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Abstract 
Ovine pre-partum vaginal prolapse (known as bearings in sheep) occurs within a few weeks prior to 

lambing and unless treated both ewes and unborn lambs will die. Rates of prolapse in New Zealand 

vary from 0.1 to 5% per annum, varying between season and farms and is a worldwide problem. 

Much research has been undertaken over many years to determine the cause of this condition but 

no clear etiology has emerged. In this study plasma samples were collected prior to prolapse 

occurring in order to determine physiological changes leading to prolapse. 650 ewes were ear 

tagged and blood sampled on one day prior to lambing, 28 of these ewes subsequently prolapsed. 

The date of occurrence and tag number of prolapsing ewes was recorded to enable a comparison of 

the plasma profile of prolapsing ewes and non-prolapsing ewes. An improved method for running 

sheep plasma on 2D gels was developed resulting in improved protein spot resolution along with a 

lower coefficient of variation for spot volume. Using this improved method samples were subjected 

to 2D DIGE (two dimensional differential in gel electrophoresis) to determine if there were 

differences between the two groups of ewes. One of the differences was in haptoglobin, a major 

acute phase protein in ruminants, in which some isoforms were upregulated approximately 3 fold 

prior to prolapse occurring. This may indicate an inflammatory response due to either infection or 

injury. A good correlation was found between total haptoglobin spot volume data and quantitative 

haptoglobin assay data from the same samples (r2 = 0.91) validating the haptoglobin gel spot data. 

Another finding was that alpha-1B-glycoprotein was down regulated close to prolapse, however the 

biological significance of this is unknown. It was also found that there was a negative correlation 

between cortisol and days to prolapse from sampling (r2 = 0.36) i.e. ewes closest to prolapse had 

higher plasma cortisol concentrations than controls. These findings in conjunction with a literature 

search, field observations and an argument from logic lead the author to propose that chronic stress 

or anxiety may raise intra-abdominal pressure and contribute to the development of prolapse. 
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work determined that the constrictor vestibuli muscle (the muscle at the mouth of the vagina) 

performs a physical role in relation to prolapse that is distinct from the vagina itself. Although 

unclear about the specific roles of these organs in relation to prolapse, by undertaking physical 

measurements he determined that the volumetric capacity of the vagina was different to the 

distensibility of the vulva and vestibule, suggesting that the relative flexibility of these organs have 

different effects on prolapse. As field observations had long suggested that fat ewes are more prone 

to prolapse [14], McLean looked for differences in the vagina, vulva and vestibule between fat ewes 

and control animals. It was found that although fat ewes looked flabby around the vulva the strength 

of the relevant tissues was similar [15]. He suggested that instead of differences in the relative 

strength of pelvic tissues being causal in prolapse, it may be a result of excessive intra-abdominal 

pressure. 

 

In another study, McLean [16], reported a survey of 105 farms (112,886 ewes) looking at the effect 

of farm contour on prolapse rate. The survey found a statistically significant difference between the 

rate of prolapse on flat farms compared to hilly farms. On hilly farms there was an overall prolapse 

rate of 0.503% while on flat farms it was 0.165%. They concluded that the difference resulted from 

ewes lying down on slopes with their hindquarters lower than their forequarters, which could lead 

to excessive pressure on the vagina. 

 

It should be noted at this point that the Hilson et al. study (described below) also looked at the effect 

of terrain and found that lambing on moderate to steep terrain, as opposed to lambing on a mix of 

flat and steep paddocks, increased the odds of prolapse  (1.37x, p < 0.1) although this finding was 

not supported in a large Scottish survey [3]. 

 

McLean and Claxton [15], monitored the intra-abdominal pressure (IAP) of pasture grazed sheep by 

inserting an instrument into the vagina that was able to measure the pressure adjacent to the cervix. 

There was a small correlation of IAP with body weight and gut fill. However, when body position 

was controlled, IAP was largely independent of the stage of pregnancy and the number of lambs 

carried. It was found that there was a high level of variation between individual animals and 

between the various positions (e.g. lying or standing) of the animal when IAP was measured, 

standing resulted in low to negative levels of IAP, whilst lying down substantially increased it, and 

lying with buttocks downhill increased it even further.  The authors concluded that lying down on 
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the 4 day mob were very settled both when shifting and after several days in the paddock, which 

presumably reflected lower stress levels at the time of management manipulation (the first half of 

pregnancy). 

