peaks from one lane of gel shown above in Figure 3.12.

After the optical densities from major bands in all lanes of a gel are measured they
can be analysed for any statistical differences between optical density between
samples from gilts and sows.
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The means of these optical densities can also be plotted on a graph for easier
visual comparison as shown below in Figure 3.14.

Figure 3.14 Graph of means of band intensity of gilt (n=4) and sow (n=4) colostrum (12 μg protein/lane)
separated on a mini SDS PAGE used for preliminary densitometric analysis of proteins. (data presented as
mean optical density OD + SEM).

ImagePro Plus densitometric analysis showed similar intensities between gilt and
sow protein bands, with the exception of band 9, where the mean density of the
band in gilt colostrum tended to be higher than in sow colostrum, although this was
not considered significant (p=0.428).
However, statistical analysis of the optical density of the 10 major protein bands
separated on a 12 % SDS PAGE mini gel of gilts (n=4) and sows (n=4) revealed
no statistical difference (p=0.985) in optical density of any protein band that was
influenced by parity of the sampled animals.
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Once it has been established (via mini SDS PAGE gels) that there were initial
visual differences in expression of protein profiles between individual animals,
these differences were further investigated by utilising a larger gel format, the
Ruby Hoefer system (12 x 15 cm compared to the mini gel of 8 x 7.3 cm). With this
format larger amounts of protein (30 μg) are loaded into each well and more
samples can be loaded per gel for comparison of larger numbers of samples for
analysis. Using this larger format gel the lower molecular weight protein profile
differences became more apparent (see green boxed area Figure 3.15).

1D PAGE analysis of
Gilt and Sow colostrum proteins (Large format)
Immunoglobulins
200 KDa

50 KDa

10 KDa
Marker G S
G S
G
S
G
S
G
S
G
S
G
Figure 3.15 12 % SDS Polyacrylamide gel (Ruby Hoefer 12 x 15 cm stained with coomassie blue) showing
individual expression of protein variants in multiple, alternating lanes of gilt n=7 (G) and sow n=7 (S)
colostrum. The boxed section above illustrates individual variation observed between samples of colostrum
protein.
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The Ruby Hoefer gel format provided a more comprehensive analysis of
observable differences in line profile densitometry between gilt and sow colostral
proteins.
De-fatted colostrum samples (as described above) were separated on a 15 %
SDS PAGE gel (as per section 2.5.2) (30 µg protein load per well of a 12 x 15 cm
gel format) and produced a line profile of 30 bands for gilts (n=7) and sows (n=7).
A representative line profile of the bands of protein separated from a sow (parity 3)
colostrum sample is shown below in Figure 3.16 with the lane of the gel that
generated the line profile shown beneath.
Equivalent mass amounts of defatted colostral proteins (30 μl load) revealed both
quantitative and qualitative differences in their respective protein compositions.
Abundant proteins in colostrum included lactoferrin, serum albumin, transferrin, α–
lactalbumin, β- lactoglobulin, α-, β-, and κ-caseins as indicated in Figure 3.16
based on their molecular weight and relative concentration.
No observable differences in protein composition by comparative protein profile
were found between gilt and sow colostrum samples, but there was visual
evidence of individual animal variation in the expression of specific components of
their protein profiles (see boxed area Figure 3.15).

113

Compositional changes in colostrum
___________________________________________________________________

Lactoferrin

Serum
Albumin

β Casein

κ Casein

aS1 Casein

β- Lac

Figure 3.16 15 % 1D SDS PAGE (Ruby Hoefer – 12 x 15 cm gel) separation of parity 3 sow defatted colostral
protein (30 μg/well protein) and densitometer tracing showing the dominant protein intensity peaks from one
lane of gel shown in Figure 3.15.

Once these protein profiles were characterised by SDS PAGE they were analysed
for any qualitative differences using the densitometric software ImagePro Plus as
described above.
The results of mean densities for bands of colostrum samples from gilts (n=7) and
sows (n=7) were calculated as described above and are shown in Figure 3.17.
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Figure 3.17 Mean band density of colostrum samples from gilts (n=7) and sows (n=7) (gel 1) of major protein
bands run on a 15 % SDS gel and compared densities between gilt and sow samples (data presented as
mean optical density OD + SEM).

A second 15 % SDS PAGE gel was run in tandem with a further (n=7) gilts and
(n=7) sows to reduce variation in differences due to a small sample set. These
results are shown in Figure 3.18. Comparisons were made within gel initially to
minimise between gel variation that can be significant due to differences in
staining and alignment of bands.

115

Compositional changes in colostrum
___________________________________________________________________

Figure 3.18 Mean band density of colostrum samples from gilts (n=7) and sows (n=7) (gel 2) of major protein
bands run on a 15 % SDS gel and compared densities between gilt and sow samples (data presented as
mean optical density OD + SEM).

For visual and statistical comparison between the line profiles (band densities) of
gilt and sow colostrum proteins, the results from both gel 1 and gel 2 samples
were combined (n=14 gilts and n=14 sows) and the results are shown below in
Figure 3.19.
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Figure 3.19 Graphical depiction of the densitometric tracing of 30 bands of separated colostral proteins from
gilt (n=14) and sow (n=14) colostrum samples separated using 15 % SDS PAGE and densitometric analysis
with ImagePro Plus (data presented as mean optical density OD + SEM).

Visual comparison of overlayed mean optical densities for n=14 gilt and n=14
sows colostrum samples shows there are no overt differences between the optical
density of the profile peaks or the mean densities of bands between gilt and sow
samples.
Sows showed higher mean intensities and densities for almost all bands analysed
with the exception of band 8 where the gilts showed a higher optical intensity (9.27
gilts, 7.89 sows OD) than did sows. This was determined to be porcine αLactalbumin based on predicted molecular weight.
Statistical analysis using a one-way analysis of variance with parity as the variable
factor confirmed there was no statistical difference (p= 0.928) between gilt and
sow protein band densities.
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3.3.5 Mass Spectrophotometry identification of gilt and sow colostral proteins__
After separating proteins by molecular weight (1D PAGE) and by both Isoelectric
point (pI, the isoelectric charge (pH), and molecular weight (2D PAGE)
differentially expressed proteins can be further characterised by peptide mass
fingerprinting (PMF) and mass spectrophotometry (MS) (Figure 3.20). Tandem
Mass Spectrophotometry (MS/MS) has become the method of choice for protein
identification (Nesvizhskii et al 2003). The first step in this characterization process
is PMF. Figure 3.20 Illustrates generalised steps involved with MS/MS
identification.

Figure 3.20 Diagrammatic representation of the process of Tandem Mass Spectrophotometry (MS/MS) for
identification of proteins showing the steps involved including sample ionisation, separation and detection.

Peptide Mass fingerprinting (PMF) has the advantage of being fast, sensitive and
not prone to failure from unexpected protein modifications. The disadvantage of
PMF is that it is prone to failure when dealing with protein mixtures and it generally
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requires separation by gels and has higher false positive results. Single MS
separates the peptides based upon their mass and it is the first component of the
two part procedure in a tandem MS instrument.
MS/MS based protein ID’s has the advantage of identifying proteins from mixtures
and can be conducted without gel separation. The disadvantages of MS/MS are
that it requires considerably more operator skill and sophisticated instrumentation
and is more prone to failure from protein modifications.
Both approaches are carried out with peptides generated by chemical or
enzymatic cleavage of proteins. The samples are first cleaved into smaller
peptides generally using the enzyme trypsin. It is necessary to digest proteins for
this procedure as intact proteins are not responsive to mass spectrometric
identification as these molecules are usually large and polar and are not easily
transferred into the gas phase and ionised (Mann et al 2001). Complexity of the
resulting peptide mix can then be reduced by HPLC or other separating
techniques including strong cation exchange chromatography (Nesvizhskii et al
2003) although in our studies the decrease in complexity was achieved by
separation through 2D PAGE.
As MS/MS identification is based on peptides and not the whole protein the
resulting identifications are based on peptide chains that correspond to the protein
of interest see Figure 3.21. Bands were excised as depicted in the figure below
and treated as per section 2.5.3. Sow (n=7) and gilt (n=7) colostrum samples were
randomly selected from batched farrowed pigs (groups of pigs that were
inseminated, housed and farrow during the same mating week) where colostrum
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was collected in September. Samples were defatted as per section 2.1.3 and 30
µg of protein samples were loaded into each well (alternating sow and gilt samples
for easier comparison) of a 15 % large format (12 x 15 cm) Ruby Hoefer 1D gel
electrophoresis system, prepared and run as per section 2.4.2. The resultant
protein separation is shown below in Figure 3.21.
MW
kDa

Immunoglobulins

200

70

50

Lactoferrin *
Serum Albumin*

α S2 Casein *
β Casein *
α S1 Casein *

25

10

κ Casein **
β lactoglobulin *
WAP **
α lactalbumin *

Figure 3.21 12 % SDS 1D PAGE (Ruby Hoefer, 30 μg protein stained with coomassie blue) showing the
individual bands of alternate sow and gilt colostrum samples that were analysed by mass spectrophotometry
**
for protein identification (confirmed *by MS analysis and assumed by molecular weight).

Mass spectrophotometry (MS) techniques were used for these 1D gels for
identification of the main protein bands (numbered 1 - 8). These bands then
required tandem MS/MS to facilitate identification of peptide sequences utilizing
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searches of the proteomic databases ExPASy or BLAST searches. A summary of
preliminary identification of these bands using peptide sequences is shown in
Table 3.1.
Table 3.1 Summary of bands of a 1D SDS PAGE (Figure 3.21) that have been identified using tandem
mass spectrophotometry and ExPASy protein database search (BLAST on UniprotKB).

Peptide ID
Band
No
1

Ac. No

2

A0FJ29

3

A2THZ2

4

Expected
MW (kDa)

Observed
MW
(kDa)

#1205 peptide

Peptide sequence(s)

75.5

80

de novo sequencing to
identify
GEADAMSLDGGFIYTAGK

Serum Albumin

69.5

70

MKWVTFISLLFLFSSAYSRG

27.5

Lactoferrin

P39036

α-S2 Casein

5

P39037

β-Casein

25.9

50
38

MKFFIFTCLLAVAFAKHEME
VLPVPQQVVPFPQR

6

P39035
A45661

α-S1 Casein

24.1

30

QLEAIHDQELHR

α-S1 Casein

24.1

30

EEDVPSQSYLGHLQGLNK

7
8

A48382

κ-Casein

21.1

23

FPSYGFFYQHR

A45542
P18137

β-Lactoglobulin

19.7

20

MRCLLLTLGLALLCG

α- Lactalbumin

16.1

15

MMSFVSLLVV

There were significant database matches for bands 2, 3, 5, 6, 7 and 8, while
analysis utilising de novo sequencing was required to identify band 1. Band 4 was
identified using the molecular weight of the protein together with a literature
search. A second sample was taken from the adjacent lane for Band 8 due to the
inadequate sample excised in the first instance.
One limitation with 1D SDS PAGE analysis is that proteins are only separated in
one dimension, their molecular size, giving only one parameter of investigation.
Further separation of these proteins was necessary to determine both their isoelectric charge (pI) and their molecular weight (MW) utilizing a 2D proteomic
approach.
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3.3.6 2D SDS PAGE separation of colostrum for comparison of protein profile
between gilts and sows
Two dimensional (2D) electrophoresis is the current technology for studying
differences in protein expression levels and their post translational modifications
between various biological samples (Rosengren et al 2003) and also provides a
visual comparison between protein profiles. This is just one method of
investigating and comparing protein variants between individual animals.
Gilt (n=5) and sow (n=5) colostrum samples were randomly selected from a
colostrum collection during batch farrowing in September.
Single colostrum samples were defatted as per section 2.1.3, and separated in the
first dimension by iso-electric focusing, according to charge, using a pH 4 - 7 IPG
strip as described in section 2.5.1 and separated in the second dimension on a 15
% SDS gel using the Ruby Hoefer system as described in detail in section 2.5.2.
These gels were visually examined to determine if protein variants were obvious
between gilt and sow colostrum profiles.
A representative sample of one gilt and one sow gel is shown below in Figure 3.22
which demonstrates representative differences between individual animals that
can be found when utilising a 2D proteomic approach to comparative studies.
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2D Electrophoretic gel analysis
pH 4

7

pH 4

7

200kDa
200kDa

α–S2 Casein

50kDa

α–S2 Casein

α–S1 Casein
precursor
10kDa

Gilt colostrum
A

B

Figure 3.22 15 %, (12 x 15 cm) 2D Gel (200 μg protein load, pH gradient 4 - 7 strip, stained with coomassie
blue) comparison of protein profiles expressed between gilt (A) and sow (B P3) colostrum collected at
parturition. The red circle (gel B) highlights one protein spot that was expressed by 3/5 sows and 0/5 gilts and
is highlighted in the inset by the red arrow.

Visual comparison of gilt (n=5) and sow (n=5) 2D gels of separated colostral
proteins (pH 4 - 7) revealed one spot (see red circled area and enlarged inset
Figure 3.22) that was found in 3 of 5 of the sow colostral samples and in 0 of 5 gilt
colostral samples that were randomly selected for gel separation and analysis
procedures.
Once proteins have been separated by 2D electrophoresis methods, the resultant
spots are also able to be visually compared for differences and can then be
identified by peptide mass fingerprinting (PMF) using mass spectrophotometry
techniques as described in detail in section 2.5.3.
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MS analysis was performed using a 2D gel of a colostrum sample from a parity 3
sow included in the visual analysis as shown above in Figure 3.22.
These proteins were separated on a 2D 15 % SDS PAGE gel and the identified
proteins are shown below in Figure 3.23.

kDa
200

50

pH 4

5

α–S2 Casein (5)

6

Serum
Albumin (6)

β- Casein (2)

20

pH 7

α–S1 Casein (3)

β- Lactoglobulin (8)

α–S1 Casein
precursor (4)

α–lactalbumin (7)

10

Figure 3.23 15 %, 12 x 15 cm, 2D PAGE Gel (200 μg protein load, pH gradient 4 - 7 strip) defatted sow
colostrum (200 μg loaded protein, stained with coomassie blue) separated by Isoelectric charge and molecular
weight highlighting the proteins identified using Tandem Mass Spectrophotometry (MS/MS).

Preliminary mass spectrophotometry has identified casein fractions, β-casein, α–
S 1 Casein, serum albumin as well as the whey protein β-lactoglobulin.
The caseins are a family of quite diverse proteins encoded by usually not more
than four genes in any species. The major function of the caseins is nutritive as
carriers of both amino acids and minerals in the milk. Bovine β-casein exists in one
fully phosphorylated form containing 5 phosphate/mol of protein whereas in the
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milk of other species (human, goat and possum) β-casein has multiple
phosphorylation states (Ginger & Grigor 1999) and this β-casein train of proteins is
also evident in porcine colostrum as can be seen in Figure 3.23.
A summary of the preliminary identification of these selected spots is shown below
in Table 3.2.
Table 3.2 Summary of spots of a 2D 15 % SDS PAGE (Figure 3.23) that have been identified using tandem
mass spectrophotometry and ExPASy protein database search (BLAST on UniprotKB).

Spot
No
2
3
4
5
6
7
8

Ac.No

Peptide ID

P39037
A45661
A45661
P39036
A2THZ2
P18137
A45542

β-Casein
α-S1 Casein
α-S1 Casein
α-S2 Casein
Serum albumin
α- Lactalbumin
β-Lactoglobulin

Expected
Mol wgt
(kDa)
25.9
24.1
21.1
27.5
69.5
16.1
19.7

Observed
Mol wgt/ pI
(kDa)
30./5
24./6
21./6
35/4.5
60/6.5
15/4.5
20/4.5

Peptide sequence(s)

VLPVPQQVVPFPQR
EEDVPSQSYLGHLQGLNK
FPEVPLLSQFR
MKFFIFTCLLAVAFAKHEME
MKWVTFISLLFLFSSAYSRG
MMSFVSLLVV
MRCLLLTLGLALLCG

Expected molecular weights were calculated by ExPASy database search (BLAST
on UniprotKB) and these are compared to the observed molecular weight. The
observed molecular weights and pI were similar to most of the expected molecular
weights with the exception of α-S 2 casein which had a higher observed molecular
weight when compared to the expected values.
Gilt and sow 2D gels were then analysed for any differences in expression
between gilts and sows that may not have been visually apparent utilising the
ImageMaster 2D analysis software.
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3.3.7__2D analysis of colostrum- ImageMaster 2D analysis – gilt and sow
samples
Single sample gels of gilt (n=5) and sow (n=5) colostral protein samples collected
after the birth of the second piglet from batch farrowed sows and gilts, during
September. Samples were defatted as per section 2.1.4. Wells loaded with 200 μg
protein were run as described above (as per section 3.3.3). Gels were scanned
using Labscan 5.0 (Amersham Biosciences) for quantitation of protein bands and
analysed for differences in protein expression between gilts and sows using the
ImageMaster 2D analysis software. A representative sow gel is shown below in
Figure 3.24 highlighting the one spot (circled in green) and considered to differ
two-fold between gilt and sow samples.

Figure 3.24 15 % 2D PAGE pH 4 - 7, defatted sow colostrum (200 μg loaded protein) separated by Isoelectric
charge and molecular weight highlighting the protein identified using ImageMaster analysis as being two-fold
different to gilt samples.
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The spot highlighted in green in Figure 3.24 was identified by tandem MS/MS as
being an α-S 1 Casein precursor and was considered by ImageMaster analysis as
the only difference between gilt and sow gels that provided a two-fold greater
difference.

3.3.8_ 2D analysis of colostrum- Progenesis 2D analysis – gilt and sow samples._
A more comprehensive analysis of biological replicates of gilt (n=5) and sow (n=5)
colostral protein samples (200 μg protein loaded) were run in triplicate as
described above in section 3.3.6 and analysed for differences in protein
expression between gilts and sows using the Progenesis 2D analysis software.
The Progenesis program is relatively new software for the analysis of 2D gels and
is relatively automated and therefore is less likely to incur human errors in
matching spots and accurate analysis compared to other software packages that
require greater subjective input to set analysis parameters.

Analytical success depends on the quality of the gels being analysed, but for a
more qualitative study (i.e. absence/presence of certain spots) it is necessary to
have replication (in triplicate) of individual samples rather than single gels of
individual samples.
Figure 3.25 shows all spots matched across all gels in both gilt and sow classes.
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Figure 3.25 Progenesis reference image of 15 % 2D PAGE pH 4 - 7, defatted sow colostrum (200 μg
loaded protein) separated by Isoelectric charge and molecular weight, stained with coomassie blue
and analysed by the Progenesis 2D program showing spots matched across all gels.

A reference gel was firstly generated by matching triplicate gels of each sample
and transforming these triplicates gels into one ‘averaged’ gel that had similar
parameters generated for other reference gels in the analysis and therefore
facilitated a more accurate matching of spots across all reference gels. Figure 3.25
also shows how all spots are matched and assigned unique numbers for
identification within the analysis.
Over 200 spots were matched between gilt and sow gels and further analysed to
investigate any differences in protein expression between gilts and sows that
occurred at a two-fold difference or greater.

128

Compositional changes in colostrum
___________________________________________________________________
Progenesis 2D program then analysed any differences between gilt and sow
protein profiles and results are shown in Figure 3.26.

pH 4

pH 7

Figure 3.26 Progenesis reference image of 15 % 2D PAGE pH 4 - 7, defatted sow colostrum (200 μg loaded
protein) separated by Isoelectric charge and molecular weight analysed by the Progenesis 2D program
showing spots (numbered) that were not significantly matched between the gilt and sow classes and less than
one fold difference. The spot circled in green was the spot considered to be significantly different (>two-fold
difference) in sow samples than found in the gilt samples.

The Progenesis 2D analysis program highlighted one spot and assigned the
number 383 (circled in green in Figure 3.26) as being 2.5-fold different between
gilt and sow gels. Spots such as 441, 481 and 995 are spots that have been
detected on some of the reference gels within the analysis and not on other gels.
Although these spots were highlighted as being different between gilt and sow
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samples they were not considered significantly different at less than a one-fold
difference between samples.
The results found using the Progenesis 2D program are consistent with the
analysis performed using the ImageMaster 2D analysis program. This spot has
previously been identified using tandem MS/MS methods as being an α-S 1 Casein
precursor with a molecular weight of ~ 20 KDa and a pI of pH 6.5.
The function of protein fragments is dependent on activation processes and
localization properties. Proteins that are activated by limited proteolysis can be
identified as either precursor protein or fully processed product. A number of
mechanisms are possible for the generation of the protein fragments. They may be
generated at the RNA level as sequence variants and truncations, or post
translational modifications used to activate proteins or fragments generated for
alternative purposes, such as inhibitors or for secretion (Person et al 2006).

3.4

Bioanalyser 2100 analysis of colostrum samples

All major milk proteins can be separated with high resolution and there appears to
be a good possibility of quantification based on the linearity of standard curves.
Protein maps are a useful tool to obtain an overview of expressed proteins and a
more detailed knowledge of protein pattern changes that may give deeper insights
into the tissue metabolic development and may lead to putative biomarkers for
further investigation (Miller et al 2009). The Bioanalyser 2100 system incorporates
pseudo (‘Off gel’) electrophorgram generation, scanning of gels, and both manual
and automated analysis.

130

Compositional changes in colostrum
___________________________________________________________________
Analysis of the protein peaks is automatically generated by the Bioanalyser
software thereby decreasing the risk of human error in calculations. Figure 3.27
shows an example of an Off gel electrophoretic gel image generated by the
Bioanalyser 2100 system using a Protein 230 microchip and 1.5 µg loaded protein
from colostrum of gilts (n=5) and sow (n=5) alternating samples.

kDa

Protein samples

Figure 3.27 Pseudo-electrophoretic gel generated by the Bioanalyser 2100 Off gel (Protein 230 microchip)
electrophoresis system, showing the marker ladder (L) and alternating gilt (n=5, lanes 1,3,5,7,9) and sow
(n=5, lanes 2,4,6,8,10) defatted colostrum samples (1.5 µg loaded protein sample) (lanes 1-10) showing
differences in the expression of protein profiles between gilt and sow colostrum samples.

Colostrum samples from randomly selected gilts (n=5) and sows (n=5), collected
during a batch farrow, were defatted as per section 2.1.3 and protein concentration
determined by BCA assay as per section 2.2.1 and diluted with MilliQ water to
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yield 0.5 μg/μl of protein. 1.5 μg of total protein was mixed with 2 μl 1 M DTT
(Sigma-Aldrich) and vortexed for 5 sec to denature proteins and then boiled at
95°C for 5 min. Protein sample and protein ladder were loaded onto a Bioanalyser
Protein 230 microchip as described in detail in section 2.6.2 and run as per
manufacturers’ instructions (as per section 2.6.2). A protein line profile of the major
protein peaks, with their assigned intensity value, contained within one
representative colostrum sample is shown below in Figure 3.28.

Figure 3.28 A representative profile of protein peaks of a defatted colostrum sample from a single sow, with
assigned intensity values (FU) and calculated molecular weight (kDa). Line profile generated using the
Bioanalyser 2100 software. Where the x axis = molecular weight of the peak (kDa) and the y axis =
fluorescent unit (FU).
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Sow and gilt colostrum samples (n=5 each group) were randomly selected and
prepared for the Bioanalyser microfluidic chip as described above in section 3.4.3
and run against a protein ladder of known molecular weight (4.5 – 240 kDa).
Figure 3.29 shows the peak profile generated for gilt (n=5) and sow (n=5)
colostrum samples and the ladder of known molecular weight (blue) overlaid for
visual comparison of the major peaks.

Lower Marker

Upper Marker

Figure 3.29 Comparison of defatted colostrum samples from gilt (n=5) and sow (n=5) line profiles generated
using the Bioanalyser 2100 software, run against a marker ladder (blue) and where the x axis = molecular
weight of the peak (kDa) and the y axis = fluorescent unit (FU).
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Intensity values assigned for each peak were statistically analysed using one way
ANOVA in Genstat (v. 10) with parity of the sows as the variable factor.
Figure 3.29 shows gilt (n=5) and sow (n=5) line profiles overlaid and visually
demonstrates minimal differences in the line profiles between gilts and sows.
A further analysis of mean peak intensities between gilt (n=10) and sow (n=10)
colostrum samples was performed and the results are shown in Figure 3.30.