 

Biochemical and physiological mechanisms 

Ayen and Noakes [43] used histological methods to look at vaginal wall collagen distribution to see 

if there were differences between prolapsed ewes and non-prolapsed ewes, but found none. They 

also experimented with supplementing oestradiol and progesterone to see if increasing the levels 

of these hormones would affect the physiology of the vagina and result in prolapse [44]. It was found 

that while oestradiol and progesterone did cause an increase in vaginal capacity, vaginal compliance 

was reduced. On the surface therefore, it seems unlikely that those hormones play a role in 

prolapse. It should be noted however, that considerable variation was found between animals.  

 

A more recent study investigated the transcription of specific collagens in the vagina of prolapsed 

ewes using semiquantitative reverse transcription-PCR in order to determine if RNA expression 

levels for these proteins differed in prolapsed ewes. Ennen et al. looked at samples from 6 prolapsed 

sheep from 3 different breeds and found that the mRNA levels for the alpha 2 chain of collagen I 

was lower in prolapsed ewes than in the 4 late pregnancy control ewes examined. This was also the 

case for vaginal estrogen receptor alpha, where mRNA expression was reduced in prolapsed sheep. 

It should be noted that the mRNA levels for the genes from the small sample group was variable and 

that data could not be obtained from some samples. Other findings from this work were that the 

vaginas of affected ewes were characterised by epithelial hyperplasia or a doubling of thickness of 

the vaginal epithelia. There was however, no sign of inflammation. They also found that plasma 

progesterone concentration was higher in affected animals compared to the controls [45]. As the 

samples were taken after prolapse occurred it is not possible to determine if these changes were 

causal to, or consequential of prolapse. 

  

The present study uses samples collected prior to the occurrence of prolapse in the hope of finding 

some clues to shed light on possible biochemical and physiological mechanisms in the etiology of 

bearings. There has been some retrospective research focused on blood samples taken from ewes 

that have already prolapsed. Butcher and McIntyre [46] found that serum copper levels were higher 

in ewes that had recently had a bearing compared to the levels in control ewes. Although the 
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difference was statistically significant at the 5% level, it should be noted that the sample size was 

small (9 in each group), and as mentioned, samples were taken after prolapse had occurred. Two 

other studies by Sobiraj et al. [33] and Stubbings [32], found that serum calcium levels were lower 

in affected animals than in unaffected animals. However, as mentioned earlier, it was concluded 

that this was probably a consequence of prolapse rather than a cause i.e. sub-clinical hypocalcaemia 

was probably induced by the trauma of prolapse [34]. This finding serves to highlight the problems 

associated with retrospective blood sampling. 

 

As mentioned earlier, the Hilson et al. epidemiological study found a small but statistically significant 

correlation of serum phosphate with subsequent prolapse. While the association was not strong, 

(OR 2.65, CI 95%) it was reported that the correlation between serum phosphate and subsequent 

prolapse was still present when farm identity was treated as a random effect, demonstrating the 

robustness of the statistics. The connection between raised serum phosphate and subsequent 

prolapse is difficult to explain in the absence of more information. If a systemic (i.e. blood born) 

mechanism is involved in prolapse then systemic factors other than just phosphate (or phosphate 

carriers) are also likely to be involved. 

 

Human pelvic organ prolapse  

Human pelvic organ prolapse (known amongst researchers as POP) is a common condition affecting 

up to 25% of women [47] and is characterised by the intrusion of pelvic organs into the vagina [48]. 

The definition for human POP differs to that of ovine vaginal prolapse (the eversion of part or all of 

the vagina to the outside) in that the vagina may not be displaced out to the exterior during POP, 

meaning the affected individual may be unaware of their condition, in contrast to ovine vaginal 

prolapse which is an obvious condition. Further, ovine prolapse occurs more commonly pre-partum 

[31], whereas human POP is more common post-partum (and is associated with vaginal childbirth 

trauma) [49]. Human POP occurs much less frequently in nulliparous women than in parous women 

and cesarean section is protective at least for some types of POP [50]. It should be noted that 

humans are bipedal and so, for standing individuals, the vagina is underneath the other pelvic organs 

whereas sheep are quadrupeds, with the vagina being level with, or above the other pelvic organs. 