Figure 3.30 Comparison of Bioanalyser results of mean peak intensity of main peaks of protein from colostrum
of gilts (n=10) and sows (n=10). (data presented as ng/µl + SEM)

A relative concentration (ng/µl) of mean peak intensity for major peaks was
calculated automatically by the Bioanalyser program against the molecular weight
standard value of the peak. Peak 1 for gilts (8.3 + 2.9 ng/µl) and sows (10.5 + 2.8
ng/µl), peak 2 for gilts (50.3 + 6.9 ng/µl) (154.2 + 6.7 ng/µl) peak 3 for gilts (51.1 +
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6.6 ng/µl) and sows (57.5 + 6.4 ng/µl) peak 4 for gilts (120.1 + 27.9 ng/µl) and
sows (135.2 + 15.8 ng/µl) and peak 5 for gilts (222.7 + 33.0 ng/µl) and sows (242.2
+ 31.1 ng/µl).
Statistical analysis using one way ANOVA with parity as the variable factor was
performed on the relative concentration of peak intensities between gilts and sows
and was not significant for peak 1 (p=>0.770), peak 2 (p=>0.694), peak 3
(p=>0.495), peak 4 (p=>0.573) or peak 5 (p=>0.792).

3.5

Discussion

The purpose of the experiments described in this chapter was to compare the
composition of gilt and sow colostrum from a number of animals to investigate
potential nutritional causes of why gilt progeny do not seem to flourish as well as
progeny nursed by more experienced sows. A higher protein concentration is
related to a higher concentration of immunoglobulins, therefore a higher
concentration of immunity that can be transferred to the piglet. Lower
concentrations of protein in gilt colostrum may expose her piglets to higher risk of
ill thrift and higher pre-weaning mortality as already described. A total protein
concentration difference was observed with sow colostrum having a higher mean
concentration

than colostrum

from

gilts.

Individual

variability

in

protein

concentration within both sow and gilt colostrum was observed but comparable to
expected variation as discussed below.
The concentration of protein found in our analysis of porcine colostrum (Figure
3.1) was comparable with observations by other researchers (Klobasa et al 1987
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who reported 140 mg/ml); and Yang et al 2008 (160 mg/ml), although Park &
Haenlein (2006) reported lower protein concentration (106 mg/ml) but Langer
(2009) reported higher values (180 mg/ml) for colostrum samples than reported by
others. Devillers et al (2007) reported that sows have been found to yield more
colostrum containing a higher protein concentration than found in gilts. Farmer et
al (2007) suggested that colostrum composition differed among breeds of pigs
where Duroc sows were found to have greater protein concentration (199 mg/ml)
than Landrace (174 mg/ml) or Yorkshire (161 mg/ml) sows. Klobasa et al (1987)
reported a decline in protein content for the colostrum of German Landrace sows
from 15 % protein at farrowing to only 8.8 % 12 hrs post-farrowing. Our colostrum
collections were standardised to coincide with the birth of the second piglet
ensuring the sample was collected in a similar colostral phase.
A seasonal difference was also considered to determine if the time of year
(season) the sow farrows and nurses her piglets, effects the protein concentration
of their colostrum (Figure 3.2). Regression analysis revealed that colostrum
collection points throughout the year showed a significant difference (p=<0.001)
for the protein concentration of colostrum collected in August (winter in the
southern hemisphere) but no significant differences in the protein concentration of
colostrum collected at other time points throughout the year. Initial results indicate
a possible seasonal effect on the protein composition of colostrum from sows and
gilts. Information on the impact of high ambient temperatures on composition or
yield of colostrum is very scarce (Farmer & Quesnel 2009). Christon et al (1999)
noted a decrease in energy content of colostrum in a tropical climate compared
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with a temperate environment. Concentrations of IgA and IgG in colostrum are
also influenced by season, where Inoue (1981) reported values for IgA decreased
in spring, summer, and autumn but increased in winter, whereas those of IgG
increase in the spring and decrease in the summer and autumn (Inoue et al 1980).
Concentrations of IgG also tended to be less when late-pregnant sows were
exposed to high ambient temperatures (Machado-Neto et al 1987). It was noted by
Farmer & Quesnel (2009) that exposing sows to cold stress during the last 10
days before parturition may also increase IgG absorption by piglets. However,
when piglets are cold stressed, it reduces plasma IgG concentrations, presumably
through a reduction in colostrum intake (Blecha & Kelley 1981, Le Dividich &
Noblet 1981, Kelley et al 1982).
The values of fat content in colostrum (Figure 3.3) were also comparable with
published results of Park & Haenlein (2006) (5.8 % + 0.4) and Yang et al (2008)
(5.5 % + 0.4). Klobasa et al (1987) reported lower colostral fat (5.0 % + 0.2) and
Foisnet et al (2010) reported a higher fat content in colostrum (6.9 %) than
reported by others.
The observed values in the current study for lactose content of colostrum (Figure
3.4) were in agreement with those of other researchers (Klobasa et al 1987 (3.1
%), Park & Haenlein 2006 (3.4 %) and Yang et al 2008 (3.6 %). Foisnet et al
(2010) reported lower lactose values (2.6 %) for colostrum samples. No significant
differences were observed for lactose or fat content in colostrum between gilts and
sows. Klobasa et al (1987) reported a rise of 1 % in lactose concentration over the
first 12 hrs.
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Research conducted on different breeds of sows showed that Meishan sows were
estimated to have more fat and less lactose than sows of European white breeds
(Large White (~ 5.5 % and 2.4 %) , Landrace (~ 5.3 % and 2.4 %) and Duroc (~6
% and 1.9 % respectively) (Farmer et al 2007).
Immunoglobulins are important to the newborn piglet, and indeed all mammalian
neonates, to provide protection from pathogens and disease and ensure their
growth, health and development. IgG content in sow and gilt colostrum was
analysed to determine if any differences existed between gilt and sow colostrum
samples.
Mean total IgG content (Figure 3.5) was also higher in sow colostrum than was
found in gilt colostrum corresponding to the higher protein concentration found in
sow colostrum. Langer (2009) suggested that a higher concentration of protein in
colostrum equates to a higher concentration of IgG, and this higher concentration
of proteins is an indicator of the passage of immunity to the neonate.
Concentrations of IgG in colostrum vary widely between individual sows both in
the initial concentration and the rate at which concentrations decrease in the first
24 hrs after parturition, as a result of this decrease the amount of intact IgG
absorbed by the piglet is also variable (Le Dividich et al 2005). A decrease in
absorbed IgG can impact on the health, growth and survivability of the piglet as it
leaves the piglet without appropriate protection from invading pathogens.
Although the previously cited researchers identified sows as Sus scrofa there was
no information given on the specific breed or genotype of the sows sampled
(except where indicated) or collection time of the colostrum. Breed is an important
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factor in comparing results as the colostral phase in the sow only extends to
approximately 24 hrs post-farrowing. Such factors may play a role in explaining the
differences observed in colostrum composition compared to other researchers.
Compositional differences may also be explained by parity, nutritional state of the
dam at farrowing, litter size and diets fed throughout gestation and lactation.
Importantly, gilts are still maturing and thus may require energy partitioning away
from mammary glands for their own growth and maturity in competition with
supporting a pregnancy and lactation.
Nutritional components of colostrum supply the early nourishment of young
mammals, but also aids in protecting the neonate from pathogens and ill health.
Sialyl-oligosaccharides are important dietary carbohydrates that are integral to the
development of cognitive function in the brain (Wang et al 2007) and the functional
integrity and Immunoprotective properties of the mucosal surface of the small
intestine among other tissues.
Sialic acid has also been associated with facilitating infections in certain
pathogens in the porcine intestinal tract (Malykh et al 2003) thus its content in
colostrum between gilts and sows was also investigated in the present study.
The key sialyl-oligosaccharides (Neu5Ac, Neu5Gc, 3’SL and 6’SL) were
characterised in sow and gilt colostrum and D21 milk. We identified that sow
colostrum exhibited higher concentrations of all sialic acid residues analysed but
these differences did not persist through to D21 of lactation. Our findings were in
agreement with the results of Useh et al (2008) who reported on the total sialic
acid content in the colostrum of Nigerian cows (22.0 + 4.08 g/dL), sheep (19.33 +
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3.51 g/dL) and goats (30.29 + 4.23 g/dL). Significant differences (p=<0.05)
between the sialic acid levels in colostrum and mature milk were also found.
Similar concentrations of sialic acid in human colostrum (90.72 mg/L) were also
reported by Wang et al (2001).
Neu5Ac is the dominant SA (~ 97 %) in porcine colostrum and D21 milk and
Neu5Gc (Figure 3.6), Neu5Ac (Figure 3.7) and 3’SL (Figure 3.8) were expressed
at significantly higher (P<0.001) levels in colostrum than was found in D21 milk.
3’SL representing the major SL component in all samples.
In comparing the effect of parity, total sialic acid (Neu5Ac and Neu5Gc) was
approximately 4 % higher in sow colostrum than in gilts colostrum/milk but the
difference was not statistically significant. However the higher levels of Neu5Gc
expressed in sow colostrum compared to gilt colostrum were significant (P<0.018)
although a similar difference was not observed in D21 milk. Although 3’SL status
was not found to differ significantly between sows and gilts, the concentration of
6’SL (Figure 3.9) was significantly higher (P<0.05) in sow colostrum relative to that
of colostrum from the gilt. This difference however did not persist through to D21
milk. Differences in observed sialic acid content may have a number of impacts on
piglet growth as it is conceivable that sialic acid availability may potentially
influence gastrointestinal resistance to pathogenic infection as well as cognitive
processes (Wang et al 2006) and therefore the development of important
behaviours such as suckling. Useh et al (2008) suggested that the higher level of
sialic acid in the colostrum than in the milk could possibly be related to more
complex interactions between mucosal immunity and enteric pathogens.
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Results reported here suggest that sialic acid content in colostrum and milk and
their implications for neonatal health through to weaning require further
investigation.
Differences between gilt and sow colostrum was performed using a proteomic
approach to evaluate any differences in expression of protein profiles.
Gel electrophoresis is the most commonly used method for separation of DNA and
proteins of different electrophoretic mobilities (Oliver et al 2008). Single dimension
SDS PAGE (Figure 3.10) is a starting point to establish any differences between
individual milk protein expression profiles and clearly the protein composition of
sow and gilt colostrum are very similar.
Although line profile densitometry (Figure 3.12) indicated variation in protein
expression between individuals these differences are not necessarily attributed to
differences between gilts and sows but more to variation between individual
animals within each group. No observable differences in protein profile between
sow and gilt colostrum by 1D PAGE were noted although variants of a number of
major milk proteins were observed. Observable differences (threshold > two-fold
difference) between protein profiles of sow and gilt colostrum by 2D PAGE were
observed, and related to differences in phosphorylation states and the expression
of protein variants between individuals.
Further characterisation of the proteome using mass spectrometry (MS) has
become a standard tool in the identification of proteins and their physiological
significance (Siepen et al 2007).
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Optimally, all the peptide molecular weights of a mass fingerprint should be
attributed to the target protein under study. However this method is compromised
by impurities in the target protein by states of glycosylation and phosphorylation,
genetic variants as well as incomplete digestion by the protease. Siepen et al
(2007) suggested that this latter point can have an impact on the protein that is
identified. Mass Spectrometry utilising peptide mass fingerprinting (PMF) in
colostrum identified most of the major milk proteins on 1D and 2D PAGE. Analysis
of the bands in the gel depicted in Figure 3.20, showed some significant matches
to the protein database (SwissProt).
Band 1 was a fairly faint large band indicating the molar concentration was low,
while bands 2 and 3 were good database matches for lactoferrin and albumin
respectively. Wu et al (2010) suggested that lactoferrin in milk can assist mucosal
immunity in neonatal pigs and inhibit the invasion of pathogens such as
Escherichia coli and rotavirus, thereby maintaining the homeostasis of the
intestinal microbial population. As is often the case, the database contains multiple
copies of the same protein, often differing only in the signal peptide region and is
assumed to be the normal mature form of the protein. Bands 4, 6 and 7 all gave
reasonable spectra, but no significant match for band 4 which was assumed to be
α-S 2 casein by comparison of its molecular weight and pI with previously
published values. Insignificant matches are not uncommon in higher organisms
and is due in part to extensive post translational modification (e.g. glycosylation),
or to incomplete sequence coverage in the databases. Band 5 was a statistically
significant match to β- Casein, but the band on the gel appeared considerably
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larger than the theoretical mass of the protein and required further investigation by
de novo sequencing or western blot analysis. Band 6 matched α-S 1 casein and
band 7 was a statistical match for β-Lactoglobulin. Band 8 was also a statistical
match to α-Lactalbumin and shared some of the same peaks as band 7, because
with smaller proteins fewer tryptic peptides are generated so it is harder to get a
statistically significant match. Further analysis was performed on 2D gels of sow
and gilt colostral proteins and results were compared between two current analysis
methods, ImageMaster 2D and Progenesis software. The overall success of
analysis of expressed proteins depends on the accuracy of the analysis software
used (Rosengren et al 2003) and these evaluations are based on qualitative tests
of spot detection, gel matching and spot quantitation. ImageMaster 2D program
requires user interaction to match spots across gels and to eliminate background
noise on gels that can be mistaken for ‘real’ spots. Strict settings require that a
spot must be in exactly the expected position based on its relationship to its
neighbours. Spot detection and gel matching in Progenesis is undertaken using a
default, fully automated method. The number of extraneous spots remained large
for both software packages and this was supported by analysis performed and
compared between PDQuest and Progenesis analysis software packages by
Rosengren et al (2003). Rosengren et al (2003) reported that Progenesis found
almost all of the corrected spots, but detected more false positive spots, while
PDQuest detected fewer extraneous spots and missed more corrected spots.
When ImageMaster and Progenesis analyses were considered in respect of
measurable algorithmic features, spot detection and quantitation, no observable
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difference were found between the results obtained. Analysis of porcine colostral
proteins or a direct comparison between the protein profiles of gilts and sows in
the literature is scarce. Colostrum and milk from various species differs
qualitatively and quantitatively and animals which are phylogenetically related
such as sheep, goat, cow, water buffalo, horse and donkey, have quite similar milk
protein expression (D’Auria et al 2005). These researchers also suggests that
some minor differences found may be due to the fact that milk proteins occur in
heterogeneous populations of isoforms which are subjected to post translational
modifications such as proteolysis, phosphorylation and glycosylation.
Proteomic analysis has been constrained by various difficulties that include limited
amount of sample available for analysis, large number of proteins that increase the
sample complexity. The use of a microfluidic chip for the separation and
quantification of milk proteins was compared with traditional SDS-PAGE.
The Agilent 2100 Bioanalyzer, with Protein 200 Plus LabChip and Protein 200 Plus
assay

software,

is

the

only

commercially

available

system

for micro-

electrophoresis at this time. The Agilent system integrates sample preparation,
labelling, gel loading, separation, detection and data analysis (Okada et al 2008).
Okada et al (2008) reported highly accurate protein sizing (within 5 %
reproducibility) of biological protein samples in bovine milk. The microfluidic chip
technique could separate all major milk proteins when standard protein solutions
were used and Anema (2009) reported that major bovine milk proteins, αlactalbumin, β-lactoglobulin, αS 1 -casein, β-casein and κ-casein were readily
separated using the microfluidic chip technique and the resolution was comparable
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with SDS-PAGE. However, these researchers reported that the immunoglobulins,
lactoferrin and bovine serum albumin could not be resolved from the background
in the microfluidic chip technique, but were easily resolved by SDS-PAGE.
Standard curves for the major whey proteins were linear with both techniques and
the calculated concentrations of the major proteins in a milk sample were
comparable using both microfluidic chip and SDS-PAGE techniques (Anema
2009). Armenta et al (2009) demonstrated the analysis of an entire protein extract,
without any sample pre-fractionation and reported that the detection of low
abundant proteins was not possible using the microfluidic technique. However,
their experiment enabled the detection of several proteins that were found to be
over-expressed in cancerous cells, and previously reported in the literature to be
potential cancer biomarkers. This inability to detect low abundance proteins using
the microchip method can be seen when comparing protein profiles of traditional
SDS PAGE (Figure 3.21) and the Bioanalyser gel images (Figure 3.29).
Generally, no major differences between sow and gilt colostrum protein
composition were observed that may account for differences in piglet growth rates.
Individual animal variation in both protein content and protein profile, regardless of
parity was observed, although differences in protein, immunoglobulin and sialic
acid content between gilts and sows, were statistically significant.
Studies of bioactivity have mainly been conducted in-vitro, but it has not yet been
well characterised at the individual protein level which components of colostrum
are internalised by the intestinal tissue of the neonate (Danielsen et al 2010).
Various ways to increase colostrum intake by piglets must be considered, such as
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increasing the quantity and quality of colostrum that sows produce, increasing
piglets’ ability to suckle, altering suckling frequency (which is affected by
differences in litter size normally occurring in domestic pigs under commercial
conditions), and reducing within-litter variation in birth weight. Chapter 4
investigated intestinal proliferation in response to colostral and milk proteins
utilising an in-ovo egg model and a human intestinal cell model to determine if
parity of the nursing dam, and the composition of colostrum produced, influences
the intestinal development, health and growth of neonatal piglets.
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Evaluation of bioactivity of porcine colostrum and
colostral protein fractions on gastrointestinal
development in two model systems

4.1 Colostrum and the Developing Neonate
- Introduction
During the postnatal period, the gastrointestinal tract (GIT) of the neonatal piglet
encounters numerous challenges and severe stress, but more so at the time of
birth and at weaning (Xu et al 2000). Porcine colostrum and milk not only contain
highly digestible nutrients but also many bioactive compounds, including various
types of growth factors such as epidermal growth factor (EGF), insulin-like growth
factor-1 (IGF-I), IGF-II, insulin and transforming growth factor-β. Experimental
evidence (reviewed by Xu et al 2000) indicates a regulatory role of these
colostrum and milk borne growth factors in stimulating GIT tissue growth and
functional maturation. It is possible that these milk borne factors may be utilised to
enhance GIT maturation in neonatal piglets and a possible mechanism to treat GIT
mucosal damage in the suckling piglet.
A distinct feature of the newborn small intestine is its ability to absorb
macromolecules during the first 24 hrs of life, a large amount of immunoglobulins
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are absorbed via microvillus at the apical surface which form a brush border, that
increase the surface area available for absorption of these nutrients (Donovan et
al 2006). Colostrum stimulates intestinal growth both in-vivo and in-vitro and
ingestion of colostrum affects intestinal digestive enzyme activity and gut closure
in newborn pigs (Mei et al 2006).
Development of the small intestinal cells in chicks occurs in the late embryonic and
immediate post-hatch period (Smirnov et al 2006). Chick growth and development
are dependent upon nutrient digestion and absorption, which is a direct result of
the functional and morphological development of the small intestine (Tako et al
2004). This absorption capability increases close to hatch and continues to
increase during the first few days after hatch, where villus height increases by 200
to 300 % from D17 of incubation until hatch (Tako et al 2004).
Amniotic fluid is swallowed by the chicken embryo during the last period of
incubation. Therefore, intra-amniotic injection of nutrients enables the estimation of
the effects of early nutrient ingestion at an early stage of intestinal development
(Smirnov et al 2006).
Immediate access to feed after hatch is critical for the development of the
intestine. Thus, nutrient supply during the pre-hatch period (~ D17 of incubation)
using in-ovo feeding would be expected to enhance development of the small
intestine (Uni & Ferket 2004).
The in-ovo model is therefore of potential use for the evaluation of biological fluids
if they are administered to the chicken embryo. In early lactation, some colostrum
proteins

are

protected

against

proteolytic

degradation

in

the

stomach.
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Furthermore, colostral proteins with immuno-protective, antimicrobial or other
bioactive functions are more prone to uptake in the small intestine (Danielson et al
2010). Growth promotory activity residing within porcine colostrum samples was
evaluated using the rate of proliferation of intestinal cells in response to coincubation of embryos with colostrum samples and measured by the increase in
surface area of intestinal villi. To our knowledge colostrum digested within an inovo injection model has not been assessed. Therefore, optimisation of both the inovo injection and cell proliferation models was needed to assess growth and
developmental effects of lactational secretions. Immunoglobulin receptors have
been identified in the gut of suckling piglets (Stirling et al 2005), and in a 2D gel
based study by Danielsen et al (2006) who observed massive uptake of
immunoglobulins from colostrum in the neonate pig gut, while other major
colostrum proteins could not be observed. These findings indicate that a selective
uptake of colostrum constituents may take place in the neonate.
Validation of the in-ovo and in-vitro techniques of growth parameters to quantify
GIT growth and developmental responses in day old chicks and whether whole
porcine colostral proteins or fractions of porcine colostral proteins, in particular the
casein and whey fractions, exert a stimulatory or proliferative effect on intestinal
cells are the main objectives of this chapter.

4.1.1__Chicken in-ovo model of gastrointestinal development for evaluation of
porcine colostral bioactivity
Upon ingestion of colostrum or milk, the porcine neonatal intestine undergoes
rapid growth and development (Donovan et al 2004). Tissues in the GIT wall have
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a relatively high metabolic activity compared with other body tissues (Bannink et al
2006). Intestinal tissues also have an unusually high rate of energy expenditure,
proliferation, protein synthesis and secretion (van Goudoever et al 2008). Nutrients
absorbed from colostrum intake are used to sustain basal functions of cells such
as ion transport, cell repair and replacement (Bannink et al 2006). In response to
these challenges, the GIT experiences accelerated tissue growth and maturation
during the immediate postnatal period but then intestinal villus development is
reversed at weaning and atrophy occurs (Xu et al 2000). It is thought that
improving villus morphology and mucosal mass protein prior to weaning by
ingestion of milk borne substances may result in better intestinal health and
function for the productive life of the animal (Donovan et al 2004).

4.1.2__Aim of in-ovo experiment – the effect of colostrum administration on
gastrointestinal development in-ovo.
The aim of the utilization of the chicken in-ovo analysis of the bioactivity of porcine
colostrum and protein fraction was to observe any differences in cell proliferation
of the gastrointestinal epithelia during gastrointestinal development that might be
stimulated by application of bioactive substances found in porcine colostrum. Our
particular focus was on identifying peptides and proteins with potential for
increasing surface area ratio by increasing the size of the villi responsible for
nutrient digestion and absorption that line the gastrointestinal tract (see Figure
4.1). The outermost epithelial layer of the intestine, which is organised into two
morphological and functionally distinct compartments are known to respond to
constituents of colostrum and mature milk (Kelly & Coutts 2000). The predominant
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nutrient source in embryonic birds is the lipid-rich yolk. After hatch, a rapid transfer
to the utilization of exogenous feed high in carbohydrate and protein must occur.
This change is concomitant with intense intestinal growth in which the small
intestine develops rapidly and preferentially in the immediate post-hatch period
(Geyra et al 2002). We hypothesised that injecting different concentrations of
protein from gilt and sow colostrum and milk may elicit different responses in
growth parameters in-ovo and in-vitro that could relate to the intestinal
development in the piglet.

Figure 4.1 Diagram depicting a section of small intestinal lumen and highlighted villi that line the surface of the
epithelium and the internal structures of the villi that facilitate the absorption of colostral nutrients
(www.mhhe.com/biosci/ap/dynamichuman2/content/digestive/visuals.mhtml).

4.1.3___Experimental method of in-ovo analysis of porcine colostral protein
bioactivity
Two concentrations (0.5 mg/ml and 5 mg/ml in MilliQ water) of porcine colostrum,
collected after the birth of the second piglet by hand palpation of the teats, and D3
milk (0.5 mg/ml and 5 mg/ml), collected during a natural milk letdown, from gilts
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(P1) and sows (P3) were injected into fertilised eggs (n=10 for each colostrum and
D3 milk treatment group) as per section 2.1.4. In addition to treatment groups
(n=20) eggs (per control group) were also injected with Hydroxy methyl butyrate
(HMB) (0.5 and 5 mg/ml) a precursor of cholesterol synthesis, polypep (0.5 and 5
mg/ml) a non-specific protein (positive control) and saline (1 ml 0.9 % negative
control) and penetration with needle only. A total of n=140 treated eggs were then
incubated under commercial conditions, 37.5°C and 65 % humidity, until D7 (post
treatment) when candling was performed to determine infertile eggs and dead
embryos, which was confirmed after hatching of incubated eggs. Fertility was
determined as the number of fertile eggs / total number of eggs in the group.
Hatchability (%) was determined from: hatchability = number of chicks hatched /
number of fertile eggs per group. All treated eggs were returned to a commercial
incubator and allowed to incubate and hatch under normal commercial conditions
as above. On the day of hatching the gastrointestinal tracts were removed and
samples collected from each hatchling as per section 2.1.5. Sections of the small
intestine were collected from the proximal duodenal and the jejunum (see Figure
2.1). The proximal duodenal sample (2 cm) was taken 1 cm from the gizzard, and
the jejunal sample (2 cm) was taken 1 cm anterior to the Merkel’s diverticulum and
histological analysis undertaken.
Histological sections were photographed (Figure 4.2) to enable computer assisted
image analysis and facilitate objective measurement of specific characteristic of
the ultrastructures of the gastrointestinal epithelia within defined regions (Figure
4.3).
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Figure 4.2 Photograph of section of intestinal
tract from day old chick.