This means that, for humans, the pressure on the pelvic organs is almost always positive, regardless 

of position [21], whereas in the standing relaxed sheep, pressure on the vagina is negative [15]. The 

timing of occurrence and pressure differences between sheep and humans suggests that damaged 
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pelvic support may be more important in the etiology of POP than it is for ovine vaginal prolapse. 

These timing and intra-abdominal pressure differences may be reflected in POP being associated 

with physical childbirth trauma, whereas ovine prolapse may be associated with unusually high 

intra-abdominal pressure prior to delivery. The differences between the two conditions seem to 

suggest that there are differences in the etiology of the conditions. There is however, interest in 

using sheep as a model for understanding human POP, particularly in working towards improving 

human vaginal surgery techniques [51, 52]. 

 

Predator stress 

As noted earlier, there are some indications that ovine pre-partum prolapse may be induced by 

abnormally high intra-abdominal pressure (IAP). Indications are that while anecdotal reports 

suggest that a bulky diet may occasionally produce abnormally high IAP, research evidence suggests 

this is not commonly the case [17] indicating other causes of increased IAP need to be considered. 

For sheep, it appears likely that stress contributes to an increase in IAP [15] and exposure to 

predators is known to be very stressful for sheep [53]. Although standing relaxed ewes have been 

shown to have negative internal pressure on the organ (in contrast to humans), it was reported that 

the one ewe being monitored that prolapsed, had high IAP in all positions. It is possible that ewes 

that are not able to relax have higher than normal IAP and this contributes to prolapse. Supporting 

evidence for this comes from an Otago study across two lambing seasons that found unsettled sheep 

were more prone to subsequent prolapse [42]. 

 

Predation is not just an incidental problem for life on earth. It has been a serious problem for living 

organisms for eons, in fact, it seems to have been one of the key driving forces in evolution since 

the time when only single celled organisms existed approximately 1 billion (1000 million) years ago 

[54, 55]. 

 

Anti-predator behavior has been studied in many species, and some of the most interesting effects 

are chemically mediated and quite sophisticated [56]. For instance, Kusch et al. [57] found that 

fathead minnows are able to distinguish, at distance, the difference between small pike (a predator) 

and large pike (who are not interested in minnows) through recognition of chemical signals. 
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Measurement of stress  

When attempting to measure stress in vertebrates, distinctions are made based on the time periods 

involved, with stress being generally divided into either acute or chronic. Acute stress is the fight or 

flight response, in response to a transient threat, lasting only seconds or minutes. This involves the 

sympathetic nervous system and the HPA system and many hormones can be activated that restore 

the organism to its original state. The stress hormones that are most commonly measured are the 

glucocorticoids, which are produced mainly by the adrenal gland (cortisol in humans and sheep) 

[99]. Among the biological functions that change in mammals suffering acute stress are; increased 

heart-rate, breathing, and energy availability, improved immunity, and reduced digestion [100]. 

These changes serve to protect the organism from danger. Chronic stress on the other hand is by 

definition, long term in its nature, and is generally regarded as maladaptive. 

 

There have been many biological indicators proposed as markers for chronic stress. The HPA system 

has often been found to be more active in situations of chronic stress and so cortisol response is 

sometimes used as a measure of chronic stress [101]. However there are some reports that suggest 

the reverse is true, i.e. that HPA system activity can be reduced under chronic stress, notably in 

humans [102] and cows [103]. In fact, a seminal review published in 2000 on the role of 

hypocortisolism in stress related disease has, at the time of writing (from a Web of Science search 

on 14/8/2019) been cited over 1000 times [104], and there is much current research being done to 

enhance current understanding of the role of the HPA system in chronic stress [102]. A point of note 

is that it is now appreciated that glucocorticoids have an essential role in reproductive processes as 

well as a negative role in chronic stress [105]. 

 

Chronic stress is also often associated with immune system suppression [106]. This generally shows 

up as a reduction in lymphocytes (e.g. the B & T cells that are involved in cell mediated immunity) 

and an increase in neutrophils (cells that are involved in the inflammatory response), which can lead 

to an increase in disease in chronically stressed animals. The test for immune suppression is complex 

and not suitable for tests requiring large sample numbers [107]. 