Figure 4.3 Illustration of the parameters of the villi
measured a:villi height, b:crypt depth, c:basal width
and d: apical width. (Iji et al 2001).

Four photographs were taken of each section of GIT and 20 villi per photograph
were measured. Villi were measured for height (a), crypt depth (b), basal width (c)
and apical width (d) (see Figure 4.3) to determine if D3 milk or colostrum had any
proliferative effect on the gastrointestinal cells when compared to the control
treatments of saline, injection only, HMB and polypep as described above.

4.1.4___Statistical analysis of villus measurements from in-ovo experiment____
All results of measurements and graphs were generated using Excel 07 for
windows. Statistical analysis included the measurement of the villus height, crypt
depth and apical and basal widths (as per Figure 4.3) where n=80 measured
values of each parameter for gilt and sow colostrum and D3 milk (0.5 and 5
mg/ml), saline (0.9 %), polypep (0.5 and 5 mg/ml), HMB and penetration of egg
with needle only were recorded and compared using a one way ANOVA, with
parity of the dam as the variable factor for colostrum and milk comparison for any
differences in villi growth using Genstat (v10) statistical package.

153

Bioactive measurement
________________________________________________________________

4.2

Results

4.2.1___Comparison of egg weight and hatch weight of hatchlings _________
Fertilised egg weights were compared to the body weight of the hatchling chick to
determine if any of the treatments increased the hatch weight of the birds within
each treatment group. Figure 4.4 shows a comparison between fertilised egg
weights and the body weight of treated hatched chicks.

Figure 4.4 Comparison of mean egg weights and hatching weights of day old chicks over treatments injected
into fertilised eggs. n=10 per treatment group and n=20 for all control groups. (data presented as mean of
egg/chick weight (g) per treatment + SEM).

Less variability was seen in the fertilised egg weights (65.5 – 70.0 + 4.1 g) than
was seen for the hatchling weights of the chicks (35.5 – 47.2 + 3.5 g) regardless of
treatment groups.
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There appears to be a trend in the body weights for the sow colostrum (0.5 mg/ml)
and D3 milk (0.5 mg/ml) treatments, where these eggs were similar in weight at
the beginning of the experiment. Table 4.1 Summarises fertilised eggs and chick
hatching weights.
Table 4.1 Summary of means of fertilised eggs and D1 chick hatching weights
Treatment
(mg/ml)
Saline (1 ml 0.9%)
Hydroxy methyl butyrate
Injection only
Polypep 0.5
Polypep 5
Gilt colostrum 0.5
Gilt colostrum 5
Gilt Milk 0.5
Gilt Milk 5
Sow colostrum 0.5
Sow colostrum 5
Sow milk 0.5
Sow milk 5

Body
Body weight
Egg
Egg weight
weight (g)
(SEM)
weight (g)
(SEM)
45.6
45.2
40.5
46.0
44.0
42.2
37.6
35.5
39.1
48.1
41.7
47.2
38.4

2.5
2.5
3.1
0.7
3.3
3.4
4.8
4.3
4.7
1.2
3.4
0.6
4.5

70.0
68.0
68.3
66.6
68.8
68.8
68.7
65.5
69.4
68.4
67.8
67.3
68.8

1.0
1.2
0.7
0.9
0.9
0.9
0.7
1.0
0.9
1.3
1.1
0.9
0.7

These results were lower values than were found for the control group of injection
only (no treatment added), than is seen for the colostrum or milk from sows of 0.5
mg/ml concentration. One way ANOVA analysis indicated no significant
differences in fertilised egg weights (n=140) (p=0.381) or in the body weights of
hatched chicks (p=0.109) with treatment.

4.2.2___Hatchability of fertilised chicken eggs treated with gilt and sow colostrum
and D3 milk
Breeder hens in the beginning of their productive life tend to produce eggs with a
reduced size (less than 50 g). Characteristics related to the hatchability of these
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eggs can be variable as a result of initial egg size, where an increase in egg
weight represents an increase in the weight of the hatched chick (Pedroso et al
2005). In-ovo feeding of supplemental nutrients may help to overcome the
constraint of limited egg nutrients (Zhai et al 2008).
Hatchability, defined as the proportion of eggs surviving to the end of incubation
that hatch and produce a chick varies among populations of birds (Pedroso et al
2005).
Figure 4.5 summarises the hatchability of fertilised eggs injected with all colostrum
and D3 milk treatments (n=10 per treatment) and controls (n=20 per control
treatment) and allowed to incubate and hatch under normal commercial
conditions.

Figure 4.5 Hatchability of treated fertilised eggs, (n=20 eggs for each control treatment and n=10 eggs per
colostrum /D3 milk treatment: n=140 total eggs) injected, HMB = hydroxy methyl butyrate. (data presented as
mean hatchability % + SEM).
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Hatchability of all fertilised eggs were variable across all treatment groups (80 -100
%) with those eggs treated with 0.5 mg/ml of polypep (a non specific protein
control) and 0.5 mg/ml of both sow colostrum and D3 milk having a 100 %
hatchability rate. Gilt colostrum and D3 milk of both concentrations were
comparable with the hatchability of the group with needle penetration only and the
D3 sow milk 5 mg/ml. One way ANOVA analysis showed that the hatchability of
eggs across treatment groups was not significant (p=0.484). A relationship exists
between injection site and needle length in in-ovo injections, where treatments
deposited either in the air cell or the chorio-allantoic cavity displayed decreased
hatchability, although there were no adverse effects when treatments were
injected into the yolk sac or the extra embryonic cavity (Bhanja & Mandal 2005). A
trend was observed for the D3 milk treatment eggs having the lowest response
from intestinal cells with the exception of the 0.5 mg/ml D3 sow treatment, which
was comparable to the 0.5 mg/ml sow colostrum, and polypep treatments.

4.2.3___Villus parameters measured in response to different concentrations of gilt
and sow colostrum and D3 milk on intestinal cell proliferation
After hatching and removal of sections of the intestinal tract (1D post hatching)
histological sections were photographed and measurements of the parameters of
the intestinal villi were recorded to determine if any of the treatments administered
to fertilised eggs were able to alter the development of the intestinal villi and
therefore provide a greater surface area for the absorption of nutrients. Figure 4.6
shows the comparison of measurements of the villus crypt depth (µm) compared
to the treatment injected into fertilised eggs where each injection was 1ml in
157

Bioactive measurement
________________________________________________________________
volume : HMB = hydroxy methyl butyrate, Sow col= sow colostrum (0.5 and 5
mg/ml), sow milk (D3) (0.5 and 5 mg/ml), polypep (0.5 and 5 mg/ml), Gilt col= gilt
colostrum (0.5 and 5 mg/ml), gilt milk (D3) (0.5 and 5 mg/ml), Inj only = needle
penetration of eggs only and saline (0.9 % - 1ml injected).
These measurements (mean of 20 observations for each of n=20 eggs per control
groups and n=10 eggs per treatment groups) have been separated into their
individual parameters to assist in comparing any significant results from different
treatments in increasing villus size and surface area.

Figure 4.6 Comparison of crypt depth measurements of villi from intestinal sections removed from chicks 1D
post-hatching where n=20 eggs for each control treatment and n=10 eggs per colostrum /D3 milk treatment,
HMB = hydroxy methyl butyrate, injected (data presented as mean measurement µm + SEM).

Fertilised eggs treated with sow milk (0.5 mg/ml) showed the greatest influence
on the villus crypt depth (96 + 4 µm) measurements. A similar trend was also
observed with measurements of crypt depth from eggs treated with gilt colostrum
(0.5 mg/ml) (95 + 3 µm) and gilt colostrum (5 mg/ml) (94 + 5 µm). The treatment
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that had the least influence on crypt depth was shown to be gilt milk (5 mg/ml) (73
+ 4 µm). The controls HMB (81 + 5 µm) saline (0.9 %) (76 + 7 µm) polypep (0.5
mg/ml) (81 + 5 µm) and polypep (5 mg/ml) (80 + 5 µm) were not significantly
different (p=0.143) for villi crypt depth when compared to colostrum and milk
treatments.
Figure 4.7 shows the comparison of villi apical width measurements from all
treated eggs and control groups (20 measurements per egg).

Figure 4.7 Comparison of apical width measurements of villi from intestinal sections removed from chicks 1D
post-hatching where n=20 eggs for each control treatment and n=10 eggs per colostrum /D3 milk treatment
HMB = hydroxy methyl butyrate injected (data presented as mean measurement µm + SEM).

Fertilised eggs treated with polypep (0.5 mg/ml) showed the greatest influence in
the apical width measurement (79 + 4 µm) of villi. Sow colostrum (0.5 mg/ml) (71 +
5 µm) and injection only (no treatment) (69 + 4 µm) also showed the greatest
effect on the measurements of the apical width. Treatments which had the least
effect on the apical width measurements were the gilt colostrum (5 mg/ml) (53 + 5
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µm) and gilt milk (5 mg/ml) (55 + 5 µm). Controls, HMB (66 + 5 µm) saline (0.9 %)
(59 + 5 µm) and polypep (5 mg/ml) (67 + 4 µm) were not significantly different to
the treatment groups (p=0.159).
Figure 4.8 shows the comparison of villi basal width measurements from all
treated eggs and control groups.

Figure 4.8 Comparison of basal width measurements of villi from intestinal sections removed from chicks 1D
post-hatching where n=20 eggs for each control treatment and n=10 eggs per colostrum /D3 milk treatment,
HMB = hydroxy methyl butyrate injected (data presented as mean measurement µm + SEM).

Fertilised eggs treated with polypep (0.5 mg/ml) again showed the greatest
influence in the basal width measurements (100 + 6 µm) of villi. Injection only (no
treatment) (91 + 10 µm) and gilt colostrum (0.5 mg/ml) (86 + 9 µm) also showed
an influence on the basal width of the villi measured.
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Sow milk (5 mg/ml) (70 + 5 µm), gilt colostrum (5 mg/ml) (72 + 8 µm) and sow milk
(0.5 mg/ml) (73 + 7 µm) showed the least effect on the growth of the basal width of
the villi.
Figure 4.9 shows the comparison of villus height measurements from all treated
eggs and control groups.

Figure 4.9 Comparison of villus height measurements of villi from intestinal sections removed from chicks 1D
post-hatching where n=20 eggs for each control treatment and n=10 eggs per colostrum /D3 milk treatment
HMB = hydroxy methyl butyrate injected (data presented as mean measurement µm + SEM).

Fertilised eggs treated with polypep (0.5 mg/ml) again showed the greatest
influence in the villi height measurements (576 + 29 µm) of villi as well as the
polypep (5 mg/ml) (508 + 34 µm). These results were closely followed by the
control groups of injection only (no treatment) (450 + 22 µm) and sow colostrum (5
mg/ml) (450 + 33 µm) measurements, although these results were not considered
significantly different (p=0.131). Gilt milk (5 mg/ml) (338 + 40 µm), sow D3 milk
(0.5 mg/ml) (362 + 34 µm) and sow milk (5 mg/ml) (388 + 27 µm) showed the least
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effect on the growth of the basal width of the villi with the gilt milk (5 mg/ml)
treatment. Figure 4.10 provides an overview of the differences in all villus
morphological parameters measured and their comparison between gilt and sow
colostrum (0.5 and 5 mg/ml) and gilt and sow D3 milk (0.5 and 5 mg/ml) injected
into fertilised eggs.

Figure 4.10 Overview of villi parameters measured and the comparison of these measurements between the
gilt and sow colostrum (0.5 and 5 mg/ml) and D3 milk (0.5 and 5 mg/ml) injected treatments where n=10 eggs
per colostrum /D3 milk treatment injected where GM= gilt milk, SM= sow milk, GC = gilt colostrum, SC = sow
colostrum. (data presented as mean measurement µm + SEM).

Figure 4.10 demonstrates the variability shown for villus height in response to gilt
and sow colostrum (0.5 and 5 mg/ml) and gilt and sow D3 milk (0.5 and 5 mg/ml)
both within and between groups, in contrast the villus apical width demonstrates
the least variability among the measured parameters.
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Once these parameters were measured, it was possible to calculate the surface
area of the villi in all treatment groups using the equation :

(c+d)/2*a
Where: c = basal width, d= apical width, a = villi height).

A comparison of the calculated surface area, using the equation above, for villus
measurements from all treatment groups are shown below in Figure 4.11.

Figure 4.11 Comparison of villus surface area of all gilt and sow colostrum (0.5 and 5 mg/ml) and D3 milk (0.5
and 5 mg/ml) treatments including controls administered to fertilised eggs where n=10 eggs per treatment and
2
n=20 eggs per control group, HMB = hydroxy methyl butyrate. (data presented as mean surface area µm +
SEM).

Fertilised eggs treated with polypep (0.5 mg/ml) showed the greatest response in
the surface area of villi measurements (52783 + 2630 µm2) as well as the polypep
(5 mg/ml) (46195 + 3086 µm2) treatment which were significantly different
(p=<.001) from the porcine colostrum and milk treatments. These results were
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closely followed by the control group of HMB (38307 + 2166 µm2) which had a
lower mean surface area when compared to the polypep treatment groups and
were significantly different (p=0.059) from colostrum and milk treatments. Gilt milk
(5 mg/ml) (25550 + 1495 µm2), sow D3 milk (0.5 mg/ml) (26288 + 1382 µm2) and
sow D3 milk (5 mg/ml) (28836 + 2320 µm2) showed the least effect on the surface
area of the villi although this was not significantly different (p=0.131).
There were no clear cut responses in the proliferative effect of colostral and milk
proteins from these villi measurements, except for the treatments of polypep (0.5
and 5 mg/ml), a non specific protein, which appeared to have a greater influence
on the villus morphology than did the gilt and sow colostrum and D3 milk samples
injected into fertilised eggs.
Our results also demonstrate the individual animal variation among the fertilised
eggs used in this experiment as individual birds lay different size eggs containing
different amounts of endogenous protein that result in variation in the weight of
hatched chicks.
Such variations made this experiment vulnerable to large variation among and
within groups tested. Our efforts to investigate any proliferative effect of
exogenous colostral proteins on gastrointestinal development using an in-ovo egg
model was subjected to large individual animal variation in response to injected
treatments, therefore we decided to investigate any such effect using cell culture
techniques.
To further test our hypothesis that proteins from gilt and sow colostrum samples
may have a proliferative effect on gastrointestinal cells we utilised the more
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specific immortalised human intestinal cell line T84 derived from the human colon
as our in-vitro model.

4.3

Investigating the proliferative response of an immortalised
human GIT cell line incubated with gilt and sow
colostralproteins and protein fractions.

4.3.1 Introduction to cell proliferation investigation using an immortalised T84
human colon cell line model for gastrointestinal cellular proliferation
It is well accepted that colostrum has proliferative effects on gastrointestinal cells
when ingested as soon as possible after birth. Upon ingestion of colostrum or milk
the porcine neonate intestine undergoes rapid growth and development (Donovan
et al 2004). During the immediate postnatal period a dramatic increase in the
diameter, total weight and surface area of the intestine occurs. Such changes are
driven by accelerated cell proliferation in the crypt stem cell compartment of the
intestine (Klagsbrun 1980), who also proposed that a major component of the
growth response of the intestine in early life is directed towards cryptogenesis and
villus remodelling.
The neonatal gastrointestinal and body growth response is dependent on a protein
source. Casein, as well as the many proteins in milk whey (globulins, regulatory
peptides), could be particularly important in situations of poor growth and disease
(Bjornvad et al 2007). Bjornvad and colleagues (2007) hypothesised that the two
major milk protein fractions, whey and casein, would differ in their effects on body
and gastrointestinal growth and bone mineralization in piglets.
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Casein predominantly enhances bone mineralization as it contains casein
phosphopeptides that function as binders or chelators of minerals, especially
calcium. Lactoferrin, lactoperoxidase and related peptides in colostrum are also
related to calcium metabolism (Lee et al 2007).
Whey is rich in different anabolic hormones and growth factors as well as
immunoglobulins and antimicrobial substances such as lactoferrin and enhances
soft tissue accretion (Severin & Wenshui 2005, Bjornvad et al 2007). In human
milk, the most abundant growth factor is lactoferrin, an 80 kDa glycoprotein, which
is involved in iron absorption, infection control, and growth stimulation of both
epithelial cells and fibroblasts. This is followed by epithelial growth factor (EGF) a
53 amino-acid peptide, which stimulates intestinal growth and development in the
newborn.
As with most farm animals, the pig is born with low energy reserves and without
immune protection (Farmer & Quesnel 2009), therefore colostrum plays an
important role in the development of the gastrointestinal tract of the piglet, and as
such, early and increased intake of colostrum is of vital importance for piglets (Xu
et al 2002).

4.3.2 Aim of cell proliferation assay - Response of T84 human colon cells to coincubation with porcine colostral proteins
Our aim was to establish a repeatable assay in which we could establish the
proliferative effect of various concentrations of skimmed, whole colostrum, and
fractions of casein and whey in an immortalised gastrointestinal cell line.
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Figure 4.12 shows a monolayer of T84 human gastrointestinal cells cultured in
growth media supplemented with 10 % fetal calf serum (FCS) and incubated at
37°C in 5 % CO 2 until they reach approximately 75 - 80 % confluency and are at
the peak of their proliferation capacity. The term confluency describes cultured
cells in terms of the area of the culture flask covered, the cell connectivity and
distribution and the size of the cells.
FCS contains an array of nutrients and growth factors that supports the growth
and maintenance of almost all the mammalian and some insect cell lines, and
provides a variety of components such as carbohydrates, lipids, hormones and
binding proteins and attachment factors (Electricwala 1992).

100μm

Figure 4.12 A monolayer of proliferating T84 human gastrointestinal cells (~75 - 80 % confluency)
grown in a T75 flask with growth media containing 10 % FCS (P. Geale: magnification X10).
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4.3.3__Experimental method- Development of T84 cell proliferation assay for
screening of porcine colostral bioactivity
Our studies of chick development in the in-ovo egg model allowed us to study GI
tract ultrastructure and intestinal development as part of embryonic development
only. Therefore we investigated any such effect using cell culture techniques to
evaluate the proliferative effect of these porcine colostral proteins alone without
the complicating factor of proteins already contained within the yolk of the in-ovo
egg model. Our cellular model firstly needed optimisation of plating densities and
culture media in which they are grown, the number of days needed in culture to
elicit a response from the cells, length of incubation of the fluorescent dye prior to
plate reading and the establishment of appropriate positive (EGF) and negative
controls (no treatment).
An immortalised line of Human colon cancer cells (T84’s) (ATCC, Manassas,
Virginia USA) derived from a 72 yr old male donor, were used between passage
numbers 60 and 72, cultured in T75 culture flasks (Greiner Bio-one, Interpath) in
T84 growth medium, DMEM/High Modified and Ham’s Nutrient Mixture F12
(Sigma-Aldrich) in equal amounts (1:1 v/v), supplemented with 10 % FCS
(Invitrogen) 200 mM L-glutamine in saline, 5000 U/ml of penicillin/5000 µg/ml
streptomycin (Penstrep) (Sigma-Aldrich) 50 µg/ml Fungin antimycotic (Invivogen,
San Diego, USA), and 100 µg/ml Normocin (Invivogen San Diego, USA).
Cells, passaged twice after removal from liquid nitrogen storage, were incubated
at 37°C in a humidified atmosphere of 5 % CO 2 (Napco Scientific incubator 5410,
Oregon USA). Cells, (5,000, 10,000 and 20,000 cells per well) were plated out in
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96 well plates (Greiner Bio-one, Interpath) in either serum free media (SFM) or
growth media supplemented with 10 % FCS and allowed to attach for 48 hrs.
Media was changed to either fresh SFM or 10 % FCS and cells were then treated
with different dilutions of epidermal growth factor (EGF) and incubated at 37°C, 5
% CO 2 for a further 48 hrs after which all media and treatments were aspirated
and 100 µl of proliferation dye was added and incubated for 10, 20 and 30 min to
optimise incubation time for dye.
Methods for cell proliferation analysis are generally based on the incorporation of
thymidine analogs such as 3H thymidine or bromodeoxyuridine (BrdU) during DNA
synthesis, or on measurement of metabolic activity indices such as oxidoreductase
activity or ATP levels. Unlike ATP, which can be highly susceptible to degradation
by endogenous ATPase, nucleic acids are typically stable even in lysed cells. The
CyQuant assay (Invitrogen) did not require the use of radioisotopes, enzymes or
antibodies and was not dependent on physiological activities that may exhibit cell
number independent variability. The CyQuant proliferation assay utilises a
CyQuant GR dye, a DNA binding dye in combination with a plasma membrane
permeabilization reagent, which exhibits strong fluorescent enhancement when
bound to cellular nucleic acids.

4.3.4__Experimental results - Optimisation of T84 human colon cells to serum
free and 10 % fetal calf serum supplemented media and incubation times
The first step in optimisation of this proliferation assay to investigate the
proliferative effect of exogenous porcine proteins was to determine the initial
number of cells plated per well of a 96 well culture plate (Greiner, Interpath). The
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starting point for this was 5,000, 10,000 and 20,000 cells per well, either in serum
free or 10 % FCS supplemented media incubated for 48 hrs and also the
optimisation of incubation time of assay dye (10, 20, 30 and 40 min).
Results were analysed in triplicate and are shown below in Figure 4.13.

Figure 4.13 Results of optimising cell numbers (n= 5000 , 10,000 and 20,000 cells) plated per well of a 96
well plate in either SFM or 10 % FCS supplemented growth media and incubation time (min) after addition of
assay dye prior to plate reading. (data shown as mean RFU 485/520 nm + SEM of triplicates).

Results of triplicate replication of initial optimisation of cell number and incubation
time of cells plated and treated in SFM media with the fluorescent dye showed that
treatments incubated for 40 min prior to plate reading 20,000 cells/well = 43,469 +
2233 RFU decline in a linear fashion with decreasing cell numbers. 10,000
cells/well = 17,304 + 3328 RFU and 5,000 cells/well = 6826 + 1697 RFU, similar
trends were observed when incubations were continued for 30, 20 and 10 min
(Figure 4.13).
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The incubation time for 20,000 cells/well for 40 min approached the upper limit of
the assay (being 65,000 RFU) and this was the number of cells plated in SFM and
10 % FCS supplemented media. A 40 min incubation of the fluorescent dye with
cells plated at 5,000 and 10,000 cells per well, gave similar readings regardless of
the growth media or incubation time.
Once the number of cells to be plated and the incubation time of the dye were
established the next step was to optimise a positive control. A range of dilutions of
epidermal growth factor (EGF: 1 to 100 ng/ml) was added to 20,000 cells/well in a
96 well plate and incubated for 48 hrs at 37° C and 5 % CO 2 before the addition of
the fluorescent dye and plate reading. The response of T84 cells to this dilution
series in triplicate are shown in Figure 4.14.

Figure 4.14 Response of T84 human intestinal cells to a triplicate dilution series 100 ng/ml to 1 ng/ml of EGF
as a positive control and untreated cells/dye only as a negative control. (data shown as mean RFU 485/520
nm + SEM of triplicates).
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Results of triplicate replication of initial optimisation of EGF (ng/ml) as a positive
control with 20,000 cells/well and incubation time of 40 min (as determined
previously) treated in SFM media and 10 % FCS supplemented growth media with
the fluorescent dye showed that a dilution of EGF concentrations incubated for 40
min prior to plate reading resulted in a linear declining response in the presence of
10 % FCS supplemented media (100 ng/µl/well = 59816 + 1657 RFU) 10
ng/µl/well = 31332 + 930 RFU and 1 ng/µl/well = 4524 + 930 RFU, with the no
treatment wells = 8102 + 205 RFU and cells incubated only with no dye added =
474 + 46 RFU.
Cells incubated with the same dilutions of EGF but in the absence of 10 % FCS
supplemented media cells did not demonstrate such a clear linear decline (Figure
4.14).
Growth promotory activity residing within colostrum samples was evaluated using
the rate of proliferation of T84 cells (a human colon derived epithelial cell line) in
response to co-incubation with colostrum samples.

Figure 4.15 Illustrates the initial response of T84 cells (5,000 cells/well) to a
colostrum dilution series from 1:200 to 1:1000 where epidermal growth factor
(EGF 100 ng) was a positive control and cells grown only in growth media in both
SF growth media and growth media supplemented with 10 % FCS and incubated
at 37°C, 5 % CO 2 .
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Figure 4.15 Response of T84 human intestinal cells to a dilution series 1:200 to 1:1000 of porcine colostrum
using EGF as a positive control and untreated cells as a negative control (data shown as mean RFU 485/520
nm + SEM of triplicates).

The results for a dilution series of defatted colostrum (1:200 to 1:1000) showed a
dose dependent increase in proliferation of cells co-incubated with an increasing
concentration of proteins. Results for SF media grown cells: EFG (100 ng/ml) 3329
+ 90 RFU and dilutions of colostrum 1:200 = 39322 + 644 RFU, 1:400 = 33677 +
478 RFU 1:600 = 31971 + 702 RFU, 1:800 = 25963 + 506 RFU 1:1000 = 14837 +
808 RFU and no treatment cells = 3629 + 159 RFU and results for cells coincubated with the same dilution series of colostrum but grown in 10 % FCS
supplemented media: EGF (100 ng/µl) 46302 + 2451 RFU and dilutions of
colostrum 1:200 = 32475 + 835 RFU, 1:400 = 31765 + 1034 RFU, 1:600 = 24718
+ 1674 RFU, 1:800 = 21027 + 853 RFU, 1:1000 = 11842 + 1019 RFU and no
treatment cells = 7567 + 92 RFU.
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4.3.5_T84 cellular response to a dilution series of separated protein fractions:
casein and whey
Defatted colostrum samples were acidified with Hydrochloric acid (HCl) to pH 4.3
to separate proteins into their two main protein components: casein and whey as
per section 2.3.8.
A dilution series ranging from 1:100 to 1:800 was applied to T84 human colon cells
(5,000 cells/well) in both serum free growth media (SFM) and growth media
supplemented with 10 % fetal calf serum (FCS) and incubated at 37°C, 5 % CO 2
for a further 48 hrs in triplicate. Media and treatments were aspirated and a
fluorescent dye (100 μl/well) was added and incubated under the above conditions
for 40 min to measure any proliferative effect of these treatments on intestinal cells
see Figure 4.16.

Figure 4.16 Response of T84 human intestinal cells to a dilution series 1:100 to 1:800 of casein and whey
fractions, using EGF as a positive control and untreated cells as negative control (data shown as mean RFU
485/520 nm + SEM of triplicate samples).

174

Bioactive measurement
________________________________________________________________
The results show a synergism between EGF and 10 % FCS in stimulating
proliferative activity. The results for a dilution series of separated casein and whey
fractions from defatted colostrum samples (1:100 to 1:800) showed an increasing
trend in proliferation of cells co-incubated with an increasing concentration of
separated proteins. The dose dependency was not apparent in the casein treated
cells, although caseins did stimulate proliferation in serum free medium and in 10
% FCS.
Cells co-incubated with a dilution series of casein protein fractions grown in serum
free media: EFG (100 ng/µl) 7246 + 472 RFU and dilutions of casein 1:100 =
27113 + 823 RFU, 1:200 = 19245 + 400 RFU, 1:400 = 18997 + 938 RFU, 1:800 =
17417 + 1048 RFU and no treatment cells = 5077 + 275 RFU and cells coincubated with the same dilution series of whey fractions 1:100 = 35725 + 333
RFU, 1:200 = 33452 + 375 RFU, 1:400 = 22586 + 710 RFU, 1:800 = 17542 +
1332 RFU.
In contrast there was a distinct dose dependent increase in proliferative activity
with whey proteins in serum free medium and also in the presence of 10 % FCS.

Cells co-incubated with a dilution series of casein protein fractions grown in 10 %
FCS supplemented media: EFG (100 ng/µl) = 41781 + 695 RFU and dilutions of
casein 1:100 = 28794 + 1086 RFU, 1:200 = 24683 + 896 RFU 1:400 = 28758 +
1475 RFU, 1:800 = 13047 + 579 RFU and no treatment cells = 9698 + 350 RFU
and cells co-incubated with the same dilution series of whey fractions in 10 % FCS
supplemented media: 1:100 = 31283 + 1275 RFU 1:200 = 23100 + 1530 RFU,
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1:400 = 21731 + 948 RFU, 1:800 = 12931 + 487 RFU. In each case there was no
additivity between the 10 % FCS and the colostrum fractions.

Once positive (EGF) and negative controls (cells with no treatment) were
established it was decided that a non-specific protein sample should be included
to further test the hypothesis that colostral proteins have a proliferative effect on
intestinal cells. The results of a comparison of gilt and sow whey and casein
fractions (1:400 dilution approximately equivalent to 4 µg protein per well) added to
a 96 well culture plate containing 20,000 cells/well with the addition of a non
specific protein (polypep 10 mg/ml) and incubated as for previous experiments
above and results are shown in Figure 4.17.

Figure 4.17 Response of T84 human intestinal cells to 100 μg/μl of gilt (n=10) and sow (n=10) casein and
whey fractions using EGF as a positive control, plus polypep (10 mg/ml) and untreated cells as negative
controls (data shown as mean RFU 485/520 nm + SEM in triplicate).
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Results for cells co-incubated with a 1:400 dilution of samples of casein and whey
protein fractions grown in serum free media : EFG (100 ng/µl) 7795 + 367 RFU,
sow whey (n=10) = 27747 + 824 RFU, gilt whey (n=10) = 19245 + 400 RFU, gilt
casein (n=10) = 22625 + 686 RFU, sow casein (n=10) 23137 + 713 RFU, and no
treatment cells = 5323 + 121 RFU and polypep (10 mg/ml) = 7606 + 389 RFU.
Results for cells co-incubated with a 1:400 dilution of samples of casein and whey
protein fractions grown in 10 % FCS supplemented media : EGF (100 ng/µl) 44509
+ 550 RFU, gilt whey (n=10) = 21620 + 764 RFU, sow whey (n=10) = 23437 + 568
RFU, gilt casein (n=10) = 22919 + 622 RFU, sow casein 22623 + 570 RFU, and
no treatment cells = 12208 + 208 RFU and polypep (10 mg/ml) = 7176 + 475 RFU.
Results show clearly once again the synergism between EGF and 10 % FCS in
promoting proliferation. These results also show that the casein and whey protein
stimulatory responses are not due to the presence of peptide per se in the culture
medium as the non-specific peptide hydrolysate polypep was without effect on this
parameter.
Statistical analysis used a one way ANOVA for comparison between the effect of
casein and whey fractions when comparing SFM and 10 % FCS supplemented
media with parity of the dam. There were no significant differences observed for
an effect of casein (p=0.606) and whey fractions (p=0.513) in FCS supplemented
media for both gilt and sow treatments. Similarly, there were no statistical
differences observed between gilts and sows for the proliferative effect of casein
fractions in SFM (p=0.726) however, a significant difference was found (p=0.05)
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for the proliferative effect of whey fractions in SFM media between gilt and sow
whey fraction samples.

4.4

Discussion of results

As stated earlier in this chapter, there is significant evidence that colostrum from a
number of species possess bioactive components that stimulate gastrointestinal
growth and maturation in the neonate following consumption. We have
investigated the bioactive potential of porcine colostrum including isolated protein
fractions in two model systems of gastrointestinal proliferation and development
including the chicken in-ovo model and a human gastrointestinal epithelial cell invitro model.
Our results showed no significant differences in hatch weights of treated eggs
across treatments (Figure 4.4). The smallest mean egg weights were for the
treatments where gilt D3 milk 0.5 mg/ml and polypep 0.5 mg/ml concentrations
were administered. The sow D3 milk (0.5 mg/ml) treatment also resulted in lower
mean egg weights but was the treatment that yielded the heaviest mean chick
hatchling weight. A similar relationship with the heaviest mean chick weight
associated with lighter mean egg weights were also observed by Malago &
Baitilwake (2009) whose comparison between different breeds of chicken revealed
significant differences in hatchability among different breeds: thus while one breed
(Rhode Island Red) had the heaviest mean egg weight (~70 g), the heaviest mean
chick weight (35.62 g) came from a local (Tanzanian) breed that laid the smallest
eggs (~ 32.1 g). Percentage hatchability of treated eggs was lowest for the eggs
treated with gilt colostrum (5 mg) and gilt D3 milk (0.5 mg) and (5 mg) and sow D3
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milk (5 mg) treatments (Figure 4.5). The highest hatchability rate was seen among
eggs treated with sow colostrum, sow D3 milk and polypep (0.5 mg) treatments
followed by the saline and HMB control treatments.
Results for morphometric measurements of the villi from the intestinal tracts of
hatchlings showed a response in villi crypt depth to the addition of sow milk (0.5
mg), gilt colostrum (0.5 mg) and (5 mg) treatments (Figure 4.6). The increased
crypt depth of the villi differed from those found by Huguet et al (2007) who
reported that bovine colostrum increased duodenal villus perimeter but not crypt
cell proliferation. They concluded that bovine colostrum induced enlargement of
villi could be the result of a reduction of apical cell apoptosis and confirmed that
proliferation pathways may not be stimulated in the presence of bovine colostrum.
A similar lack of response to bovine colostrum supplementation was also
demonstrated by King et al (2008) using the same model.
Villus apical width showed a response to polypep (0.5 mg) and injection only
treatments with similar variation seen across all treatment groups (Figure 4.7).
Similar result were seen in the basal width measurements also responding to
polypep (0.5 mg) and injection only with the lowest variation among treatments
being observed with the sow and gilt milk (0.5 mg) treatments. Responses
observed in the control groups cannot be explained easily. Polypep is a nonspecific protein digest of bovine origin often utilised as a non-specific protein
control. Polypep may have some biological activity but is used as a non-specific
protein control which is hydrolysed in-vitro.
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The postnatal development of the gastrointestinal tract is well known to be greatly
influenced by colostrum intake (Xu 1996, Buhler et al 1998) by increasing
proliferation of new mucosal cells which migrate up along the epithelial surface to
the tip of the villi as also reported by Blättler et al (2001), who suggested that
maximising colostrum intake decreased apoptosis of mucosal epithelial cells.
Responses in villus height to polypep (0.5 and 5 mg) treatments were the most
pronounced (Figure 4.8).
Similarities exist in another study by King et al (2008) who found that piglets fed a
supplement of bovine colostrum showed a 12 % reduction in small intestine weight
but an increase in intestinal villus height along with an improvement in immune
status in early weaned piglets.
Villus surface area demonstrated an enhanced pattern of growth and development
to injection with polypep (0.5 and 5 mg), HMB and sow colostrum (0.5 mg)
treatments (Figure 4.9). The lowest effect was seen in the gilt milk (5 mg) and sow
milk (0.5 mg).
Our results were similar to Tako et al (2004) who found that HMB stimulated villus
surface area compared with controls and other in-ovo treatments. However, our
results differed from those of Bjornvad et al (2007) who found no difference in
villus height (709 + 49 µm), width (91 + 3 µm) or crypt depth (181 + 5 µm) in
response to bovine colostrum supplementation but suggested that colostrum may
stimulate migration of epithelial cells along the crypt-villus axis in the duodenum.
Mei et al (2006) also found no significant differences among different feeding
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groups in villus height and crypt depth in the duodenum between piglets fed
porcine milk, human infant formula or water.
In the jejunum and the ileum, however, villus height and crypt depth were
significantly greater in piglets naturally suckled or fed colostrum than those fed
with milk. These results were also supported by previous work by Roffler et al
(2003) who found that villus circumference and height as well as crypt cell
proliferation rates were higher in colostrum whey extract fed calves than those fed
milk based formula. Similarly Nagy et al (2004) also found that colostral protein
increased villus height and crypt depth in the jejunum and terminal ileum in pigs
relative to the response to infant formula or a solid feed replacer (pig chow). Zava
et al (2009) investigated the stimulatory effect of mare’s colostrum protein
fractions, casein plus whey, fat globules plus whey and whey alone on intestinal
development. The whey plus fat was more effective than casein plus whey and
both of these treatments displayed stronger proliferative activity than whey alone
(Zava et al 2009).
It is reasonable to assume that nutrients provided by colostrum and milk would
have a positive effect on the gastrointestinal development of the mammalian
neonate, but they may not be effective in an avian developmental model as the
nutrient resources supporting a growing chick in an egg may be quite different.
Chicken embryos derive their nutrition from the yolk contained within their egg,
and after hatching, the chick is able to digest solid feed. Mammals on the other
hand, have a transition period from consumption of amniotic fluid to
immunoglobulin rich colostrum, which changes composition to form mature milk
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over several days post-partum, and retains a constant composition through to
weaning at which time solid feed is introduced. One strikingly similar trend
throughout this analysis was the large variation observed in all villus parameters
measured and in the response of the intestinal cells to in-ovo injection of
exogenous substances during embryo development.
Overall variation was most pronounced in the villus height measurements with
variation being lowest in apical width suggesting that changes in these parameters
could possibly exert an influence on the surface area available for absorption of
nutrients. The chicken intestine is still immature one week post-hatch and limits
the development of the bird, as the capacity to secrete enzymes and the increase
in the area available for absorption through longitudinal growth of the villi are yet to
happen (Murakami et al 2007). Some chicks were observed to have moist yolk
sacs still attached while other chicks did not, indicating there was a distinct range
of time over which the chickens hatched, and therefore a wider range of growth
rates of intestinal villus parameters would be expected.
Significant variation seen both within and between treatment groups throughout
the in-ovo trial prompted investigation into a repeatable cell culture model where
the variation encountered in the in-ovo model may possibly be overcome and the
issue of differences in mammalian and avian gut physiology avoided.
The cell culture model required some optimisation of the parameters employed in
our investigation. 20,000 cells incubated in the assay dye for 30 min provided a
proliferative effect that fit in the middle range of the upper and lower limits of
detection of the assay (Figure 4.10). Positive and negative controls were also
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needed as a comparative tool for any effect that may be found in the proliferation
of these cells with the addition of the colostral proteins. EGF, a low-molecularweight polypeptide that is known to induce cellular proliferation and differentiation,
at a concentration of (100 ng/ml) as a positive control and cells with no treatment
as a negative control delineated the upper and lower limits of the assay (Figure
4.13). Figure 4.14 illustrates the results of the addition of a dilution series of whole
defatted porcine colostrum 1:200, 1:400, 1:600, 1:800 and 1:1000 which was
approximately equivalent to 8, 4, 2, 1 and 0.5 µg of protein/µl respectively. The
1:400 (4 µg/µl) colostrum dilution gave results in the mid range of the assay and
allowed for increasing or decreasing responses to treatments. The two main
fractions of mammalian colostrum and milk are the casein and whey proteins.
These two fractions were separated from whole porcine colostrum and assayed as
separate treatments to investigate if either of these fractions alone would elicit
different proliferative responses when co-incubated with intestinal cells. Figure
4.12 shows that the mean response of casein in SFM was less than for the 10 %
FCS supplemented media. Whey enhances soft tissue growth and this is observed
in the results of the whey fractions which elicited a greater mean response in
proliferation of these cells in conjunction with SFM than was seen when the whey
treatments were combined with FCS in the media. Fetal calf serum is rich in
vitamins, growth factors, hormones and other nutrients that are essential for
mammalian cell proliferation (Pakkanen 1994) and the presence of these factors
could be responsible for the response of these cells even in the presence of whey
proteins.
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The serum free media does not contain these factors and therefore any response
following the addition of whey proteins are due to whey components. Treatments
with sow casein also elicited slightly higher mean responses in SFM media than
was seen in the FCS media treatment (Figure 4.15). However, the converse effect
was seen for the gilt casein treatment which showed a higher mean response
when added with the FCS media than with the SFM. This response to the FCS
media is most likely explained by the growth factors in the FCS affecting the cell
proliferative response and not so much the addition of the casein fraction.
Figure 4.16 shows the sow whey in SFM had a slightly higher mean proliferative
response than the SFM supplemented with gilt whey, and also showed a slightly
higher mean response in FCS supplemented media.
It is well known that serum has several energy sources and growth promoting
factors. Unknown factors in FCS may give rise to a synergistic effect of EGF on
maturation of oocytes (Van Renterghem et al 1996). Results by Lonergan et al
(1996) have demonstrated that immature bovine oocytes matured in tissue culture
medium 199 (M199) supplemented with 10 % FCS are superior in terms of
developmental competence to those matured in M199 alone. These workers also
reported that the presence of FCS during in-vitro maturation resulted in similarly
elevated rates of development for oocytes matured in the presence of EGF, and
no cumulative effect when EGF and FCS were present together during in-vitro
maturation.
Variation in this cell culture model was far less than seen both within and between
treatment groups in the in-ovo trial.
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We have compared the response of gastrointestinal cells from two different
species, firstly, an avian species (chicken) and a mammalian cell line (derived
from a 72 year old male with colon cancer) to explore the proliferative effect of
mammalian lactation secretions on the development of these tissues. Chicken
intestinal cells do not undergo gut closure as is observed in mammalian neonates,
as their intestinal system was not designed for the intake and absorption of
colostrum or milk proteins. Such physiological differences between mammals and
chickens help to understand why a chicken model was not the most appropriate
model for the hypothesis being testing. Similar differences may also arise when
using a mammalian carcinoma cell line from an elderly human as opposed to
using fetal cells, which may be specifically responsive to nutrients or bioactive
factors provided by colostrum and milk.
The cell culture model system was in use over 30 years ago where it was found
that colostrum supported the growth of epithelial cells derived from kidneys,
hamster ovary, green monkey kidney and canine skin in culture (Klagsbrun 1980,
Steimer et al 1981, Pakkanen 1994). These researchers found that the addition of
colostrum to cultures enhanced the growth of kidney epithelial cells, but not
fibroblasts in culture, which was not supported by the observations of Torre et al
(2006) who found that bovine colostrum actually stimulated canine primary skin
fibroblasts at any concentration between 0.1 - 1 mg/ml.
This conclusion assumes that colostrum from a number of species contains
specific factors necessary for the growth of epithelial cells but lacks those needed
for promoting fibroblast growth, thus highlighting the specificity of these growth
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factors. Interestingly Klagsbrun (1980) and Steimer et al (1981) also found that
colostrum with no serum supported the growth of epithelial cells, but milk obtained
as early as one week after birth was completely inactive, except when
supplemented with transferrin. A lower crypt depth:villus height ratio suggests that
more cells are leaving the crypts and moving toward the tips of villi. Crypt depth
can, however be taken as a measure of the epithelial cell proliferative potential
(Bittrich et al 2004).
During the first 8 days post-birth, villus sizes, crypt depths and proliferation rates of
crypt cells in the small intestine of pre-term calves did not significantly change in
response to colostrum.

In contrast the villus sizes in the jejunum of full term

calves decreased, crypt depths increased in small intestine and colon, and crypt
cell proliferation increased in the jejunum and duodenum (Blättler et al 2001,
Bittrich et al 2004). These researchers also found that differences in feeding
regimes for neonatal calves variably influence small intestinal growth and epithelial
and sub epithelial morphology. An effect that may be due to the high nutrient
density of bovine colostrum and to the growth promotory factors that is present in
colostrum. If so, mucosal development, is not likely caused by one single growthpromoting peptide but by several growth-promotory substances in colostrum
(Buhler et al 1998).
Analysis so far has shown no clear evidence of a parity effect existing in relation to
the compositional components of sow colostrum and milk, and how these
components effect the growth of nursed piglets through to weaning.
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Neither of the two bioassays chosen for these studies has provided really definitive
results for the reasons stated above. We have therefore further investigated the
role of colostrum in GIT maturation, by comparing the growth responses of piglets
from different parities to the colostrum and milk from gilts and multiparous sows in
Chapter 5.
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Investigation of the effect of dam parity on colostrum and
milk protein composition and the impact on progeny
growth rate.

5.1

Improving performance of gilt progeny

5.1.1___Introduction to the cross-foster trial___________________________
Milk production is a high metabolic priority in the pig and, if nutrient intake is
insufficient, the sow will mobilise body tissue in an attempt to maintain milk
production (Eissen et al 2000). A sow’s performance can also be hindered by the
environmental factors that the sows farrow under, and nurse their young in.
Temperature, access to, and intake of adequate amounts of feed and water can all
contribute to the sows overall lactating and weaning performance.
Sows also vary markedly in their metabolic efficiency and these differences are
reflected in their ability to synthesise milk. Sow milk yield is an important factor
limiting piglet growth to weaning (Hartmann et al 1984, Auldist et al 2000, Farmer &
Sorensen 2001, Hurley 2001) with the estimated piglet intake of sow’s colostrum
being 100 - 150 ml/kg/day (Devillers et al 2004, D’Inca et al 2010).
Demand for milk parallels increases in litter size, and the sow responds, within
normal biological constraints, by producing more milk in response to the added
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suckling, resulting in litter weight gain (Auldist et al 1998, Valros et al 2003). The
suckling demand imposed by the number of piglets in a litter has a major influence on
total milk yield and production from individual glands (Auldist et al 2000). Selection
for increased litter size places more stress on the sow during lactation as they need
to use more of their body reserves to support milk production (Grandinson et al
2005).
Sows vary considerably in individual body weight loss during lactation, in their milk
production and in early litter liveweight gain even when fed the same diets (Valros et
al 2003). Increased energy demands during lactation are not usually met by voluntary
feed intake causing sows to go into a negative energy balance where they catabolise
body reserves of protein and fat (Grandinson et al 2005). Experienced sows have
had the opportunity to store these body reserves in preparation for lactation but the
more immature gilt has not, due in part to the energy partitioning to tissue growth that
has to occur in order for gilts to mature (Whittemore 1996). It is this difference in
lactation potential between gilts and sows, and the ability to nurse piglets through to
weaning that is investigated in this chapter. Our compositional analysis from this trial
focused on the colostral protein fraction differences between gilts and sows. Proteins
contained in colostrum have a range of bioactivities as previously discussed including
stimulation of the maturation of the neonates intestinal capacity to absorb the
following milk. A compositional analysis of the protein concentration, lactose, and fat
content were also performed on D21 milk to investigate whether these gilt/sow
differences were carried through to the end of lactation.
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5.1.2___Aim of the piglet cross-foster trial____________________________
The aim of the cross-foster trial was to determine whether the suckling vigour of the
offspring, composition of colostrum and milk, or the lactation capacity of the dam was
the important limitation to the growth of gilt progeny.

5.1.3___Experimental design of the piglet cross-foster trial_________________
The piglet cross-foster trial was conducted in collaboration with colleagues from the
University of Sydney and Rivalea (Australia) Pty Ltd Corowa, N.S.W, Australia.
Gilts (n=20) parity 1 and sows (n=20) of differing parities 2 - 7 were selected
randomly from the same mating week at Rivalea (Australia) Pty Ltd, Corowa N.S.W
Australia, after the sows had been moved randomly to adjacent farrowing sheds.
All sows and gilts were vaccinated against Tetanus and induced to farrow as per
section 2.7.1.
Sows and gilts nursed their piglets uninterrupted until D28 post-birth when all piglets
were again weighed and subsequently weaned. Normal commercial gestation and
lactation diets were used throughout trial (Table 2.1).

5.2

Experimental Methods

5.2.1__ Sample collection from sows - colostrum & D21 milk______________
Colostrum (~10 ml) was collected after the birth of the second piglet and treated as
per section 2.1.1. Mature milk was also collected from all gilts and sows on trial by
manual hand palpation of the teats during a normal feeding letdown on D21 without
the use of oxytocin, and stored as for the colostrum samples as per section 2.1.1.
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Colostrum and D21 milk were defatted and assayed for protein concentration (as per
section 2.2.1), lactose analysis (as per section 2.2.2), fat content (as per section
2.2.3) and IgG content (as per section 2.2.4).

5.2.2___Statistical analysis (ANOVA) of performance of sows from the cross-foster
trial
A one way classification analysis of variance (ANOVA) was carried out to evaluate
the effect of parity on the concentration of proteins between gilt and sow colostrum,
and a multivariate model used for the testing for interaction between the variables:
total piglets fed, actual piglets fed and litter weights when compared to the parity of
the sow that gave birth to or nursed the piglets.

Results - Compositional analysis of colostrum and milk
from sows and gilts utilised in the piglet cross-foster trial
5.3

5.3.1___Protein concentration of colostrum from sows and gilts within the piglet
cross-foster trial
Protein concentration analysis was performed on the colostrum of gilts (n=20) and
sows (n=20) to compare concentrations of colostral proteins (mg/ml) contained in
colostrum of animals utilised in the piglet cross-foster trial are shown in Figure 5.1.
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Figure 5.1 Mean protein concentration of colostrum from gilts (n=20) and sows (n=20) utilised in the piglet crossfoster trial collected after the birth of the second piglet (data presented as mean protein concentration mg/ml +
SEM).

Mean protein concentration tended to be higher in sows (182.8 + 8.2 mg/ml) than
was seen in gilts (161.3 + 8.6 mg/ml), This difference was not significant at a 5%
level of significance but was approaching statistical significance (p= 0.08).