 

In recent years there has been growing interest in animal welfare of farmed animals [108]. One of 

the areas of interest has been in the measurement of a set of proteins produced by the liver and 

secreted into the blood called acute phase proteins [109]. Proteins defined as acute phase proteins 
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(e.g. lysosomal proteins) (6) tissue damage proteins (e.g. cardiac proteins) (7) aberrant secretions 

(e.g. tumor proteins) (8) foreign proteins (e.g. from viruses) [132].  

 

Proteomics  

The term proteomics refers to the examination of the total set of proteins expressed in a given 

biological fluid, tissue, organelle, membrane or cell line. It aims to show as complete a picture as 

possible of all the proteins that are being expressed in, or introduced to, a biological system at any 

particular point in time, in a particular environment. This picture includes not only the level of 

expression of individual proteins but also any post-translational modifications that may alter their 

physical properties. Once established, the proteome of the biological system in question can be 

compared to biological systems under different conditions to evaluate the changes that have 

occurred. For example, the protein compliment of diseased tissue can be compared to non-diseased 

tissue [133]. Proteomic models of disease in farm animals are also increasingly being used to 

understand disease process in humans [134, 135]. 

 

Blood is unique in being the only fluid that flows to all parts of the body and because of this it 

contains information about the whole organism. Plasma is the fluid component of blood i.e. blood 

less the blood cells (hematocytes). When collecting serum, blood is allowed to coagulate after 

collection, but when obtaining plasma, coagulation is chemically inhibited. This is usually done by 

collecting the blood samples into tubes that have been treated by an anti-coagulant, generally either 

EDTA (ethylenediaminetetraacetic acid), citrate or heparin. Blood cells are then pelleted by 

centrifugation, after which the plasma can be removed and stored frozen until required for analysis. 

 

One of the difficulties in analyzing the proteins in plasma samples is the presence of a small number 

of proteins that are highly abundant in blood, e.g. albumin and immunoglobulins. These highly 

abundant proteins make the task of quantifying and identifying the other proteins present much 

more difficult. 

 

Depletion 

More than 60% of human plasma is made up of albumin and immunoglobulins [136] and these 

proteins are at similarly high levels in sheep plasma [137, 138]. The presence of these, and other 

abundant proteins can mask the presence of many less abundant other proteins and prevent their 
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quantitation. There have been many attempts to develop new and better methods of depleting 

abundant proteins[139].  

 

One of the earliest methods for removing albumin from blood samples for proteomic analysis used 

dye ligand columns e.g. Cibacron Blue or Mimetic Blue columns [140]. While these achieved some 

measure of success [141], they are generally regarded as being too non-specific because not only 

did they remove other proteins in addition to albumin, they also did not completely remove albumin 

[142, 143]. This finding coincided with growing interest in plasma proteomics and led to a flurry of 

research into the development of new and better depletion strategies as well as the establishment 

of a related biotech industry [144, 145].  

 

The main thrust of improved depletion strategies has been the use of antibody based methods. 

Some of the first antibody depletion methods used monoclonal IgG antibodies to ensure protein 

specificity [142], although it was later found that polyclonal antibodies were easier to make and 

were still reliable and efficient when immobilised [146]. A further development has been the use of 

Immunoglobulin Y (IgY) antibodies raised in chickens [147]. Chicken IgY antibodies have the 

advantage of being cheap and easy to obtain as they are produced in egg yolk. Furthermore, IgY 

antibodies are less species specific with respect to mammalian species than IgGs due to the greater 

evolutionary distance between birds and mammals compared to that between mammalian species. 

At first there were concerns that IgY depletion may bind non-target proteins but it has since been 

found to be very effective in terms of both non-specific binding and target depletion [148]. 

 

There are however, some issues with using depletion methods for proteomic studies. The first is the 

introduction of variability, as any experimental manipulation, such as depletion, can introduce 

technical variation to samples [149, 150]. Secondly, high abundance proteins, such as albumin can 

have biological variation that is related to the research question, and so depleting them can result 

in the loss of an important piece of information [151]. Finally, high abundance proteins, particularly 

albumin, can bind other proteins that may be of interest and so depletion can cause a loss of this 

information [152]. 
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between gels, requiring a high degree of consistency in spot appearance. Further, resolution of spots 

is not helped by DIGE, and in fact it may be hindered, as DIGE typically requires a three times higher 

protein load than non-DIGE gels. There have been suggestions that the DIGE three dye system could 

be reduced to a two dye system (one sample and one control per gel) enabling a 50% higher protein 

load. Indications are however, that using only two DIGE dyes per gel results in a higher level of 

technical variation [166]. The normal 3 dye DIGE system results in low levels of technical variation 

in comparison to normal biological variation [167].  

 

Finally, 2D PAGE is a slow and laborious process that has proved difficult to automate. The main way 

of addressing this problem has been to use alternative proteomic methods, particularly liquid based 

chromatography such as HPLC based fractionation coupled to a MS instrument [168]. However, 2D 

PAGE still has plenty of useful applications for those with the patience to use it [155]. There are 

some technical advantages for gel based quantitation over MS based quantitation in that separation 

and quantitation are performed prior to proteolysis. This reduces the dependence on the resolution 

of the mass spectrometer for ion availability as well as facilitating the assessment of protein 

modification differences between groups [169]. A 2D gel map of sheep plasma proteins has been 

produced by an Italian group, who analysed 250 protein spots, and identified 138 of them [170]. 

 

Sample preparation and conditions for  2D gel electrophoresis of plasma samples 

As plasma samples are often difficult to resolve well on 2D gels a variety of methods can be explored 

in order to find improved methods. Improvements in spot resolution are mostly related to improving 

resolution in the first dimension i.e. during isoelectric focusing. The cause of poor focusing can be 

due to a variety of reasons, for example by the formation of mixed disulfide bonds between different 

protein molecules or by the presence of substances in the sample that interfere with focusing. 

Problems with mixed disulfide bonding are not sample specific, and this is addressed with a variety 

of reagents (see below). Interfering substances are sample specific and include salts, lipids and 

nucleic acids, and as these substances vary widely between sample types and biological species, 

sample preparation methods are generally sample specific. The first step of sample preparation for 

2D PAGE, after depletion, is extraction. Note that depletion (of highly abundant proteins) is typically 

done with native (folded) proteins and is not specific to any particular proteomic method, whereas 

the following steps, extraction, sample clean-up and dealing with mixed disulfides are specific to the 

proteomic method in question, in this case 2D PAGE. 
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Sample clean-up  

It is often necessary to remove any non-protein substances that might interfere with isoelectric 

focusing, such as salts or lipids, which can either interfere with or mask the charge on proteins, 

affecting their migration to the isoelectric point or entry into the IPG matrix [185]. There are clean-

up methods that are specifically aimed at delipidating plasma proteins. These are mostly two phase 

systems such as butanol/di-isopropanol ether extraction [186] or methanol/chloroform extraction 

[187]. Alternatively, delipidation can be simply achieved by centrifugation at 4o C [188]. There are 

also a variety of solvent induced precipitation methods for removing both lipids and salts in one step 

e.g. with acetone, TCA, ethanol, methanol, acetonitrile [189, 190] either separately or in mixtures 

[191].  

 

Although it has long been assumed that denaturing conditions prevent metal (salt) protein binding, 

recent reports show that even under denaturing conditions, metal salts can co-precipitate with 

protein. Acidification of the sample prior to precipitation has been shown to reduce salt binding 

[192] most likely because protonation of the negatively charged acidic groups on proteins reduces 

their affinity for positively charged metal ions such as sodium. The improved clean-up by 

TCA/acetone precipitation compared to acetone precipitation alone [191] may be due to the same 

effect. Unfortunately the use of TCA often results in problematic resolubilisation of the protein 

pellet [193, 194], and if not completely removed, interferes with isoelectric focusing [195]. 

Acidification with other acids (e.g. citric acid) prior to precipitation has, however, been shown to be 

an effective clean-up step for microbial samples, particularly for the high molecular weight proteins 

[196]. 

 

As an alternative to solvent/precipitation based clean-up methods there are also device based 

clean-up techniques, such as those based on dialysis [197], spin-column exchange [198], solid phase 

extraction [199], and by focusing the IPG strip slowly (i.e. for an extended period at low voltage) to 

enable (charged) interfering substances to exit the IPG strip prior to focusing [179, 200]. When using 

membrane dependent clean-up processes, such as dialysis and spin-columns, there is a risk of 

substantial protein loss due to non-specific protein binding to the device itself or the membrane. 