5.3.2___Analysis of Milk samples collected on day 21of lactation of sows and gilts
utilised in the piglet cross-foster trial
Protein concentration analysis was performed on milk samples from the same gilts
and sows to compare concentrations of protein (mg/ml) contained in milk of gilts and
sows collected on D21 and these results are shown in Figure 5.2.
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Figure 5.2 Mean protein concentration of milk collected from gilts (n=20) and sows (n=20) on D21 of lactation
(data presented as mean protein concentration mg/ml + SEM).

One way ANOVA analysis indicated there were no significant differences (p= 0.488)
between gilts (37.2 + 2.8 mg/ml) and sows (34.8 + 2.5 mg/ml) in protein
concentration in D21 milk.

5.3.3___Fat content analysis of colostrum from sows and gilts utilised in the piglet
cross-foster trial
Fat content analysis was performed on gilts and sows (n=17 per group) to compare
fat content (%) contained in colostrum and these results are shown in Figure 5.3.
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Figure 5.3 Mean fat concentration in colostrum from gilts (n=17) and sows (n=17) collected after the birth of the
second piglet (data presented as mean fat % + SEM).

.

One way ANOVA analysis of the mean fat content (%) of colostrum showed that
there was no significant difference of parity of the dam (p= 0.81) between gilts (5.8 +
0.32 %) and sows (5.7 + 0.14 %) in fat content.

5.3.4___Fat content analysis of D21 milk from sows and gilts utilised in the piglet
cross-foster trial
Fat content analysis was performed on milk samples collected on D21 of lactation
from the same gilts and sows (n=20 per group). These results are shown in Figure
5.4.

194

Improving performance of gilt progeny
__________________________________________________________________

Figure 5.4 Mean fat concentration in milk from gilts (n=20) and sows (n=20) collected on D 21 of lactation
(data presented as mean fat % + SEM).

The mean fat content (%) of milk samples collected on D21 of lactation was not
significantly affected by the parity of the dam (p= 0.096) between gilts (6.8 + 0.14 %)
and sows (6.4 + 0.13 %) in fat content which increased from colostrum to mature
milk.

5.3.5___Lactose content of colostrum of sows and gilts utilised in the piglet crossfoster trial
Lactose concentration was assessed in the same colostrum used for the above
analyses (n=20 for both gilts and sows). These results are shown in Figure 5.5.
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Figure 5.5 Mean lactose concentration in colostrum from gilts (n=20) and sows (n=20) collected after the birth
of the second piglet (data presented as mean lactose % + SEM).

The mean lactose content (%) of colostrum was also not significantly affected by the
parity of the dam (p= 0.882) between gilts (4.1 + 0.05 %) and sows (4.1 + 0.09 %) in
lactose content.

5.3.6___Lactose content analysis of D21 milk of sows and piglets utilised in the
piglet cross-foster trial
Lactose content was measured in milk samples collected on D21 of lactation from the
same gilts and sows (n=20 per group). Results are shown in Figure 5.6.
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Figure 5.6 Mean lactose concentration in milk from gilts (n=20) and sows (n=20) collected on D21
of lactation (data presented as mean lactose % + SEM).

The mean lactose content of D21 milk was also not significantly affected by the parity
of the dam (p= 0.635) when compared between gilts (5.6 + 0.2 %) and sows (5.7 +
0.1 %) in lactose content (%). Sow lactose content in D21 milk was only slightly
higher than for the gilts.

5.4

Growth parameters for gilt and sow progeny

5.4.1___Comparison of mean individual piglet birth weights of cross-fostered sow and
gilt progeny
At the time of farrowing and before suckling, the piglets were weighed, ear tagged
and kept warm under lights until being returned to a sow or gilt under the
experimental conditions as described above in 5.1.3. In summary:
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Piglets were fostered as follows:
1. Treatment A: (n=5) Gilt born and (n=5) Gilt reared
2. Treatment B: (n=5) Gilt born and (n=5) Sow reared
3. Treatment C: (n=5) Sow born and (n=5) Sow reared
4. Treatment D: (n=5) Sow born and (n=5) Gilt reared
Table 5.1. The number of piglets born live to sows and gilts, piglets that survived to
weaning and the total number of piglets removed due to death either post-farrowing
or pre-weaning.

Table 5.1 Number of piglets born/nursed by gilts and sows.

Birth
dam

Piglets
born

Piglets
weaned

Piglets
removed

Gilt

116

108

8

Sow

113

93

20

Mean individual piglet birthweight (kg) for progeny (n=116) from gilts and progeny
(n=113) from sows disregarding parity of the nursing dam, were compared and these
results are shown in Figure 5.7.
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Figure 5.7 Mean individual piglet birth weights of progeny from gilts (n=116) and sows (n=113) (data
presented as mean individual piglet weight kg + SEM)

The mean birth weight for individual piglets born to gilts (n=116) (1.45 + 0.023 kg)
were lighter than for piglets born to sows (n=113) (1.59 + 0.025 kg). There were no
significant differences in birth weights between gilt and sow progeny (p= 0.513).

5.4.2___Comparison of mean individual piglet wean weight of sow and gilt progeny_
At weaning (D28) piglets were again weighed and individual mean piglet wean
weights were compared between gilts and sows. Mean individual wean weights (kg)
for piglets either nursed by gilts (n=108) or nursed by sows (n=93) are shown in
Figure 5.8.
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Figure 5.8 Mean individual piglet wean weights of progeny nursed/weaned by gilts (n=108) and sows (n=93)
irrespective of birth dam (data presented as mean individual wean weight kg + SEM).

The mean weaning weights for individual piglets nursed by gilts (6.9 + 0.138 kg) were
lighter by ~ 1 kg than mean weights recorded for piglets nursed by sows (7.9 + 0.164
kg) disregarding parity of the birth dam. Regression analysis using a linear model
with ‘actual piglets fed’ as the model to be fitted showed (Genstat v10) no significant
differences in mean individual wean weights between gilt and sow progeny (p=
0.284).

5.4.3___Comparison of mean litter birth weight of sow and gilt progeny:________
After birth, all litters were weighed as a whole and the comparison of these litter
liveweights between gilts and sows is shown in Figure 5.9. Total number of piglets in
gilt litters was (n=116) and in sow litters was (n=113). All sows and gilts were
allocated n=10 piglets after farrowing but some piglets had to be removed from trial
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due to illness. Corrections were made for piglets that were either removed from trial
due to illness or died prior to weaning by cross-fostering from the same birth/nursing
dam group where possible. Further corrections were made during statistical analysis
of the data using the actual number of piglets fed by the dam.

Figure 5.9 The mean litter birth weights of gilt (n=116) and sow (n=113) born progeny (data presented as mean
litter birth weight kg + SEM).

The mean litter birth weights for piglets born to gilts (13.0 + 0.19 kg) were only
slightly lighter than for litters born from sows (13.8 + 0.3 kg) these mean litter birth
weights did not differ significantly (p=0.422).
Litter numbers were comparable at the start of the trial with gilts receiving (n=116)
piglets and sows receiving (n=113).
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5.4.4___Comparison of mean litter wean weight of sow and gilt progeny________
At weaning, D28, all litters were weighed as a whole and the comparison of mean
litter wean weights between litters either nursed by gilts (n=108) or sows (n=93)
disregarding parity of the birth dam and these results are shown in Figure 5.10.

Figure 5.10 Mean litter wean weights between piglets that were either sow nursed (n=93) or gilt nursed
(n=108) piglets irrespective of birth dam (data presented as mean litter wean weight kg + SEM).

The mean litter wean weights for piglets nursed by gilts (55.6 + 1.1 kg) were lighter
than for litters nursed by sows (58.4+ 1.3 kg) disregarding the parity of the birth dam.
Genstat multivariate analysis using a general linear regression with actual piglets fed
as the model to be fitted, with parity of the nursing dam as a factor showed no
significant differences between litter wean weights between gilts and sows (p=
0.557).
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5.4.5___Comparison of mean individual piglet birth/wean weights: Birth and wean
weights of gilt born piglets
At farrowing and again at weaning (D28), all piglets from their respective treatment
groups were weighed and the comparison of mean individual birth/wean weights
between gilt born (n=116) and either gilt nursed (n=54) piglets (treatment A)
compared to gilt born but sow nursed piglets (n= 51) (treatment B) is shown in Figure
5.11.

Figure 5.11 Mean individual birth and wean weights of gilt born (n=116) and either gilt/sow nursed (n=108) piglets
(data presented as mean weight kg + SEM).

Mean individual birth weight for piglets born to gilts (1.43 + 0.24 kg) was compared to
the mean individual wean weight for piglets either nursed by gilts (6.9 + 1.49 kg) or
nursed by sows (7.9 + 1.70 kg). An increase in mean individual wean weight (1 kg)
was seen for piglets nursed by sows.
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5.4.6___Comparison of mean individual piglet birth/wean weights: Birth and wean
weights of sow born piglets
At weaning, all piglets were weighed and the comparison of mean individual birth and
wean weights between sow born (n=113) and either gilt nursed (n=54) (treatment C)
or sow nursed (n=47) (treatment D) piglets are shown in Figure 5.12.

Figure 5.12 Mean individual birth and wean weights of sow born (n=113) and either gilt (n=54) or sow
nursed (n=47) piglets (data presented as mean weight kg + SEM).

When comparing the mean individual birth weight of sow born piglets (1.43 + 0.24 kg)
and the mean individual wean weight of piglets either nursed by gilts (7.2 + 1.58 kg)
or sows (7.8 + 1.85 kg) there was no significance (p= 0.422). Results suggest that
piglets nursed by sows, have a higher weaning weight than piglets nursed by gilts,
regardless of the parity of the birth dam.
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A comparison between the birth and wean weights of piglets that were born to gilts
(n=116) or sows (n=113) and nursed and weaned by gilts (n=108) or sows (n=93) for
all treatments are compared in Figure 5.13.

Figure 5.13 Mean individual birth and wean weights between piglets that were sow born /nursed or gilt born/
nursed piglets (data presented as mean weight kg + SEM).
.

Although gilt progeny tended to be lighter at birth there was no significant effect of
parity of the dam to which the piglet was born (p=0.513). Weaning weights were
observed to be higher for sow nursed progeny regardless of the birth dam and
statistical analysis, using linear logistic regression for actual piglets fed as the fitted
model, by nursing dams was significant (p=0.021). Regression analysis was
performed (Genstat v10) using REML with parity as the random model to be fitted.
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5.4.7___The effect of litter size on growth rate of progeny nursed by gilts and sows_
The main cause of low body weight at birth in a given litter is recognised as fetal
under-nutrition, due to poor uterine position (Gondret et al 2005). The increase in
uterine blood flow is insufficient to compensate for the increased number of fetuses,
which results in a reduced nutrient supply for each fetus (Beaulieu et al 2010), and
therefore lighter individual birthweight and subsequently a lighter litter weight.
The mean bodyweight was 726 ± 0.4 g heavier with sow fed progeny. The location
of the sows and gilts in two different (adjacent) sheds did not have a significant
influence on the growth of piglets (p=0.408).
There was no clear effect of parity or litter size, suggesting that colostrum production
is an individual characteristic of the sow. Within a litter, colostrum intake by the piglet
varies considerably. Le Dividich et al (2005) found that it is independent of birth
order, but related positively to birth weight and negatively related to litter size.

5.4.8___ Focussed anlaysis of selected sow and gilt colostrum based on growth
performance of nursed piglets
A subset of the cross-foster trial dams were selected for analysis of the individual
piglet and litter birth to weaning performance of the piglets they nursed to weaning.
Sows that were either considered ‘high’ producing or ‘low’ producing were selected
on the basis of their mean litter weaning weights and the number of piglets they
weaned. We selected sows that all started the trial with ten piglets and that had
weaned at least seven piglets and then further selected sows according to the wean
weights of their litters.
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Three sows with the heaviest litter wean weights were selected as ‘high’ producing
sows, three sows with the lowest litter wean weights were selected as ‘low’ producing
sows. Three gilts with the heaviest litter wean weights were selected as ‘high’
producing gilts and three gilts with the lowest litter wean weight were selected as
‘low’ producing gilts.
The results of mean piglet birth and wean weights between the selected sows and
gilts are shown in Figure 5.14.

Figure 5.14 Mean litter birth and wean weights between piglets that were sow born /nursed or gilt born/
nursed that were selected as either ‘high’ or ‘low’ producing dams (data presented as mean weight kg + SEM).

Analysis showed no significant differences (p=0.422) between litter birthweights (11 –
15 kg) from either ‘high’ or ‘low’ producing sows and gilts. However, there was a
tendency for differences in the litter wean weights of piglets from ‘high’ producing gilts
(66 + 7.0 kg) and sows (69.4 + 9.7 kg) although this was not significant (p=0.557).
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The ‘low’ producing sows weaned piglets of similar live weight (48.8 + 2.1 kg) to the
‘high’ producing gilts (46.3 + 4.2 kg).

A comparison of the protein concentration of the colostrum from these selected dams
to determine if any relationship exists between the protein concentration of colostrum
and litter wean weight when comparing sows and gilts is shown in Figure 5.15.

Figure 5.15 Protein concentration of colostrum samples from ‘high’ and ‘low’ producing gilts and sows
(data presented as mean protein concentration mg/ml + SEM).

Mean protein concentration results for ‘high’ producing sows (182.1 + 12.0 mg/ml)
(parities 2, 3 and 6) and gilts (168.0 + 19.8 mg/ml) and for ‘low’ producing sows
(173.0 + 9.8 mg/ml) (parities 2, 3 and 5) and gilts (162.7 + 15.1 mg/ml). Although the
differences in protein concentrations were higher for the ‘high’ producing sows and
gilts, regression analysis (Genstat v10) showed this difference was not statistically
significant (p=0.813). There is a slight trend in decreasing protein concentration
208

Improving performance of gilt progeny
__________________________________________________________________
between sows and gilts suggesting a relationship between the protein concentration
of colostrum of the nursing dam and the litter wean weight of the piglets.

Colostrum samples from these selected gilts and sows were investigated using a
proteomic approach to determine if differential expression of proteins between gilts
and sows could be a factor in determining litter wean weights.

5.5

Proteomic analysis of the protein fraction of colostrum
of selected high and low producing sows and gilts
utilised in the cross-foster trial

5.5.1___2D analysis of colostrum collected from the cross-foster trial- experimental
methods
The same subset of ‘high’ and ‘low’ producing gilts and sows (see section 5.4.8) were
further evaluated using 2D gel analysis for at least a two-fold difference between
protein spots between groups using ImageMaster 2D software.
Colostrum samples were defatted as per section 2.1.3. IPG strips (Immobiline
DryStrip, GE Healthcare) pH 4 - 7 (non-linear) were sample loaded (in triplicate for
each animal) and rehydrated and focussed (as per section 2.5.1). Strips were
equilibrated and 2D SDS PAGE gels were run as described in 2.5.2.
Images of these triplicate gels of individual animals were analysed with ImageMaster
2D analysis program and a composite (Master) gel was derived for all sets of
samples being analysed. Master gels were compared for differences in expression of
proteins and identifying any fold differences in optical density between ‘high’ sow and
gilt and ‘low’ sow and gilt samples. Peptide mass fingerprints were obtained from
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spots of interest using a Micromass ToFSpec 2E mass spectrometer (MALDI-TOFMS) at The University of Sydney, Biological Sciences facilities.
Peptide mass fingerprinting analysis (Peptident program available from ExPASy
(www.Expasy.ch) were compared with the theoretical masses derived from the
sequence in SWISS-PROT/TrEMBL databases. Tandem MS/MS analysis on amino
acid sequences determined were also searched against the SWISS-PROT/TrEMBL
database.

5.5.2___2D analysis of colostrum collected from the cross-foster trial- ImageMaster
2D analysis
Figure 5.16 are a representative samples of ‘high’ sow (gel 1), ‘low’ sow (gel 2) ‘high
gilt (gel 3) and ‘low’ gilt (gel 4) whole colostral proteins (200 μg loaded sample).
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Representative protein profile of colostrum from high production v low production
sows and gilts on 15% 2D SDS PAGE

pH 4

KDa
180

7

pH 4

7

75
50

β-Caseins
α-S1Caseins

20
β-Lactoglobulin

10

Gel 1: High producing sow

Gel 2: Low producing sow

KDa
180
A2
A5 - A6

50

A8
20

10

Gel 3 High producing gilt

Gel 4 Low producing gilt

Figure 5.16 2D SDS PAGE of individual protein profiles of ‘high’ producing sows (gel 1) and gilt (gel 3) and ‘low’
producing sows (gel 2) and gilts (gel 4) (200 µg protein sample), showing differences in expression of protein
profiles. The red circles highlight one spot that is expressed by 4/6 sows and only 2/6 gilts in this analysis. The
green circles show differences in the expression of casein and whey proteins. Boxed numbers indicate spots
identified by MS/MS. Red arrows highlight the missing spot between sow and gilt profiles.

The above gels visually demonstrate that differences in expression level of proteins
do occur between individual animals although this may not necessarily relate to
differences between gilts and sows.
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The green circled areas on gel 1 (Figure 5.16) show the major casein and whey
proteins expressed in porcine colostrum and highlight the differences in individual
expression of these proteins between gilt and sow colostrum samples. The red
circled areas on gel 2 (Figure 5.16) highlights one visual difference in expression of
the α-S 1 Caseins between gilts and sows. This particular spot (highlighted by the red
arrows) was observed in 3 of 3 ‘high’ sows, 2 of 3 ‘low’ sows, 1 of 3 ‘high’ gilts and 0
of 3 for the ‘low’ gilt group and can also be clearly seen in Gel 1, however is not
observed in Gels 3 and 4 of gilts. The orange circled areas on gel 3 (Figure 5.16) are
proteins identified by MS/MS and these results are shown below in Table 5.3.
Table 5.2 Peptide sequences derived from MS/MS identification of protein spots
separated by 2D gel electrophoresis.
Spot #
protein(s) identified
Peptide sequence(s)
A2

P39037 - β-casein

VLPVPQQVVPFPQR

A5
A6

A45661- α s1-casein
A45661- α s1-casein

QLEAIHDQELHR
EEDVPSQSYLGHLQGLNK
QEIINELNR
HVQKEEDVPSQSYLGHLQGLNK
FPEVPLLSQFR

A8

A45542- β-Lactoglobulin

MRCLLLTLGLALLCG

The concentrations of protein expression in the colostrum from high producing sows
and gilts and low producing sows and gilts were compared by computerised
densitometry (ImageMaster™ 2D platinum software v5.0 (ed AB) Amersham
Biosciences, Little Chalfont, Buckinghamshire UK).
Figure 5.17 an ImageMaster representation of spots matched across all gels with
blue lines indicating the variation of position of proteins across gels and LM1 (land
mark 1) and LM2 were the spots used for initial alignment of gels.
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Figure 5.17 ImageMaster representation of spots matched across all gels in the high v low
producing gilts and sows experiment where n=3 ‘high’ sows, n=3 ‘low’ sows, n=3 ‘high’ gilts and
n=3 ‘low’ gilts. Blue lines indicate the variation in position of matched protein spots across all gels.
(LM= landmark used to match gels).

Figure 5.18 depicts the master gel of ‘high’ producing sows where ImageMaster
analysis identified 1089 pairs of spots matched across all gels in this experiment (see
outlined in red).
The spots outlined in green are identified as being different in other represented
classes (low gilt, low sow and high gilt) of this analysis when compared to the Master
‘high’ sow gel.
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Figure 5.18 ImageMaster representation of ‘high’ sow Master gel showing spots matched across all gels in
this high v low producing gilts and sows experiment where n=3 ‘high’ sows, n=3 ‘low’ sows, n=3 ‘high’ gilts
and n=3 ‘low’ gilts. Spots considered to have a fold difference are outlined in green with their identification
number assigned by ImageMaster, (LM= landmark used to match gels).

Spots identified as 1279 and 1334 were considered significantly different between
matched gels and between classes (high producing sows and gilts and low producing
sows and gilts) by 2.2 and 1.3-fold respectively.

Other spots on these gels (Figure 5.18 and 5.19), also highlighted in green, were
considered not significantly different (< 0.7-fold difference) for matched gels between
classes. As can be clearly seen in Figure 5.18 and Figure 5.19 not all green outlines
actually contain a spot on the gels. Background ‘noise’ can be removed by adjusting
contrast parameters within the ImageMaster program but also risks eliminating
lighter spots that may be of interest.
Figure 5.19 shows a comparative gilt gel where spot 1334 had been highlighted and
the area where spot 1279 were missing.
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Figure 5.19 ImageMaster representation of a gilt master gel showing spots matched across all gels in this
high v low producing gilts and sows experiment where n=3 ‘high’ sows, n=3 ‘low’ sows, n=3 ‘high’ gilts and
n=3 ‘low’ gilts. Spot 1334 is observed,while spot 1279 is not observed.(LM= landmark used to match gels).

The eliptical blue oval (Fgure 5.19) highlights a smear of coomassie blue stain that
was not removed by de-staining of the gel. These types of artifacts are removed from
the analysis by the ImageMaster program.
Optical density analysis indicated one spot 1279 (in the region of the α-S 1 -caseins)
was found to be 2.2-fold higher in the gels of high producing sows than was found in
the gels of the gilts or low producing sows. Spot 1334 (in the region of βLactoglobulins) were found to be 1.3-fold different in the gels of sows than was seen
in the gilts. Spot 1279 were visually observed in 3 of 3 high producing sows, 1 of 3
low producing sows, 1 of 3 high producing gilts, and 0 of 3 in low producing gilts.
Spot 1334 was visually observed in all gels from all classes, but was considered as a
1.3-fold difference between sow and gilt samples.
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Peptide mass fingerprints were obtained using a Micromass ToFSpec 2E mass
spectrometer (MALDI-ToF-MS) at The University of Sydney, Biological Sciences
facilities. The peptide mass fingerprinting (PMF) homology analysis was done with
the Peptident program available from ExPASy (www.expasy.ch). Peptide masses
were compared with the theoretical masses derived from the sequence contained in
SWISS-PROT/TrEMBL databases. Tandem MS/MS analysis was also performed and
the amino acid sequences determined were also searched against the SWISSPROT/TrEMBL database.
Spot 1279 was identified by tandem mass spectrophotometry (MS/MS) as being αS 1 -Casein with an approximate molecular weight of 23 KDa.
There were also differences observed in the expression of the α-Lactalbumin whey
protein (circled in green gel 1, Figure 5.16) with the greatest difference being
observed for the expression in ‘low’ producing gilt samples, where these selected
dams did not appear to be expressing the full complement of the α-lactalbumin
protein in their colostrum.