The use of detergents and chaotropes in the protein solutions substantially improves protein 

solubility and reduces this risk [193]. 
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research on this topic, what has been done demonstrates that there is potential to further improve 

understanding in this area [213, 214].  

 

The addition of carrier ampholytes to both sample solutions and rehydration solutions for IPG strips 

enhances protein solubility, particularly as proteins approach their isoelectric point during IEF [215]. 

While the exact make up of each type of commercially available solution has only recently been 

determined [203], the type and concentration of carrier ampholytes is often found to be sample 

specific [202]. 

 

While standard focusing protocols dictate a rapid rise in voltage during the early stages of IEF some 

difficult to focus proteins have been shown to focus more effectively when subjected to a slow rise 

in voltage rather than a sudden increase regardless of the protein loading method [216]. The 

downside is that more time is required for focusing. 

 

Isoelectric focusing of IPG strips gel side up (as opposed to gel side down) requires a paper wick to 

be placed between the electrode and the IPG strip. The wick has water applied to it to absorb 

contaminants (such as salt ions), to enable an electrical connection to be made and to provide a 

reservoir to replace water lost due to electrolysis. In 1997 Gorg et al. [217] reported that the 

addition of hydrophilic agents such as glycerol to the isoelectric focusing system improved protein 

resolution in the alkaline pH region by reducing water flow through the IPG strip. It was suggested 

that hydroxide ions (present at alkaline pH) flow towards the anode, carrying water with them, 

resulting in an electro-osmotic flow and smearing of protein spots. A further report published in 

2009 supported the hypothesis that electro-osmotic water flow along IPG strips caused gaps in the 

proteome at high pH regions [218].  

 

Occasionally issues are reported with protein carbamylation due to reaction of proteins with urea 

breakdown products such as cyanate that can develop in urea solutions under certain conditions, 

such as warm temperatures. These are, however, negligible during electrophoresis (especially with 

temperature control) as any cyanate ions that develop are negatively charged and drawn towards 

the anode as they form, reducing the availability of these ions for carbamylation, in an effect similar 

to the removal of partially charged reducing agents [172, 184].  
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Recently Bengtsson et al. [219] found that they could reduce the water loss that occurs during 

electrophoresis due to electrolysis (i.e. the splitting of water to hydrogen and oxygen which bubbles 

up at the electrodes) by using conducting polymer electrodes to make electrical contact with the gel 

instead of platinum wire. Observed improvements in protein electrophoresis with one dimensional 

SDS gels were purported to be due to either a reduction in the electrolysis that induced gel drying 

or a reduction in the acid/base by-products of electrolysis that interfered with protein charge. Note 

that these experiments did not include the use of carrier ampholytes.  

 

Other proteomic methods 

Another powerful proteomic technique is based on protein separation in liquid chromatography 

columns combined with mass spectrometry (LCMS). These two processes can be combined 

automatically to yield results relatively quickly [220]. This method also has the advantage that 

hydrophobic proteins may be more easily identified, as organic or partially organic solvents are often 

used. Another advantage can be a better dynamic range [221].  

 

The problem of limited dynamic range in 2D gels is at least partially addressed by depletion [222] 

and also with the use of fluorescent dyes [223]. The issue of hydrophobic proteins can sometimes 

be a problem for 2D PAGE, depending on the sample type. It can be addressed by a variety of means 

such as using LC separation followed by one-dimensional gel electrophoresis to analyse the 

hydrophobic protein fractions and 2D electrophoresis for the soluble protein fractions [224]. 

Because problems with protein solubility are encountered in the first dimension of 2D 

electrophoresis this procedure can improve the dynamic range [158]. However, as mentioned 

earlier, it was not anticipated there will be problems with hydrophobic proteins with the use of 

plasma samples.  

 

One of the issues in employing LCMS based proteomic investigations is that it is generally necessary 

for samples to undergo an enzymatic digestion process prior to quantitation. This methodology is 

known as bottom up proteomics, and is used because it can be difficult to get a large number of 

intact proteins from complex solutions (such as in a plasma sample) to fly adequately in a MS 

instrument. Digestion with enzymes such as trypsin prior to analysis facilitates the reliability and 

sensitivity of data acquisition methods, however digestion prior to protein quantitation can also 

result in the loss of information about the relative quantities of each protein isoform. One of the 
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To recap; there are two main types of data obtained from mass spectrometry, peptide mass 

fingerprinting and peptide fragmentation (sequence) data. A peptide mass fingerprint (PMF) 

consists of a series of peptide masses resulting from the protease digest of a protein, plus or minus 

modifications such as alkylation, phosphorylation or glycosylation. Peptide fragmentation data 

consists of a series of smaller protein masses resulting from the peptides produced in the protease 

digest being fragmented within a collision cell of the mass spectrometer. Both types of data can be 

used together to identify proteins by comparison to information in databases such as theoretical 

mass fingerprints generated from genomic sequence databases [242] or from dedicated MS 

databases to find a match with known or predicted proteins [243]. This has historically been a very 

demanding and time-consuming process, however improvements in the ease of use and accessibility 

of computer software to undertake this work have occurred regularly over the last few years [244, 

245]. 

 

Present study 

As there have been no strong leads regarding the etiology of ovine pre-partum vaginal prolapse to 

date [41], another broad based research approach is required in order to gain some insight as to 

what is causing this problem, assuming that there is a major cause. The fact that the disease has 

seasonal or farm outbreaks [3] does give some indication that there may be at least some unknown 

factors that are involved in the etiology of ovine prolapse. While large scale epidemiological studies 

have been able to rule out certain factors, they have not yet provided much many clues to its 

etiology. 

 

Sample choice and methodology 

One of the main issues in using samples in order to determine disease etiology is confidence in 

separating out causes of the disease from effects. Collecting samples prior to disease occurrence is 

one way of removing the effects of the problem from the cause of it and provides more confidence 

that the mechanism causing the condition is being addressed. The disadvantage of this is that it is 

difficult to collect vaginal tissue from sheep that will subsequently prolapse, due to the low level of 

numbers involved. Further, while the main tissue involved is clearly vaginal, there is very little 

evidence to suggest that changes in that tissue cause prolapse to occur in sheep. An alternative to 

vaginal tissue is to take blood samples so that plasma (or serum) can be obtained. This enables 
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collection to be done in large numbers, and with the sheep identified, samples can be later used 

from sheep that subsequently prolapse and compared to those that do not. Such a sample collection 

requires ethical approval. 

 

The analytical method of choice, a molecular analysis i.e. proteomics, and specifically 2D DIGE was 

debated prior to beginning the project. There have been a variety of research methods that have 

been employed in order to understand what is going on with ovine pre-partum prolapse, as 

reviewed above, however there has been only limited attempts to use modern biochemical methods 

in prolapse research. Modern biochemical analysis underpins much of current biological research, 

especially with the advent of high throughput DNA sequencing technology, as well as related 

developments in technology such as protein sequencing in MS. The reasons for this research 

emphasis lie with the improved understanding of living processes, that all living entities have a 

common ancestor, and that common biochemical processes underpin the sustenance of life itself. 

Proteomics is a natural extension of these processes, and 2D DIGE is a high quality proteomic 

technique that could reasonably be applied in our laboratory.  

 

The only non-proteomic tools employed were with the use of a plasma cortisol assay as well as a 

plasma phosphate test. 

 

Hypothesis 

1. That there will be quantitative differences in the plasma proteins between samples 

collected from ewes that subsequently prolapse and controls. 

2. That stress is a contributing factor in ovarian pre-partum prolapse. 

 

Aims 

1. To identify plasma proteins that are associated with subsequent prolapse occurrence in 

sheep. 

2. To determine if cortisol is associated with subsequent prolapse occurrence in sheep. 
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Chapter 2. Method development 
 
Item Type Supplier Supplier location 
IgY-C12 depletion kit spin column + buffers Genway Biotech San Diego, CA, USA 
Protein G Sepharose Fast flow Sigma-Aldrich St Louis, MO, USA 
TCEP (sample prep.) Reducing agent Soltec Beverly, MA, USA 
TCEP (MS prep.) Reducing agent GoldBio St Louis, MO, USA 
Triton X-100 Neutral detergent Sigma-Aldrich St Louis, MO, USA 
Tris (sample buffer) Buffer, PlusOne GE Life Sciences Uppsula, Sweden 
Urea Chaotrope, PlusOne GE Life Sciences Uppsula, Sweden 
4-Vinylpyridine, 95% Alkylating agent Sigma-Aldrich St Louis, MO, USA 
Protein quantitation EZQ kit Invitrogen Eugene, OR, USA 
IPG strips Dehydrated strips GE Life Sciences Uppsula, Sweden 
Electrode wicks Paper GE Life Sciences Uppsula, Sweden 
CHAPS Zwitterionic 

detergent, 1 g pack 
Bio-Rad Hercules, CA, USA 

Thiourea Chaotrope, 100g pack GE Life Sciences Uppsula, Sweden 
Carrier ampholytes Range depending on 