5.6

Discussion of results

Chapter 6 aimed to compare the lactation performance between gilts and sows and
whether the suckling vigour of the piglets or the lactation capacity of the dam was the
important limitation to the growth of progeny of first parturition gilts. Failure to achieve
a regular and sufficient intake of colostrum is a major cause underlying production
losses (LeDividich et al 2005). The increased sow milk yield associated with a larger
litter is mainly a function of an increased number of functional glands, whereas the
increased milk yield in response to heavier piglets is associated with increased
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production per gland (Auldist et al 2000). Colostrum is important for the initial
activation of intestinal maturation (Xu 1996), which prepares the nursing neonate for
the nutrients that will be available throughout lactation. Without ingestion of the first
colostrum produced by its dam the piglets’ intestinal system is unable to fully utilise
the following nutrients provided by more mature milk (Sangild 2001). Primiparous
sows have a limited ability to produce milk because they have underdeveloped
mammary tissue, low voluntary feed intake during lactation and a prolonged catabolic
state, where the dam resorts to utilizing energy stores, during both gestation and
lactation (Kim & Wu 2009). Kim & Wu (2009) also suggest that a sows ability to
produce milk greatly affects piglet growth and survival, as normal healthy piglets
possess the ability to ingest a greater amount of milk than is available from sows.
Comparison of compositional differences was investigated at length in Chapters 3
and 4 although these analyses were performed in-vitro it was important to our overall
understanding of these parity differences, in their ability to wean heavier piglets, than
their first parity counterparts by investigating in-vivo. Comparison of results found in
experimental animals in relation to composition of colostrum and milk needed to be
confirmed as a possible parity issue. Other important variables, piglet factors and
milk yield can also be considered utilising cross-fostering. It is well established that
milk yield is influenced by the number size and vigor of piglets being suckled. An
improved milk fatty acid profile, as a result of maternal fat supplementation, may
result in increased piglet vigor, leading to enhanced milk yield, which acts
synergistically to improve piglet growth and development, further enhancing milk yield
(Laws et al 2009).
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During early lactation, body reserves are more important determinants of milk yield
than dietary intake, but later in lactation feed intake of the sow becomes important
(Revell et al 1998). Feeding, energy level and source of energy in a sows’ lactation
diet can have an effect on milk yield and composition and also litter performance.
Lower milk yield and reduced litter weight gain have been recorded when the feeding
level (i.e. energy and protein) was reduced, but in primiparous sows, piglet growth
and survival were generally not affected by energy restriction when protein supply
was constantly maintained during lactation (Noblet & Etienne 1986).
Frequency of suckling plays a role in regulating mammary gland development and
milk production (Auldist et al 2000). The frequency of milk removal is often
dependent on the interaction of suckling behaviours between piglets and the sow.
Consequently, milk yield is under significant behavioural influence because the
frequency of milk removal depends primarily on how frequently suckling is initiated
(Auldist et al 2000).
Milk yield was not measured in this trial as collecting milk samples past the first 24 48 hrs post-farrowing is extremely difficult to do without administering oxytocin to
induce milk let down, and thereby altering the compositional components of the milk
samples.
Our main focus was on the colostral proteins and how these particular proteins
affected the gastrointestinal development and growth in the newborn piglet, however
we decided to investigate the compositional content of D21 milk samples for these
dams to determine if these compositional differences were apparent throughout
lactation.
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Compositional analysis of colostrum focused on the protein concentration, lactose,
IgG and fat content of these lacteal secretions and to compare these results between
gilt and sow samples to determine if the composition of the colostrum secreted by the
gilt may be a limiting factor in the health and growth of their piglets.
The concentration of protein found in our analysis of porcine colostrum is in
agreement with other researchers Klobasa et al (1987), Yang et al (2008), Langer
(2009). However, Park & Haenlien (2006) reported lower protein concentration for
colostrum samples than other researchers who did not state breed of sows or the
actual time of collection of their samples. Protein concentration of the D21 milk
samples were similar to the findings of Klobasa et al (1987) although were lower than
reported by other researchers (Park & Haenlein 2006, Yang et al 2008, Langer
2009). Again specific information on breeds of pigs was omitted so a conclusion
accounting for differences found between researchers is not possible.
Our analysis of colostral protein content did approach significance (p=0.08) when
comparing gilts and sows, although this difference was not observed in D21 milk
samples. It has previously been reported that sows have been found to yield more
colostrum containing a higher protein concentration than found in gilts (Devillers et al
2007).
No significant differences were observed for lactose or fat content in colostrum
between gilts and sows although there was greater variation for fat and lactose
content observed among the gilt samples when compared to the sows. This
insignificance in fat and lactose content was observed through to the D21 milk
samples. Our findings for fat and lactose were similar to Klobasa et al (1987) for both
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colostrum and mature milk samples. Langer (2009) and Yang et al (2008) both
reported lower lactose and higher fat content for colostrum samples, and higher fat
but a similar lactose content in milk samples. Park & Haenlein (2006) found the same
fat content and similar lactose in colostrum, but higher lactose and lower fat in milk
samples. These differences could possibly be attributed to the breed of the sow,
parity, nutritional state at farrowing, diets fed throughout gestation and lactation, litter
size and time of collection of colostrum samples. As discussed previously, a gilt is still
maturing and experiencing energy partitioning for her own growth and maturity
together with supporting a pregnancy and entering into an anabolic state at the
beginning of lactation. Sows of parity 2+ have matured sufficiently so that energy
partitioning is not an issue and have more maternal resources available to pass into
their colostrum and milk.
The use of cross-fostering in the first two days post-partum to reduce neonatal
mortality and within litter growth variation (Wattanaphansak et al 2002, Quiniou et al
2002, Knol et al 2002) is a commercially viable practice. It is important that this crossfostering happens before confirmation of teat order (Robert & Matineau 2001). Within
the first few hours after birth fighting for teats occurs among newborn piglets, but a
teat order is quickly established and piglets develop a preference for a specific teat or
teat pair (Skok et al 2007). Deen & Bilkei (2004) observed that most piglets gain
ownership of a particular teat, the others usually die, or survive by suckling
opportunistically. Fix et al (2010) concluded that the greatest proportion of mortality in
commercial pig production occurs prior to weaning. Fostering piglets from one litter to
another is often carried out to equalise litter size in an attempt to reduce pre-weaning
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mortality. In order to survive until weaning, piglets must be able to compete with
littermates for heat and milk (Deen & Bilkei 2004). However, in a polytocous species
such as the pig, competition among litter mates of variable birth weight for access to
colostrum is intense and sibling competition within litters can produce large variations
in weight between piglets and even affect their survival (Giroux et al 2000). When
comparing the birth weights of the piglets (either individually or as a litter) between
gilts and sows and then comparing the weights of piglets at wean that were either
nursed by a gilt or sow (disregarding the parity of the birth dam) allowed us to
compare the lactation performance of the dams and any effect the parity of the
nursing dam had on the outcome of wean litter weights. Improving litter wean weights
per sow is an important consideration for commercial pig farmers.
Our observations showed no significant differences for mean individual piglet birth
weights between gilts and sows (see Figure 5.9) or for individual piglet wean weights
when compared to the parity of the birth dam only. Mean litter birth weights (n=10)
piglets were also not significant when comparing the parity of the birth dams (see
Figure 5. 10) although the variation in litter birth weights was greater among the sows
than for the gilts, perhaps because the sows generally gave birth to larger litters than
the gilts. Selection for a sow’s ability to give birth to a higher number of piglets has
led to an increased within litter variation in piglet birth weights which was also
reported by Gondret et al (2005). Beaulieu et al (2010) reported that lighter birth
weights in piglets have been associated with slower growth rates and that larger
litters’ result in lighter birthweights. These workers also reported that litters of gilts,
generally born lighter than sow progeny, had the lowest piglet growth rate which is in
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agreement with studies on piglet birthweight and survival by Fix et al (2010). Mean
litter wean weight was also not significant when comparing gilts and sows.
Grandinson et al (2005) observed that weight at farrowing increased with increasing
parity number and piglet mortality was higher in litters born to gilts and in litters born
by sows of parity 6 and older and increasing litter size. Young sows undergoing first
and second parities, experience greater impact by low voluntary feed intake than
mature sows, suggesting that severe restriction in energy intake during gestation can
result in weight loss for the sow which causes problems with reduced milk production
and litter weaning weights (Kim 2010).
In our experiment the parity of the dam rearing the piglets appeared to be more
important than the parity of the birth dam in determining pre-weaning growth
performance.
When piglets were cross-fostered between sows and gilts we observed that all sow
reared piglets exhibited higher weaning weights than gilt reared piglets regardless of
birth dam. While it would seem that there are a number of factors influencing piglet
neonatal growth through to weaning there seems to be some important differences in
the colostrum of sows compared to gilts that may influence neonatal development
and require further investigation. Gross compositional analysis of the colostrum and
D21 milk of these gilts and sows showed that they have a similar composition which
means that the differences shown in the sow nursed piglets must be related to the
actual yield of the nursing dam, where it was demonstrated earlier by Michel et al
(1980) that sows produced more milk (p< .05) than did gilts. We therefore suspect
that the difference observed between the wean weights of piglets nursed by sows
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when compared to the wean weights of piglets nursed by gilts, irrespective of the
birth dam, might be due to increased milk production rather than higher nutrient
levels in the colostrum and milk of the more experienced sows.
In swine, milk yield is affected by the level of suckling intensity, which encompasses
several sow-litter interactions, including suckling frequency, litter size, and age and
size of piglets (Marshall et al 2006). Sows mobilise body reserves to support milk
production when nutrient intake during lactation is low and, if the loss of body
reserves is excessive, especially with young sows, piglet growth may be reduced and
reproductive performance impaired (Mullan & Williams 1989). King et al (1997)
reported that heavier piglets are able to stimulate a greater milk flow from sows and
may empty their glands more completely than lighter piglets. Black et al (1993)
suggested that ambient temperatures above the evaporative critical temperature of
lactating sows lead to a reduction in feed intake, milk yield, reproductive performance
and growth rate of piglets. Therefore, reduction in the growth rate of piglets suckling
sows who are maintained at temperatures above their zone of comfort, has been
assumed to reflect a reduction in milk yield. However, it is not known whether this
reflects a direct effect of high temperature on milk synthesis and/or whether the low
voluntary feed intake of the sow decreases the supply of substrates is responsible for
the decrease in milk production. Proteomics provided further investigation into the
protein component of the lacteal secretions by allowing us to directly compare protein
profiles expressed by gilts and sows and being able to analyse any differences in
these expressed profiles. We selected n=3 sows that nursed >7 piglets to wean and
who weaned the heaviest litters as our ‘high producing sows’ and n=3 sows that also
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nursed >7 piglets to wean but who had the lowest litter wean weights as our ‘low
producing sows’ and n=3 gilts that also nursed >7 piglets to wean with the heaviest
litter wean weight as ‘high producing gilts’ and n=3 gilts that nursed >7 piglets to
wean with the lightest litter wean weight as ‘low producing gilts’. Colostrum samples
from these selected sows and gilts were analysed using 2D gel electrophoresis and
ImageMaster proteomic software to identify any differences in the protein expression
of these animals that may help to account for the wean weight differences of their
piglets.
A two dimensional (2D) gel electrophoresis for separation of complex protein
samples coupled with mass spectrophotometry for protein identification has been
used to analyse protein expression patterns between gilt and sow colostrum
samples. 2D gels provide a visual comparison between samples as is shown in
Figure 5.16 where the spot identified as 1279 is readily seen in the sow samples but
is absent in the gilt samples at a 2.2-fold difference became of interest for further
investigation. In contrast, the spot identified as 1334 can be seen as being expressed
in both gilt and sow gel samples and was not considered of interest for further
investigation. To analyse the differences of any spots identified as being of interest, it
is necessary to utilise an appropriate computer analysis program. The ImageMaster
2D analysis program matches spots on gels in accordance with ‘landmarks’
predefined by the user (Figure 5.17). ImageMaster analysis highlighted spot 1279 as
being 2.2-fold higher (optical density) in sow ‘high’ gels when compared to other
classes being analysed and has been identified by MS/MS as being an α- S 1 -casein
precursor. Any protein modification that leads to a change in overall protein charge

224

Improving performance of gilt progeny
__________________________________________________________________
and, or molecular weight (MW) will generate a different spot on the 2D gel when the
gel MW of a given protein is significantly lower than the calculated weight, the gel
spot represents a protein fragment. Proteins that are activated by limited proteolysis,
the breakdown of proteins into simpler compounds, can be identified as a precursor
protein (Person et al 2006).
Whey protein fraction represents approximately 18 – 20 % of total milk proteins and
contains four major proteins: β-Lactoglobulin (β-Lac), α-Lactalbumin (α-Lac), blood
serum albumin (BSA) and immunoglobulins (Ig’s). These proteins represent 50 %, 20
%, 10 % and 10 % of the whey protein fraction respectively (Jovanovic et al 2007).
SDS profiles can be divided into the high molecular weight proteins (MW <80 KDa)
and lower molecular weight proteins (< 80 KDa). Yamada et al (2002) reported that
significant differences in protein patterns were observed between the low-abundance
proteins and is possible that low abundance proteins in colostrum may have special
physiological relevance to the health and development of neonates in early lactation.
This particular analysis highlighted over a thousand spots that were identified as
being similar between gilts and sow but only one spot was identified as having at
least a two-fold difference when comparing gilt and sow samples. One other spot was
also identified as being different between gilts and sows in this analysis but was less
than a one-fold difference and therefore not considered further. A search of the
literature failed to provide any evidence that a difference in expression of one single
protein in a complex mixture of proteins, such as colostrum, can make any significant
difference to the neonate being nursed. Cross-fostering during the first few days of
life has been found to be an effective method of accommodating the variation in
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rearing capacities of different sows. In practical terms the cross-fostering of gilt
progeny exhibiting ill-thrift onto sows where possible will provide a mechanism for
improving the proportion of suckling piglets attaining viable weaning liveweights
within a commercial breeding herd. The lactating mammary gland secretes a wide
variety of proteins and has an important role in piglet growth (Kim & Wu 2009). One
limiting factor to the intake of these proteins by the neonatal piglet is the rather
unique nursing regime of the sow. Would it be possible to manipulate the orexigenic
drive in the piglet by vaccinating pregnant sows with a novel obestatin molecule that
would encourage piglets to consume more milk at each natural let down. This
hypothesis is considered in chapter 6.
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Immunomodulation of pre-proghrelin peptides to
stimulate milk consumption in piglets
6.1 Manipulating piglet feed intake
6.1.1__Modulation of pre-proghrelin derived peptides and piglet growth______
Obestatin (23 amino acids) and ghrelin (28 amino acids) are two gastrointestinal
hormones obtained by post translational processing of pre-proghrelin (Hassouna
et al 2010). Obestatin and ghrelin are synthesised predominantly in both the
stomach and hypothalamus although they have also been identified in the
pancreas, heart, reproductive tract, adrenal and spinal cord (Ueberberg et al
2009). These two peptides form part of the endocrine complex that controls feed
intake, by integrating the sense of satiety, nutritional status and body composition
of an individual (Butler & Bittel 2007). Obestatin and ghrelin peptides exert their
actions through two different receptors, GRP39 for obestatin and GHS-R for
ghrelin. Major pathways by which regulation of appetite and satiety occur and the
relationship between obestatin and ghrelin and the hypothesised interaction of
these two molecules with their receptors in the hypothalamus, vagus nerve and
stomach to influence feed intake, energy expenditure and energy balance are
demonstrated in Figure 6.1.
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Figure 6.1 Schematic representation of the major pathways involved in the regulation of appetite and satiety
and the relationship between ghrelin and obestatin. Both hormones are predominately secreted by the
stomach into the enteric circulation. Each acts on a different receptor (GPR39 and GHS-R respectively)) to
induce opposing effects on food intake, body weight, and gastrointestinal motility (Nogueiras &Tschop
2005).

Whereas ghrelin needs to be acylated at Ser 2 for expression of its biological
activity, no such modification is required for the expression of obestatin
bioactivity. Inhibition of jejunal contraction by obestatin is thought to trigger an
afferent vagal signal to induce a central satiety response and a sustained
suppression of gastric emptying (Tang et al 2008), and thus antagonises the
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stimulatory effect of ghrelin through interaction with its homologous orphan
GPR39 receptor (Zhang et al 2008, Grönberg et al 2008).
Obestatin and ghrelin are thought to exert opposite actions on feeding behaviour
with ghrelin promoting an orexigenic response, whereas obestatin is thought to
induce an anorexic response. Ghrelin is secreted from the gastric fundus directly
into the circulation, which has been shown to be the first link between a bloodborne hormone and the stimulation of the feeding centre in the hypothalamus (Qi
et al 2007).
As outlined below, we proposed to stimulate feeding in neonatal piglets by
manipulating pre-proghrelin derived peptides through vaccination. The traditional
goal of vaccination is to generate a strong immune response providing long term
protection against infection. Unlike attenuated live vaccines, killed whole
organism or subunit, vaccines generally require the addition of an adjuvant to be
effective (Petrovsky & Aguilar 2004) as would the proposed target antigen in this
study. The concept of adjuvants arose from observations that an abscess at the
innoculation site assisted the generation of higher specific antibody titres (Aguilar
& Rodriguez 2007). The mechanism of action of adjuvant emulsions includes the
formation of a depot at the injection site, enabling the slow release of antigen and
the stimulation of antibody producing plasma cells (Aguilar & Rodriguez 2007).
Stability and potency of vaccine formulations are an important issue during
vaccine development (Xue et al 2010). The Montanide group of adjuvants
containing highly purified oil and injectable emulsifying agents which yield low
viscosity formulations, are reported as having high immunopotentiation capacity
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and show lesser side-effects (Wahgmare et al 2009). DEAE-dextran on the other
hand, is effective at inducing strong immune responses to protein antigens in
sheep (Wedlock et al 2002). These two adjuvants were therefore compared in
the immunisation of sows with obestatin conjugated with the large antigenic
protein ovalbumin.

6.1.2__Aim of the trial_____________________________________
The aim of the obestatin trial was to immunise sows with obestatin conjugated to
a large foreign protein ovalbumin during late pregnancy to ensure that newborn
suckling piglets are passively immunised with antibodies directed against
obestatin

through

the

consumption

of

colostrum.

Furthermore,

it

was

hypothesised that this would induce a homeostatic response to the immunoneutralisation of obestatin by over-transcribing the pre-proghrelin precursor
protein. This in turn would result in the over-expression of the orexigenic peptide
ghrelin thereby driving the suckling response in piglets to consume more
colostrum and then subsequently milk. Any such response would be measurable
through acceleration in live-weight gain to weaning, since the sole nutrient supply
for piglets to this point in time is derived from milk. In effect it is proposed that the
immunisation may increase feeding by both suppressing an anorexic endocrine
regulator of appetite and satiety and at the same time driving feeding behaviour
through increased ghrelin secretion.
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6.1.3 Experimental design, immunisation and sample collection of animals
involved in the obestatin immunisation trial
Pregnant sows (n=28, Parity 3 - 7) from the breeding herd at Rivalea (Australia)
Pty Ltd, Corowa N.S.W, fed a commercial gestation diet (as per Table 2.1) and
housed in eco-sheds, were selected from the same mating week.
At week 8 of gestation (n=28) sows were randomly selected (n=14 sows per
treatment, with (n=10) sows expected to be on trial for each treatment group with
four extra sows per treatment in case of spontaneous abortion.
The two treatment groups were:
Group A: (n=14) sows were immunised aseptically with 0.5 mg obestatinovalbumin dissolved in 2 ml DEAE + BP85:Span80 (as per section 2.7.2) as
adjuvant.
Group B: (n=14) sows were immunised aseptically with 0.5mg obestatinovalbumin dissolved in 2 ml Montanide (ISA 50v) as adjuvant (see section 2.7.2).

Blood samples, via the jugular vein (10ml), were collected before the primary
immunization (as per sections 2.6.2 and 2.7.2).
At weeks 13 and 15 of gestation, sows were re-immunised with the same
vaccination for their treatment groups (as above) and prepared as per section
2.7.2.
All sows were housed in groups on hay bedding in canvas shelters (eco sheds)
until five days prior to expected farrowing, when they were moved to a farrowing
shed into individual farrowing crates. Jugular blood samples (10 ml) were again
taken from sows (post-immunisation, as above) and the diet of sows was
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changed to a commercial lactation diet (as per Table 2.1). The first 10 sows to
farrow from each treatment group were incorporated into the study. All sows
gave birth unassisted and were allowed to suckle their piglets uninterrupted until
weaning (D28).

6.1.4__Colostrum and sow and piglet blood sample collection_____________
Colostrum samples were collected during farrowing as per section 2.1.1 and
defatted as per section 2.1.3.
Colostral protein concentration for all samples was determined with the BCA
assay (as per section 2.2.1). IgG concentration was determined using a
commercial assay kit (as per section 2.2.4). Ghrelin content in colostrum and
plasma samples was analysed using a commercial ghrelin RIA kit (PhoenixAbacus ALS, East Brisbane, QLD, Australia) as per section 2.8.7.
Blood samples (~ 5 ml) were collected from the ear vein of piglets, and the
jugular vein of sows at farrowing using a 23 G x 1 ¼” needle (Livingstone) and
blood placed into EDTA-heparin plasma tubes (Interpath) and spun at 1200 xg
for 7 min at RT to separate blood components. Separated plasma was stored at 20°C in 5 ml sample tubes (Sarstedt Aust) until assayed.
Compositional results were analysed using a one way ANOVA and growth rate
data using regression analysis in Genstat (v 10). For data presentation purposes
obestatin titre results were Log transformed.
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Growth rate (g/day) was calculated using (weaning weight – birth weight) divided
by the days of lactation. Plasma obestatin antibody titres were determined by
ELISA as described in detail in section 2.8.5.

6.2

Results: Obestatin vaccination trial: - Colostrum and
plasma sample analysis.

6.2.1___Protein concentration and IgG content of colostrum collected from
obestatin vaccinated sows
Obestatin vaccinated sow colostrum was assayed for protein concentration and
IgG content and these results are shown below in Figure 6.2.

Figure 6.2 Mean protein concentration and mean IgG concentration of defatted colostrum collected from
obestatin immunised sows in treatment group A (n=10) and treatment group B (n=10) where A= DEAE +
obestatin and B= Montanide + obestatin (data presented as mean protein and IgG concentration mg/ml +
SEM) .
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Mean protein concentration (mg/ml) tended to be higher in the treatment group B
sows (190.9 + 12.2 mg/ml) than in the treatment group A sows (166.2 + 12.8
mg/ml) however this difference was not considered statistically different
(p=0.179).
Comparison of mean IgG content (mg/ml) in the colostrum of sows from
treatment A (67.7 + 3.0 mg/ml) was significantly lower than was seen for
treatment B (82.3 + 4.8 mg/ml) (p= 0.018). The average parity of sows for
treatment group A (5.9 + 0.4) and treatment group B (6.1 + 0.3) was not
statistically significant (p= 0.713).

6.2.2 _Obestatin antibody detection and titre in sow colostrum using ELISA__
Obestatin antibody titre analysis was performed on all defatted colostrum
samples collected from treatment group A (n=10) and treatment group B (n=10)
sows and these results are shown in Figure 6.3.

Figure 6.3 Mean obestatin antibody titre (log) of colostrum collected from obestatin immunised sows in
treatment groups A (n=10) and B (n=10) where A= DEAE + obestatin and B= Montanide + obestatin (data
presented as mean log of obestatin antibody titre + SEM).
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Comparison of the mean of obestatin antibody titres in the colostrum of sows
from treatment group A (5543 + 2388 OD) (log 3.47 + .18) and treatment group B
(3139 + 1151 OD) (log 3.32 + .15) appeared higher in the treatment group A than
in the treatment group B, although the differences between treatments were not
significantly different (p=0.586).

6.2.3__Obestatin antibody detection and titre in sow and piglet plasma using
ELISA
Obestatin antibody analysis was performed on all plasma samples from
treatment group A (n=10) and treatment group B (n=10) sows and from all piglets
on trial as described above and these results are shown in Figure 6.4.

Figure 6.4 Mean obestatin antibody titre (log) of plasma collected from obestatin immunised sows in
treatment group A (n=10) and B (n=10) where A= DEAE + obestatin and B= Montanide + obestatin (data
presented as mean log of obestatin antibody titre + SEM).

Comparison of mean obestatin antibody titres in the plasma of sows from
treatment group A (2949 + 1743 OD) (log 3.1 + .18) and treatment group B (1490
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+ 587 OD) (log 3.02 + .14) also showed no significant differences between
treatment groups for sow plasma titres (p=0.736).
At farrowing treatment group A sows produced n=94 piglets and treatment group
B sows produced n=90 piglets. Piglets were either removed from trial due to
illness (E. coli, meningitis or scours) or death (illness and overlay). Analysis was
performed using only the piglets that survived from birth to D28 weaning and
where a full complement of piglet plasma samples and weights were recorded for
each piglet.
Obestatin antibody titre analysis was also performed on all plasma samples for
piglets on D5 after birth from treatment group A (n=51) and treatment group B
(n=55) to detect for their presence in piglet plasma after birth, colostrum
ingestion, and at weaning, these results are shown in Figure 6.5.

Figure 6.5 Mean obestatin antibody titre (log) of D5 piglet plasma collected from piglets born to sows in the
obestatin vaccination trial on D5 post birth in treatment group A (n=51) and treatment group B (n=55) where
A= DEAE + obestatin and B= Montanide + obestatin (data presented as mean obestatin antibody titre log +
SEM).
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Comparison of the mean of obestatin antibody titres in the D5 plasma of piglets
from treatment A (11353 + 1598 OD) (log 3.8 + .5) and treatment B (12915 +
1509 OD) (log 3.9 + .4) showed no significant differences in the obestatin
antibody titre between D5 piglet plasma treatment groups. Analysis of the log of
obestatin antibody titres in the D5 plasma of piglets was not significantly different
(p=0.479).

Obestatin antibody titre analysis was also performed on all plasma samples for
piglets on D28 prior to weaning from treatment group A (n=51) and treatment
group B (n=55) to detect obestatin antibody titres in piglet plasma, and these
results are shown in Figure 6.6.

Figure 6.6 Mean obestatin antibody titre (log) of D28 piglet plasma collected from piglets born to sows in the
obestatin vaccination trial on D28 prior to weaning in treatment group A (n=51) and treatment group B
(n=55) where A= DEAE + obestatin and B= Montanide + obestatin (data presented as mean obestatin
antibody titre log + SEM).
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Comparisons of the mean of obestatin antibody titres in the D28 plasma of
piglets from treatment group A (3039 + 494 OD) (log 3.2 + .5) and treatment
group B (1410 + 194 OD) (log 2.9 + .4) showed a much higher titre for the
treatment group A group piglets. Analysis of obestatin antibody titres comparing
the D28 titres of piglets between treatment groups was considered to be
significantly different (p=0.002).
A summary of obestatin titre values between sow colostrum (n=10 sows per
treatment) and plasma (n=10 sows per treatment) and compared to the obestatin
antibody titre values for piglet D5 (A) n=51 and (B) n= 55 and D28 (A) n=51 and
(B) n= 55 plasma samples and these results are shown below in Figure 6.7.

Figure 6.7 Summary of log of mean obestatin antibody titres of sow colostrum and plasma in treatment
groups A (n=10) and B (n=10) and piglet plasma collected on D5 (n=51 A and n= 55 B) after birth and D28
(n=51 A and n=55 B) on day of weaning. Where A= DEAE + obestatin and B= Montanide + obestatin (data
presented as mean obestatin antibody titre log + SEM).
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The correlation coefficient between obestatin antibody titres in the plasma of
sows from treatment group A and treatment group B and the obestatin D5
plasma titres of piglets approached significance (p=0.082). The correlation
coefficient of sow obestatin antibody titre in colostrum and the D5 piglet plasma
obestatin antibody titre also approached significance (p=0.085). Sow colostrum
obestatin antibody titres were compared to the piglet plasma titres for D28 and
no significant relationship was found (p=0.108). The correlation between sow
plasma obestatin antibody and the piglet plasma titres for D28 was found to be
significant (p=0.020).

The relationship between mean obestatin antibody titres in colostrum and plasma
from treatment group A sows is depicted in Figure 6.8.

Figure 6.8 Mean obestatin antibody titre (log) of sow colostrum and plasma collected from sows from
treatment group A (n=10) where A= DEAE + obestatin and B= Montanide + obestatin (data presented as log
of mean obestatin antibody titre + SEM) (R2= 0.1622).
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The mean of obestatin antibody titres for sow colostrum (5543 + 2265 OD) and
sow plasma (1559.5 + 475 OD) samples from treatment group A were variable
and not significantly different from each other (p=0.196). Linear regression
analysis was also performed to investigate if any linear relationship existed
between these two parameters in Group A sows. There was a poor linear
relationship between these two obestatin titres (p=0.097) (R2=0.1622).

The mean sow obestatin antibody tires in colostrum and plasma were calculated
to evaluate any relationship between the mean titre of obestatin antibodies in
colostrum to levels found in plasma samples for treatment group B sows and
these results are shown in Figure 6.9.

Figure 6.9 Mean obestatin antibody titre (log) of sow colostrum and plasma collected from sows from
treatment group B (n=10) where A= DEAE + obestatin and B= Montanide+ obestatin (data presented as log
of mean obestatin antibody titre + SEM) (R2= 0.2296).
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The mean of obestatin antibody titres for sow colostrum (3131 + 1092 OD) and
sow plasma (839 + 209.8 OD) samples from treatment group B were also similar
and no significant difference was seen between the observed values (p=0.180).
Linear regression analysis to investigate any relationship between the log of sow
colostrum and mean plasma obestatin antibody titres for treatment group B sows
revealed there was no significant relationship (p=0.135) (R2=0.2296) .

6.2.4__ Obestatin immunisation of sows using different adjuvants: its impact on
the mean litter weight and weaning weight of piglets
The mean litter birth weight (kg) of piglets for treatment group A (n=51) and
treatment group B (n=55) and mean litter wean weight (kg) of piglets in treatment
group A (n=51) and treatment group B (n=55) were compared and the results are
shown below in Figure 6.10.

Figure 6.10 Summary of mean litter birth weights for treatment group A (n=51) and treatment group B
(n=55) piglets from obestatin vaccinated sows in treatment group A (n=10) and B (n=10) and the mean litter
wean weight of piglets for treatment group A (n=51) and treatment group B (n=55) post weaning, where
treatment A= DEAE + obestatin and treatment B= Montanide + obestatin (data presented as mean birth and
litter weights kg + SEM).
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Analysis of mean litter birth weights for piglets in treatment group A (9.5 + 1.8 kg)
and treatment group B (9.3 + 1.1 kg) were not statistically significantly different
(p= 0.993). The differences in mean litter wean weights of piglets in treatment
group A (40.5 + 7.9 kg) and treatment group B (45.6 + 6.0 kg) was also not
statistically significantly different (p=0.295). The mean number of piglets weaned
by each sow in treatment A and treatment B was 8.2 and 8.3 piglets respectively.
Analysis was performed only on piglets from each group that had a full
complement of plasma and weight data.

Regression analysis was performed to investigate if any linear relationship
existed between sow mean obestatin antibody titre in colostrum and piglet growth
rate (n=51) for treatment group A piglets and these results are shown in Figure
6.11.

Figure 6.11 Linear relationship of sow mean obestatin antibody titre in colostrum from (n= 10) sows
vaccinated with obestatin + DEAE (treatment group A) against the growth rate of the piglets (n=51) nursed
by treatment group A sows (data presented as log of sow mean obestatin antibody titre and individual piglet
growth rate kg)(R2= 0.174).
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Mean piglet growth rate (g/day) for piglets nursed by treatment group A sows
was (200 + 52.9 g/day). Regression analysis revealed no significant linear
relationship (p= 0.181) (R2 0.174) between piglet growth rate and sow mean
obestatin antibody titre in colostrum between treatment group A.

Analysis was also performed to investigate if any linear relationship existed
between sow mean obestatin antibody titre in colostrum and piglet growth rate
(n=55) for treatment group B nursed piglets and these results are shown in
Figure 6.12.

Figure 6.12 Linear relationship of sow mean obestatin antibody titre in colostrum from (n=10) sows
vaccinated with obestatin + Montanide (treatment group B) against the growth rate of the piglets (n=55)
nursed by treatment group B sows (data presented as Log of sow mean obestatin antibody titre and
individual piglet growth rate kg)(R2= 0.0021).

Mean piglet growth rate (g/day) for piglets nursed on treatment group B sows
was (225 + 53.4 g/day). Regression analysis showed no significant linear
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relationship between piglet growth rate and sow mean obestatin antibody titre in
colostrum between treatment group B (p=0.181) (R2=0.0021).
Analysis was also performed to investigate any relationship between the D5
piglet plasma mean obestatin antibody titres and their respective growth rates for
treatment group A nursed piglets and the results are shown in Figure 6.13.

Figure 6.13 Linear relationship of analysis of piglet D5 obestatin plasma titre for (n= 51) piglets in treatment
group A against piglet growth rate (data presented as log ghrelin titre and piglet growth rate g/day) (where
A= DEAE + Obestatin) (R2 0.0181).

Individual D5 obestatin plasma titres for piglets in treatment A were (11353.3 +
11415.1 OD) and mean growth rate for piglets nursed by treatment A sows was
(200.5 + 52.9 g/day). Regression analysis revealed no significant linear
relationship (p=0.321) (R2 =0.0181).

Analysis was also performed to investigate any relationship between the D5
piglet plasma mean obestatin antibody titres and their respective growth rates for
treatment group B nursed piglets and the results are shown in Figure 6.14.
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Figure 6.14 Linear relationship of analysis from (n= 55) piglet D5 mean obestatin antibody titre for treatment
group B versus piglet growth rate (g/day) (where B= Montanide + obestatin). (R2 0.0066).

Individual D5 mean obestatin antibody titres in plasma for piglets in treatment
group B were (12914.7 + 11189.9 OD) and mean growth rate for piglets nursed
by treatment B sows was (225.5 + 53.4 g/day). Regression analysis revealed no
significant relationship (p=0.316) (R2=0.0066) between piglet growth rate and
mean obestatin antibody titre in plasma at D5 in treatment group B piglets.

Analysis was also performed to investigate any relationship between the D28
piglet plasma mean obestatin antibody titres and their respective growth rates for
treatment group A nursed piglets and the results are shown in Figure 6.15.
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Figure 6.15 Linear relationship of analysis from (n=51) piglet D28 mean obestatin antibody titre for
treatment group A versus piglet growth rate (g/day) (where A= DEAE + obestatin) (R2 0.1166: p=< 0.05).

Individual D28 mean obestatin antibody titre in plasma of piglets in treatment
group A were (3039.4 + 3534.1 OD) and mean growth rate for piglets nursed by
treatment A sows was (200.5 + 52.9 g/day) were analysed by regression analysis
which indicated a relationship (p=0.034) (R2=0.1166) between piglet growth rate
(B) and obestatin antibody titre in plasma.

Analysis was again performed to investigate any relationship between the D28
piglet plasma mean obestatin antibody titres and their respective growth rates for
treatment group B nursed piglets and the results are shown in Figure 6.16.
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Figure 6.16 Linear relationship of analysis from (n= 55) piglet D28 mean obestatin antibody titre for
treatment B versus piglet growth rate (g/day) (where B= Montanide + obestatin) (R2 0.0048).

The mean D28 obestatin antibody titres in plasma for piglets in treatment group B
were (1410.1 + 1439.6 OD) and mean growth rate for piglets nursed by treatment
group B sows was (225.5 + 53.4 g/day). Regression analysis indicated no
significant relationship (p=0.358) (R2=0.0048) between piglet growth rate (B) and
obestatin plasma titre.

A comparison between treatments A and B to induce obestatin antibody titres in
plasma from piglets on D5 and D28 was made to determine differences in the
persistency of antibodies in piglet plasma through to weaning. These results are
shown below in Figure 6.17.
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Figure 6.17 Summary of mean log of piglet obestatin antibody titre in plasma for D5 samples from treatment
group A (n=51) and treatment group B (n=55) and for mean D28 piglet obestatin antibody titre in plasma for
treatment group A (n=51) and treatment group B (n=55) post wean plasma samples, where A= DEAE +
obestatin and B= Montanide + obestatin (data presented as mean log of plasma titres + SEM).

D5 obestatin antibody titres in plasma for piglets in both treatment groups (3.9 +
0.1 (A) and 3.9 + 0.1 (B) showed no significant difference (p=0.988). Similarly
D28 obestatin antibody titres in plasma (3.3 + 0.1 (A) and 3.1 + 0.1 (B) did not
differ significantly (p=0.306) between treatment groups. D5 obestatin antibody
titres were significantly higher (p=<0.003) than D28 titres values for treatment
group A and also for treatment group B (p=<0.001).
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6.3

Ghrelin analysis

6.3.1 Ghrelin concentration in colostrum from obestatin immunised sows____
Ghrelin concentration (pg/ml) was measured in all defatted colostrum samples
from treatment group A (n=10) and treatment group B (n=10) sows and these
results are shown in Figure 6.18.

Figure 6.18 Ghrelin concentration (pg/ml) of colostrum collected from obestatin immunised sows in
treatments A (n=10) and B (n=10) where A=DEAE + obestatin and B= Montanide + obestatin (data presented
as mean ghrelin pg/ml + SEM).

Mean ghrelin concentration (pg/ml) in the colostrum of sows in treatment group A
(672 + 78 pg/ml) and sows in treatment group B (666 + 39 pg/ml) did not differ
significantly (p=0.946).
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6.3.2 Ghrelin concentration in the circulation of piglets from obestatin
immunised sows
Ghrelin concentration (pg/ml) was measured in D5 plasma samples from
treatment group A (n=10) and treatment group B (n=10) piglets to determine if
these values could be related to obestatin antibody titres in their host dam. The
blood samples were collected D5 post-partum and these results are shown in
Figure 6.19.

Figure 6.19 Ghrelin concentration (pg/ml) in D5 plasma collected from piglets in treatments group A (n=10)
and B (n=10) of the obestatin vaccinated sows, where A= DEAE + obestatin and B= Montanide + obestatin
(data presented as mean ghrelin pg/ml + SEM).

Results of mean ghrelin concentration (pg/ml) in the D5 plasma of piglets from
treatment group A (1106 + 164 pg/ml) and treatment group B (530 + 84 pg/ml)
sows showed there were significant differences in the concentration of ghrelin
contained in the plasma of piglets from the two treatments (p=0.011).
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Further regression analysis showed no significant differences (p=0.592) in the
wean rates of piglets when related to the ghrelin content of plasma from
vaccinated sows.
A comparison between the plasma ghrelin concentration (pg/ml) between sow
colostrum and piglet plasma from both treatment group A and treatment group B
was also undertaken and the results are shown below in Figure 6.20.

Figure 6.20 Ghrelin concentration (pg/ml) of plasma collected from obestatin immunised sows treatment
group A (n=10) and B (n=10 and piglet treatment groups A (n=10) and B (n=10) where A= DEAE + obestatin
and B= Montanide + obestatin (data presented as mean ghrelin pg/ml + SEM).

The relationship between sow colostrum ghrelin concentration (pg/ml) and piglet
plasma ghrelin content was significant (p=0.049) (R2=0.1286) for treatment A
sows and piglets.
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6.3.3___Fat and lactose analysis of colostrum from obestatin vaccinated sows__
Fat and lactose content analyses were also performed on all samples (n=10
sows per treatment group) to compare fat and lactose content contained in
colostrum of vaccinated sows and these results are shown in Figure 6.21.
.

Figure 6.21 Comparison of lactose concentration and fat % of colostrum collected from obestatin
immunised sows in treatments A (n=10) and B (n=10) where A= DEAE + obestatin and B= Montanide +
obestatin (data presented as mean lactose and fat % + SEM).

There were no significant differences (p=0.845) between sows in treatment group
A (5.5 + 0.21 %) and sows in treatment group B (5.2 + 0.26 %) in colostrum fat.
Analysis of the mean lactose concentration in colostrum also showed there were
no significant differences (p=0.981) between colostrum from sows in treatment
group A (5.2 + 0.26 %) and in treatment group B (5.2 + 0.31 %).
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6.4

Discussion of results

The ability of the immunisation of late pregnant sows with an obestatin vaccine to
increase the feeding behaviour of their piglets through an increased orexigenic
drive induced by immunoneutralising the anorexic peptide obestatin has been
assessed here. Our hypothesis was that anti-obestatin antibodies ingested with
colostrum would result in the production of heavier offspring at weaning by
increasing the orexigenic drive in the piglet. The obestatin vaccination study also
assessed the efficacy of two adjuvant systems used in conjunction with a specific
obestatin antigen involving the linkage of this peptide with ovalbumin through an
N-terminal cystine linkage.
The quality and quantity of colostrum produced by these immunised sows was
important to ensure a rapid initial boost to the growth rate of neonates. Protein
concentration of colostrum samples from sows are consistent with previous
reports by Yang et al (2008) (160 mg/ml), Langer (2009) (180 mg/ml). Protein
concentration tended to be higher in the treatment group B sows although this
was not statistically significant. The IgG concentrations similarly identified higher
concentrations in the colostrum from the treatment group B sows, as would be
expected since the predominant family of proteins in colostrum are the
immunoglobulins (Figure 6.2). Our values are in agreement with Klobasa et al
(1987) who reported a similar IgG content of 64.8 mg/ml in the colostrum of sows
varying in parity. This value is consistent with the IgG content found in the
treatment group A sow colostrum, although our values for the treatment group B
sow colostrum were somewhat higher (82.3 mg/ml).
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Antibody composition of colostrum is hormonally regulated as IgG is selectively
transported from plasma into mammary secretions under the control of the
hormones of late pregnancy (Stokes & Bourne 1989). Mammary epithelial cells,
influenced by the hormonal interactions of estrogen, progesterone, and prolactin
during late pregnancy, bind the heavy chain of IgG resulting in its preferential
transport over other classes of immunoglobulins (Watson 1980). Yabiki et al
(1974) found that the concentration of each class of immunoglobulin was several
times higher in colostrum than in plasma in the peri parturient period after which
time the concentration dropped rapidly. For this reason, levels of immunoglobulin
in colostrum may be up to three times the concentrations found in the sows’
plasma. Similarly plasma immunoglobulin levels in neonates may be higher than
those found in the sows’ plasma (Wagstrom et al 2000). The supply of IgG’s in
colostrum is critical to the health of the neonatal piglet because of the short 12 24 hr time frame during which the piglet is able to absorb intact immunoglobulins
and transfer them to the bloodstream (Rooke & Bland 2002).
For successful transfer of passive immunity, several factors are of importance.
The lactational secretions of the sow must contain adequate amounts of the
appropriate immunoglobulin (i.e. IgG before gut closure and IgA post closure).
Immunoglobulins must be delivered intact to the site of absorption, and finally in
the case of IgG, must be absorbed intact and delivered to the circulation of the
piglet (Rooke & Bland 2002). Where absorbed colostral immunoglobulins first
enter the intestinal lymphatic system, then the neonatal blood circulation
(Wagstrom et al 2000).
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The obestatin antibody study was initially established as an antigen/adjuvant
efficacy trial so no controls would be needed as very low antibody titres from
treated sows were the most appropriate controls for sows expressing high titres.
Therefore, we have assessed the biological effectiveness of the antibody titre by
determining the relationship between expressed titres and the production
parameters being analysed. Sufficient spread existed across the treatment
groups to take our approach, and in fact, we were able to report some significant
relationships. Adjuvant only controls do not activate the immune system and are
therefore not as energetically expensive for the sow, so are not always the most
appropriate control. Ideally, an antigen which contains a very similar peptide to
obestatin, but which yields antibodies which are not biologically meaningful,
would provide the best control. We therefore maintain that the use of low
antibody titre animals is an appropriate control.
Obestatin specific antibody titres were analysed as described and the data was
logarithmically transformed for data analysis and presentation. Obestatin
antibody titres in colostrum were found to be different between treatment groups
(Figure 6.3). We also observed differing levels of obestatin levels between
individual sows within the two treatment groups which is indicative of differences
in the individual hormonal regulation of each sows’ colostrum antibody
composition. It is also indicative of variation in immunological response to the
obestatin vaccination regime. The implication is that the offspring of sows with
high levels of antibodies may receive more effective passive immunity during the
first period of life. These piglets will also mount a higher antibody response if
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exposed to the same antigen again, indicating a level of heritability of the
humoral immune response (Sjölund et al 2010). Higher antibody titres are also
likely to influence the physiological response on the modulation of the preproghrelin derived peptides, which is the basis of the hypothesis being tested in
this study. Obestatin antibody titre levels in sow plasma were also different
between treatment groups (Figure 6.4). Once it was established that the
immunisation of the sows produced obestatin specific antibodies that were
successfully transferred to colostrum it was important to establish that these
antibodies have actually been ingested by the piglet. We observed that the
obestatin antibody titres for the piglet D5 plasma levels were the same for piglets
nursed by both treatment group sows (Figure 6.5). Piglet obestatin antibody titres
in D28 plasma tended to be higher for the piglets nursed by the A treatment
group sows compared to those nursed by treatment group B sows (Figure 6.6).
This is difficult to comprehend given that antibody titres were the same in piglets
from the two treatments at D5 of age. The piglets cannot receive any further
antibody from maternal milk given that the mechanism for sequestration of
antibody directly into the circulation from the gastrointestinal tract has closed by
24 hrs of age. As the immunoglobulins are predominantly IgG the rate of
clearance of antibody from the circulation will be the same from the two
treatments. However if the relative proportions of IgA, IgM and IgG varied
between treatments the rate of clearance of the antibody population may vary
between treatments. Relative clearance rates are 2 - 3 days, 2 - 3 days and 7 - 9
days respectively (Curtis & Bourne 1973).
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Obestatin antibody titres found in both sow colostrum and plasma (Figure 6.7)
did not appear to be significantly influenced by the adjuvant used to immunise
the sows (DEAE v Montanide). Vaccines are designed to specifically stimulate
humoral

and/or

cell-mediated

immunity

and

adjuvants

increase

the

immunogenicity of inactive non-replicating vaccines, enhance responses in low
responder population such as the elderly and the immuno-suppressed and
modulate inappropriate immune responses thereby increasing protective
immunity (Brennan & Dougan 2005). The use of adjuvants can also reduce the
amount of antigen required thereby also giving additional benefit.
Maternal immunisation is commonly used in veterinary medicine to increase
passive antibody transfer from the mother to the offspring (Salmon et al 2009)
and commercial pig production typically vaccinate sows against many pathogens
including swine influenza, E. coli and circovirus (P Holyoake, pers comm). High
levels of production of IgG, IgM and IgA antibodies are induced in the sow by
these vaccines and passively transferred to the piglet via colostrum. Salmon et al
(2009) suggested that these passively transferred maternal antibodies may
interfere with the effects of active immunisation on the neonatal immune system,
possibly delaying the development of active immune responses in the neonatal
piglet. Information about the vaccination history of sows involved in this
experiment was unfortunately not available. Montanide (ISA 50V) is an oil
adjuvant composed of a natural metabolizable oil and a highly refined emulsifier
from the manide mono-oleate family (Toledo et al 2001). Montanide adjuvant has
been widely utilised in HIV and malaria vaccine development and it was shown to
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be an effective delivery system for human vaccines (Xue et al 2010). Montanide
was shown to elicit higher anti-PfCP-2.9 antibody titres than several other
adjuvants tested in animals (Xue et al 2010). One concern, however, was the fact
that Montanide has been reported to modify antigens following the emulsification
process which may result in loss of potency (Saul et al 2005). Joό & Emöd
(1988) have clearly shown that vaccines have a higher immunogenicity if
administered with DEAE-dextran and this supports earlier work of Beh (1979)
who also reported a strong adjuvant effect of DEAE-dextran on ovalbumin.
Our findings from obestatin antibody titre analysis in the colostrum and plasma
of sows from treatment group A and treatment group B showed a significant
correlation to the obestatin antibody D5 plasma titres of their respective piglets
from both treatments (p=<0.001) (R2=0.2214). The degree of acquired maternal
immunity can be assessed by measuring the level of antibody titre of piglets in
relation to the level of antibody titre in the sow (Klobasa et al 1981, Salmon et al
2009). We also observed a significant relationship between sow obestatin
antibody titre in colostrum and the D28 piglet plasma obestatin antibody titre
(p=0.032). Comparison of the obestatin antibody titres in colostrum and plasma
from treatment B sows was also performed to evaluate if any relationship existed
between the content of obestatin antibodies in colostrum to levels found in
plasma samples for treatment group B sows (Figure 6.9), these concentrations
were correlated (p=0.135) (R2= 0.2296).
Bohl et al (1972) reported that pigs vaccinated twice intramuscularly or intramammarily with live attenuated transmissible gastrointestinal virus developed
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high levels of antibodies in serum and colostrum, but the levels in milk declined
markedly within a few days post-farrowing. Interestingly, Bohl et al (1972) gel
filtration studies indicated that antibodies in milk from vaccinated animals were
primarily of the IgG class, whereas those from the naturally or experimentally
infected animals were primarily of the IgA class. Studies by Isaacson et al (1980)
concluded that parenteral vaccination of pregnant gilts with 987P pili leads to the
production of pilus-specific antibodies in both serum and colostrum. Pilus-specific
antibody levels measured by enzyme-linked immunosorbent assays in serum and
colostrum of pregnant sows were shown to increase after parenteral vaccination.
Since transplacental immunity does not normally occur in pigs, the correlation
between high titres of antibodies in maternal colostrum against the pilus used in
the vaccine and protection of offspring leads to the conclusion that protection was
a result of consumption of pilus-specific antibodies in colostrum (Isaacson et al
1980).
Soon after its discovery, ghrelin was shown to influence feed intake, downregulate energy expenditure and conserve body fat, causing weight gain and
adipogenesis (Zhang et al 2006, Soares et al 2008). Thus any variation in ghrelin
expression induced by the immunoneutralization of obestatin should be reflected
by changes in piglet live-weight at weaning. Therefore, obestatin antibody titre
levels in both colostrum and plasma from sows in both treatment groups were
compared to the litter birth and litter wean weights of piglets from both treatment
groups. Firstly to establish if the adjuvant used to vaccinate nursing sows had
any effect on either the birth or wean weights of piglets (Figure 6.10), and for any
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effect that obestatin antibodies may have had on wean weights of piglets
(Figures 6.11 - 6.16). Piglet mean litter birth weights between treatment groups
were similar as were the weaning weights, in which case treatment B litters
tended to be heavier. Although no definitive conclusions can be drawn from our
observations of litter wean weights as there was no control group of piglets for
comparison in this study.
Persistent selection for fecundity and higher litter size inevitably leads to
increased within litter variation in piglet birth weights (Gondret et al 2005).
Regression analysis was performed to investigate any linear relationship
between sow colostrum obestatin antibody titre and the growth rate of piglets
nursed by sows from each treatment group. Failure to show any relationship
between colostrum antibody titres or circulating antibodies in piglets to D5 postpartum to either weaning weight or growth rate to weaning strongly suggests that
the feeding regulatory peptides derived from the pro-ghrelin prohormone are not
associated with the acute control of feeding behaviour in piglets through to
weaning. Our results were similar to those of Nogueiras et al (2007) who
reported that daily treatment with injected obestatin did not alter daily and
cumulative feed intakes in rats and mice nor did they influence body composition.
In the same study however, animals challenged with ghrelin showed an increase
in both feed intake and body weight, while co administration of ghrelin and
obestatin resulted in an identical increase in feed intake and body weight.
The concentration of ghrelin in sow colostrum was found to be similar for both
groups also indicating that antibodies generated by the antigen/adjuvant
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combinations yielded a similar biological response. The key relationship here
though is the one between ghrelin concentrations in colostrum and in piglet
circulation on D5 with piglet weaning weights and associated growth rate. In this
case there was no relationship, suggesting that circulating ghrelin status plays at
best a minor role in directing growth through to weaning.
This may not be surprising since the studies of Scrimgeour et al (2008) showed
clearly that circulating ghrelin status in grower pigs does not seem to be
associated with feeding behaviour. In their study offering feed at 95 % of ad
libitum intake either as a single or twice daily meal did not appear to be
associated with ghrelin status, although circulating insulin was certainly more
closely aligned to the time of feeding.
Figure 6.17 summarises the circulating obestatin antibody titres on D5 and D28
piglet plasma from both treatment groups and may demonstrate that the
persistence of antibodies through to mature milk may be subject to the decay of
these colostral antibodies. Multiple challenges in the application of antibody
arrays include limited dynamic ranges of 2 or 3 orders of magnitude, lower
accuracy and reproducibility than clinical immunoassays, denaturation that
affects immune-reactivity, and high-affinity and specific antibodies for target
antigens. Variables that can alter the analysis of blood-derived samples include,
choice of sample type, stability during storage, use of protease inhibitors, and
standardization of critical variables in serum and plasma analyses (SanchezCarbayo 2006).
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One positive association found here was between the residual antibody titre in
the circulation of piglets treated with the DEAE/obestatin antigen combination
(Group A) with growth to weaning. The persistency of antibodies through to D28
is clearly related to their rate of clearance from the circulation which may be
linked to a number of factors. Stress, for example, was reported by Butler &
Rossen (1973) as resulting in higher glucocorticoid status which suppresses
circulating IgG, through the systemic suppression of the humoral immune
response. In studies of this nature it is important to delineate between antibody
clearances from changes in the rate of antibody generation in immune cells.
Factors influencing hepatic clearance mechanisms are also important but little
understood.
Further investigation into ghrelin concentration in sow colostrum and plasma and
comparing these findings to the ghrelin concentration found in piglet plasma was
undertaken. Sow colostrum from both treatment groups were found to contain
similar levels of ghrelin (Figure 6.18). Piglet plasma was also assayed for ghrelin
concentration and was found to be significantly higher (p=0.004) in piglets from
treatment group A sows (Figure 6.19). Variation in treatment group A piglets was
observed to be twice that seen for the treatment group B piglets. A positive
relationship exists between piglet plasma ghrelin concentrations on D5 and
ghrelin found in sow colostrum (p=0.049) (R2 =0.1286). However, this relationship
did not persist in piglets on D28 of age.
In blood, the inactive form of ghrelin, des acyl ghrelin (nonacylated) is found in far
greater amounts than active ghrelin (acylated) and in both active and inactive
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forms. As the clearance rates of inactive forms of peptide hormones are often
reduced, their half lives are often longer than those of their respective active
forms (Kojima & Kangawa 2005). The analytical tool used here measured total
ghrelin and so further analysis for the acylated and des acyl forms of the peptide
hormone may have revealed more on how the immunoneutralization technique
affected the biology of this important orexigenic peptide.
Ghrelin is involved in the hypothalamic regulation of energy homeostasis, and
was demonstrated by Sun et al (2003) that pharmacological doses of ghrelin
stimulated feed intake and adiposity. Kojima & Kangawa (2005) found that
plasma ghrelin levels increased immediately before each meal and fell to
minimum levels within one hour after eating in rats. These researchers argued
that the clear preprandial rise and postprandial fall in plasma ghrelin levels
support the hypothesis that ghrelin is an initiation signal for meal consumption.
Vaccination treatments did not influence lactose and fat content of colostrum.
Observed fat levels were slightly higher than those of Klobasa et al (1987) (5.0
%) and comparable to reports by Yang et al (2008) (5.4 %) and Park & Haenlein
(2006) (5.8 %) but lower than published findings by Langer (2009) (7.2 %) for
sow colostrum samples.
Lactose content in colostrum was similar in samples from both treatment groups.
Klobasa et al (1987), Park & Haenlein (2006), Yang et al (2008) reported slightly
lower lactose contents in colostrum (4.1, 3.4 and 3.5 respectively), while even
lower lactose results (2.4 %) were reported by Langer (2009).
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Obestatin was thought to be the endogenous ligand of the G protein coupled
receptor, GPR39 but subsequent research (Lauwers et al 2006, Tremblay et al
2007) could not reproduce the binding of obestatin to tissue homogenates and to
cells transiently transfected with recombinant GPR39 nor the activation of the
receptor by obestatin, leaving the cognate receptor for obestatin still unknown. In
this same study in response to fasting, plasma concentrations of immunoreactive
ghrelin increased while those of obestatin did not change. These investigators
concluded that the physiological role of obestatin in the regulation of energy
consumption remains obscure. Epitope modifications may occur during
formulation or conjugation where each adjuvant generates a characteristic
immune response profile (Petrovsky & Aguilar 2004). Because of effects of size,
electric charge and hydrophobicity which regulate the incorporation of proteins or
peptides in to the adjuvant formulation, it is difficult to predict on an empirical
basis which adjuvant will work most effectively with a particular protein or
peptide. Thus the premise for the present study may have been undermined
through subsequent published studies.
The use of active immunization protocols to alter the endocrine balance of
animals to favour production efficiency is a much tested technology. The
pioneering studies of Spencer (1983a, 1983b) for some 28 years in which he
immunoneutralised the GH inhibitory peptide somatostatin to promote growth
provides evidence for this. Similar reports for anti-ACTH vaccines have been
reported by Wynn et al (1995) and Lee et al (2005). In each case these studies
used an active immunization protocol, whereas in this study a passive
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immunization protocol was used. Our main findings highlighted a significant
correlation between sow colostrum and plasma titres to D5 titres and litter wean
weights of their piglets. A more comprehensive full production study would be
beneficial here, with an added control group, to further investigate any
relationships that may occur between piglet health and weight to weaning by
influencing antibody content of sow colostrum.
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7.1____General discussion___________________________________
The aims of this research were to identify any differences in the composition of
colostrum, predominately proteins present in colostrum and milk, that may occur
between gilts and sows that could account for the lactational and weaning success
of more experienced sows. Secondly, to investigate whether piglet growth could
be manipulated by a) cross-fostering piglets to more experienced multiparous
sows and b) using the novel peptide obestatin as an immunogen to increase feed
intake in the piglet, and c) to manipulate piglet colostrum and milk intake using an
obestatin vaccination protocol, thereby increasing the weaning weight which would
follow through to market. This study focused primarily on any differences between
gilts and sows, the colostrum they produce, and their lactational ability to wean
healthier, heavier piglets with minimal loss of their offspring. The pigs used
throughout this investigation were Large White x Landrace gilts and sows and
since their housing and management were part of a normal production practice,
the results are representative of a commercial production setting.
The commercial imperative to remain profitable as a pig producer has by necessity
dictated that female pigs are used as soon as possible after their reproductive
tracts becomes active. However puberty is attained well before gilts attain their
mature body weights (Dyck 1988). In adjusting to their new production role of
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pregnancy, gilts are subjected to a number of novel and unfamiliar protocols which
are undoubtedly going to contribute to their stress status.

7.1.2___Physiological_imposition of gestation and lactation on the immature gilt_
Puberty is reached by only half of commercial gilts at 200 days of age, depending
upon nutrition, environment and genotype of the pig, noting that the faster the
growth achieved the earlier puberty will be attained Dyck (1988). However faster
live-weight gain may not necessarily be associated with the functional maturation
of key organs and particularly those associated with immune competence.
In the case of the pig, energy supply and the availability of rate limiting amino
acids are important in sustaining the growth of an aggressively suckling litter of
piglets. The competition from body growth requirements in gilts raises the
important issue of how these animals prioritise the utilization of rate limiting
nutrient substrate. Such impositions on gilts, and how these may relate to the
quality of colostrum and milk produced was examined in detail in Chapter 3 and
compared to results obtained from more experienced sows.

7.1.3

The impact of parity on milk production______________________

Lactation yield depends upon litter size, lactation number and time post-partum
(Eisson et al 2000). As litter size increased, intake per piglet diminished, Black et
al (1986) who also considered the expectation that the primiparous lactation is
0.78 of subsequent lactations, which is likely to be consequential upon both
maternal potential and litter size, which are generally smaller for primiparous sows.
It is generally accepted that the size of a litter will increase by one piglet between
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parities 1 and 2, and will then increase by 0.5 piglets between parities 2 and 3,
after which time litter size is fairly constant until the sow reaches parity 7 or
greater. Differences in litter size will impact on milk production.

7.1.4___Nutrient requirements and partitioning in the immature gilt________
Nutrient partitioning in the growing animal describes the distribution of absorbed
protein and energy substrate to firstly maintain the functional integrity of the body
and then to distribute dietary protein and energy for other physiological functions
including reproduction and lactation (Sandberg et al 2005). The importance of
nutrition and metabolic status in maintaining normal reproductive function is wellestablished (Prunier & Quesnel 2000). Among the major metabolic hormones
leptin, produced primarily by adipocytes (fat cells), plays an important role in
regulating energy balance and the neuroendocrine control of feeding behaviour in
the pig (Barb et al 2004). The role of leptin in the regulation of LH secretion may
be limited in the pre-pubertal gilt, serving only as a permissive metabolic signal
reflecting the amount of stored energy in the body, which may be important in
establishing the time at which the reproductive axis is triggered to initiate cyclicity
(Barb et al 1997).
Physiological effects of under-nutrition in the gilt were more pronounced in prepubertal gilts compared with mature gilts, because pre-pubertal gilts have smaller
energy reserves and a greater nutrient requirement for growth (Hart et al 2007).
In younger sows, approximately 25 % of their estimated energy requirements are
directed toward maternal and conceptus gain. Conversely, in higher-parity sows,
the daily energy allowance is based on energy required for maintenance, only 6 %
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of their daily energy allowance is for conceptus growth, and there is no energy
allowance for maternal live weight gain (Cooper et al 2001).

7.1.5___Maintenance, development and growth of the immature gilt_________
The influence of nutrition of the pregnant sow on mammary development during
pregnancy and the outcome of the subsequent lactation also has not been
completely resolved (Hartmann et al 1997). In their report severe restriction of feed
intake during lactation and particularly in the fourth week caused a marked
reduction in litter growth particularly in gilts with the least body reserves. There is
also a relationship between feed intake in pregnancy and lactation, with sows
consuming and presumably storing more energy during pregnancy and eating less
during lactation. (Mullan & Williams 1989) The maintenance energy requirement
of sows is 26.3 kJ DE/kg BW0.75 (Close et al 1985). Parity 3+ sows have a higher
body weight when mated than do gilts or parity 2 sows, in which maintenance
demands a higher proportion of ingested nutrients. Therefore, younger or smaller
sows will accumulate more maternal tissue than a mature sow on the same daily
energy intake (Cooper et al 2001). Consistent with this finding Head & Williams
(1991) observed impaired mammogenesis in gilts offered a low protein-high
energy diet during pregnancy.

7.1.6___Environmental factors that affect gestation and lactation in the immature
gilt
There are other factors that may also affect the ability of the gilt to produce heavier
piglets and to provide adequate quantity and quality of colostrum and milk.
269

General Discussion
________________________________________________________________
The ambient temperature that the sow is housed in during gestation and lactation
is important. The thermo neutral zone for piglets above 30°C whereas, sows
operate with peak physiological efficiency at above 24°C. When the ambient
temperature in which sows' are housed approaches the zone of thermal comfort
for the piglets, both feed intake and milk production from the sow decrease
(Machado-Neto et al 1987, Black et al 1993). Black et al (1993) went on to
speculate that the decline in milk production was greater than would be expected
from an equivalent decline in feed intake for sows housed within their zone of
thermal comfort. The deleterious effects of high ambient temperatures on the
incidence and length of anoestrus, conception rate, weaning to service interval,
survival of the embryo, and on fetal growth during late pregnancy clearly exist, but
the magnitude of this decrease in reproductive efficiency is difficult to quantify
(Whittemore & Morgan 1990). The decline in milk synthesis may be attributed to
heat stress diverting blood flow to the skin with a concomitant decrease in blood
flow through other tissues including the mammary gland (Williams et al 1994).
Verstegen et al (1987) suggested that sows housed individually are exposed to an
ambient temperature of around ~ 4°C higher than for sows housed in groups at the
same stocking density. This resulted in faster growth rates in the sows housed
individually. However the adverse impact of group housing of animals is well
recognised, with psychosocial interactions adding to the stress quantum
experienced by animals (Black et al 2001).
Seasonal effects which may incorporate differences in ambient temperature were
shown in colostrum composition collected at different time points throughout the
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year in the present study (section 3.2.1). These results showed that milk protein
concentration was higher in sows (182.9 mg/ml) and gilts (159.5 mg/ml) that
farrowed during the winter month of August (temperature range of 3 - 16°C) than
that observed in the hotter month of February (temperature range of 14 - 31°C)
during which protein concentrations were lower (124.3 mg/ml for sows and 104.9
mg/ml for gilts). The summer temperature range was closer to the thermal comfort
zone of the piglets than the sow, although the actual temperature in the sheds may
have greatly exceeded the ambient temperature recorded in meteorological
reports. Regardless of the season of collection of colostrum sows were found to
have consistently higher protein concentration (~183 mg/ml) than was observed
for gilts (~160 mg/ml) and similar higher concentrations of IgG (sows 8.3 %, gilts
6.3 %). However, no significant differences were observed for fat or lactose
content in the colostrum of gilts and sows. These differences in protein
concentration were explored in both an in-ovo (section 4.1) and cell culture
(section 4.3) models to elicit a response in gastrointestinal cells to exogenous
porcine colostral proteins. Neither of these bioassays provided any real definitive
results (as discussed in section 4.4), leading to investigation of the role of
colostrum in intestinal maturation, by comparing the growth responses of piglets to
the colostrum and milk from gilts and sows of differing parities in (Chapter 5).

7.1.7___Colostrum production, intake and survival of the neonatal piglet______
The first few days of lactation are crucial for the development and survival of
piglets (de Passillé & Rushen 1989). It is during these first few days of life that the
piglet receives its protective immunity, via immunoglobulins contained in
271

General Discussion
________________________________________________________________
colostrum. The level of colostrum intake during parturition and the first hours after
birth are also of great importance for the piglets’ survivability. Piglets farrow with
very small energy or fat reserves and limited immunological-defence capability.
Low initial growth rates of piglets are associated with low levels of
immunoglobulins (de Passille et al 1988). Although placental transfer of antibody
has been reported in the human (Garty et al 1994) the supply of antibody to piglets
by this mechanism is limited (Myers & Segre 1963). It is imperative for survival and
healthy growth and development of the piglet that they suckle colostrum from their
dams as soon as possible after birth, to ensure the best possible start in life.
The major changes in the composition of sows’ milk occurs during the first 72 hrs
post-farrowing and this is characterised by a major reduction in concentration of
IgG in milk (Hartmann et al 1995, Devillers et al 2004). Unlike dairy animals, there
is not a consistent relationship in sows between dietary energy intake and milk
production measured by the growth rate of standard sized litters (Williams 1995).
There appears to be a negative relationship between concentration of
progesterone in blood and concentration of lactose in milk in both normal farrowing
and when the farrowing process is delayed by administration of progesterone
(Hartmann et al 1997). A reduction in growth rate and increased mortality in piglets
from sows expressing higher concentrations of progesterone in their blood
immediately after farrowing has been observed (de Passille et al 1993).
Cooper et al (2001) have reported that gilts and parity 2 sows increased their live
weight proportionately over each trimester of pregnancy when offered the same
dietary energy level. However, in higher-parity animals, the proportion of total body
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weight gained in the last two trimesters of pregnancy was higher than in the first
trimester (Cooper et al 2001). The total number of pigs born and pigs born alive
per litter were not affected by dietary lysine levels during gestation but were
affected by parity, with gilts farrowing fewer piglets than parity 2 or 3+ sows: live
weights of gilt litters were lighter by 130 g per piglet than those reported for parity
2 or 3+ sows (Cooper et al 2001).
It is possible that the mechanism of milk let-down between gilts and sows may
differ. Ellendorff et al (1982) demonstrated that milk ejection in the sow, as in other
mammals, is triggered by the release of oxytocin. However, despite the short halflife of oxytocin in blood, milk flow ceases in the sow in spite of significant
concentrations of oxytocin remaining in the circulation. Gilts will not be attuned to
the suckling behaviour of piglets. The need for a strong suckling stimulus in the gilt
is most likely mandatory for peak milk let-down give the lack of programming of
this reflex in these animals. The suckling stimulus is imperative to sustain milk flow
since removal of a piglet from a gland will permanently suppress subsequent milk
let-down (Hartmann et al 1997).
Hartmann et al (1995) postulated that the short period of milk availability at a
suckling switches off consistently in all glands at the same time, so that the more
dominant piglet really does not have enough time to consume the milk available to
it and then proceed to disrupt suckling of a neighbouring piglet in an attempt to
augment milk intake. Thus less dominant piglets obtain an equal opportunity for
their suckling periods, although they are most likely confined to the less productive
caudal glands of the sow. The less aggressive suckling behaviour of these piglets
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may compromise the lactational capacity of the sow, an effect that is more likely to
occur with gilts and their litters in which birth weights are likely to be lower
(Hartmann et al 1995).
The endpoint may be that glands will slowly invert if they are not being suckled
successfully. This will be exacerbated by the fact that other tissues are in
competition for the rate limiting nutrients for their own growth and functional
maturation in the gilt.

7.1.8

The consequences of inadequate nutrition_____________________

In the event of a nutritional shortfall to support milk synthesis both body fat and
protein will be mobilised for the provision of work energy and the supply of
precursors for milk constituents (Whittemore & Schofield 2000). In the simple case
of marginal under-supply of dietary nutrients maternal catabolism of lipid and
protein will supply milk synthesis preferentially. However, if the under-supply
becomes progressively greater, the sow will begin to partition energy substrate for
other essential body functions and the rate of milk synthesis will fall (Whittemore &
Morgan 1990). The major determinant of appetite in animals is nutrient need;
lactating sows have greater appetites than pregnant ones, as do those suckling
larger litters or those with lower levels of available nutrients stored in their body.
Appetite is also influenced by environmental temperature (as described earlier),
quality of the offered feed, and animal health. Voluntary feed intake is always
lower for primiparous gilts, and in the first week of lactation (Whittemore 1996).
The weaning to oestrus interval is frequently longer in primiparous than
multiparous sows. Low feed intake in lactation will lengthen the weaning to oestrus
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interval especially in primiparous sows but also in multiparous sows. These
possible differences may have been minimised in the current studies by offering
feed ad libitum in all experiments.
Since the ad libitum fed piglet has the capacity to grow at up to twice the rate of
the normal suckling piglet (Pluske et al 1995), it is not likely that the variable
response in milk production is because of piglets attaining satiety. On the other
hand, milk production in the sow is linearly related to litter size and this relationship
is due to an increase in the number of functional glands (Auldist & King 1995). It
can be concluded that milk production in the sow is regulated, in part, within
individual glands

rather than

responding to

systemic

metabolic

control

mechanisms. It has also been suggested by Hartmann et al (1997) that litter size
has a greater influence on milk production in the sow than any other factor studied
to date. If the short period of milk flow at each nursing, and different optimal
temperature requirements of sows and their piglets are important rate limiting
factors affecting milk production in the sow, nutritional supplementation or
endocrine manipulation would be unlikely to overcome these limitations.
In our observations, gilts farrowed fewer piglets than higher parity sows which is
similar to previous studies (Coffey et al 1994, Mahan 1998). In contrast Morrow et
al (1989) reported that the number of piglets born was lower in parity 2 than in gilt
litters. This may be related to the fact that the gilts bred in this study averaged
158.2 kg in bodyweight, which is heavier than the initial live weights of gilts used in
other studies (Dourmad 1991, Everts & Dekker 1995) and in typical commercial
practice (Cooper et al 2001).
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The compositional experiments reported here highlighted differences in the
composition of colostrum including total protein, IgG and sialic acid content
between gilts and sows that were significantly different (section 3.2). A higher
protein concentration is related to a higher concentration of immunoglobulins,
therefore a higher concentration of immunity that can be transferred to the piglet.
Lower concentrations of protein in gilt colostrum may expose her piglets to higher
risk of ill thrift and higher pre-weaning mortality as already described. No
significant differences were observed in fat or lactose analysis and results for all of
the analyses undertaken could have been affected by the age and sexual maturity
of the sow at insemination, season in which the sow farrows, the condition of the
sow during parturition, piglet birth weights and litter size, length of lactation and the
weaning to service interval.

7.2____Conclusions________________________________________
Since maternal behaviour is altered by the environment (Farmer & Quesnel 2009)
milk output and piglet growth may not be the same when dams are maintained in
farrowing crates or in outdoor eco-shelters. Similarly other maternal characteristics
such as litter size and piglet vitality, feeding regime, sow health, environmental
conditions and management practices will all play a role in modifying the
productivity of both sows and gilts. The antibody repertoire passed onto piglets
from gilts is likely to be very different to that provided by a sow since they will not
have been exposed to the same range of enteric pathogens. The chance of illness
in gilt progeny is therefore likely to be significantly higher since the broader
spectrum of antibodies in sow colostrum will provide greater protection for sow
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progeny from enteric pathogens. Part of this may be due to differences in the
complex carbohydrate composition of colostrum from sows and gilts (section 3.2).
Sialic acid residues are important in ameliorating the pathogenicity of bacteria and
the compositional differences in these moieties may favour greater infectivity of
enteric pathogens in gilts (section 3.2.5). Clearly this is an area that requires
further intensive investigation.
The development of immunological memory in sow progeny may be more rapid
given the broader range of protection provided through humoral immunity, not
studied in the present investigation.
The minor differences in protein profile of sow and gilt colostral proteins appeared
more to be related to differences between individual animals rather than between
animals from different parities (section 3.3). The importance of maintaining the
functional integrity of the bioactive peptides derived from colostral and milk
proteins may explain the conservation of protein profiles analysed in these studies.

7.3____Future work______________________________________
Further research is needed to investigate the impact of environment on maternal
capability to support maximal growth of litters irrespective of parity. Detailed
longitudinal studies of changes in lactation across the commercial parity spectrum
of different genotypes may assist in elucidating other factors that limit the growth
of gilt progeny. Quantitative geneticists now have reasonable estimates of the
heritability of maternal characteristics directing piglet health and growth. More
intensive studies of the dynamics of milk letdown and suckling patterns deserve
further attention, particularly as piglets seldom attain genotypic capacity for growth
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through their maternal interactions. The role that competition between piglets
within a social hierarchy in litters and the short time frame for milk letdown
(Hartmann et al 1995) at each suckling requires more careful investigation in both
gilt and sow herds.
One possible solution to the poor productivity of gilt litters may simply lie in
allowing gilts to attain a higher more mature bodyweight before initial mating. The
economics of this approach across the production life time of the gilt needs to be
examined carefully. Our investigations of a possible mechanism for increasing
feeding behaviour through obestatin immunization (Chapter 6) did not yield clear
positive outcomes, although the use of passive immunity through colostrum is an
excellent route for minimising pathogenesis in the neonate. Production related
responses using this approach have, however, usually been acute in nature and
this is not surprising given the clonal expansion of antibody repertoires following
immunization of animals.
The challenge of boosting the productivity of gilts and their progeny remains for
the growth and lactational physiologist. It may be that societal welfare concerns
will dictate the production pathways we are lead down in future for gilts. We have
observed differences in protein composition and expression profiles between gilts
and sows which may compromise health and growth of piglets. A completed
protein database for porcine colostrum and milk proteins would be helpful in more
accurate

identification.

Further

studies

into

improving

intestinal

growth

performance in piglets would be advantageous for commercial piggeries as
healthier piglets equates to more meat to market at weaning. Heat stress, housing,
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access to feed and water and the number of piglets fed can also have a
cumulative effect on the performance of the sow including the composition of the
colostrum she is able to produce. Information on the impact of high ambient
temperatures on composition or yield of colostrum is very scarce. The
investigation of seasonal effects on colostrum and milk composition was outside
the scope of our study, although preliminary results indicate further investigation
into seasonal effects should be conducted.
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