IPG strips 
GE Life Sciences Uppsula, Sweden 

Bromophenol blue Trace dye Sigma-Aldrich St Louis, MO, USA 
DeStreak Hydroxyethyl 

disulphide, 1ml pack 
GE Life Sciences Uppsula, Sweden 

Cover fluid Mineral oil, PlusOne GE Life Sciences Uppsula, Sweden 
Iodoacetamide Alkylating agent, 25g 

pack 
GE Life Sciences Uppsula, Sweden 

DTT Reducing agent Apollo Scientific Manchester, UK 
Agarose Low melt, 25g pack Bio-Rad Hercules, CA, USA 
Acrylamide Acrylamide-bis 40% 

solution 
Merck Darmstadt, Germany 

Ammonium 
persulfate 

Polymerisation agent Sigma-Aldrich St Louis, MO, USA 

TEMED Polymerisation agent Sigma-Aldrich St Louis, MO, USA 
SDS (strips) Negatively charged 

detergent, PlusOne 
GE Life Sciences Uppsula, Sweden 

SDS (tank) Ultrapure Affymetrix Cleveland, OH, USA 
Tris (tank)  Sigma-Aldrich St Louis, MO, USA 
Glycine PlusOne GE Life Sciences Uppsula, Sweden 
Coomassie blue R250 Gel stain Sigma-Aldrich St Louis, MO, USA 
Coomassie blue G250 Colloidal Coomassie Bio-Rad Hercules, CA, USA 
Sypro Ruby Fluorescent gel stain Invitrogen Eugene, OR, USA 
Cy2, Cy3 and Cy5 Minimal fluorescent 

labelling dyes 
GE Life Sciences Uppsula, Sweden 

Dimethylformamide <0.003% H20 Merck Damstadt, Germany 
Trypsin Porcine pancreas Sigma-Aldrich St Louis, MO, USA 
Haptoglobin assay Phase Tridelta Development Maynooth, Ireland 

 
Table 2-1. Source of key lab consumables. 
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A small format 0.75 mm thick, 12% acrylamide gel (8 cm wide by 7 cm tall) was cast using a Bio-Rad 

mini-PROTEAN II gel system according to the recommended protocol with no stacking gel and no 

comb. The gel was poured to within 5 mm of the top of the lower glass plate and overlaid with water 

saturated butanol. The focused strip was placed into the top of the gel and sealed in place with 

agarose sealing solution (25 mM Tris base, 192 mM glycine, 0.1% SDS, 0.5% agarose and a trace of 

bromophenol blue. Once the agarose was set, the gel was run at a uniform voltage of 180v until the 

dye front was near the bottom of the gel. It was then removed from the apparatus, carefully 

extracted from the glass plates and placed into a staining tray with Coomassie Brilliant Blue stain 

(50% methanol, 10% acetic acid, 40% MQ water and 0.1% Coomassie R250 powder) for 20 minutes. 

It was destained with 12% methanol, 7% acetic acid for 10 minutes and is shown in Figure 2-1. 

 

Figure 2-1. 2D PAGE of sheep plasma sample depleted with Blue ligand column, small format.  
20 µg protein load, 7 cm IPG strip pH 3-10 NL, 12% acrylamide 2nd dimension. Coomassie Blue R250 
stain. Note all 2D PAGE gels presented in this thesis have the same orientation as indicated in this 
diagram i.e. with the acidic (low pH) end of the IPG strips on the left and with high molecular weight 
proteins at the top. The stained IPG strip is shown at the top of the gel in this image. 
 

As can be seen in Figure 2-1, the spot resolution was reasonable, although the protein abundance 

was low, and so the same sample was run on a larger gel with a higher protein load and a more 

sensitive stain. An 18 cm pH 3-10 strip was rehydration loaded (as above) with 40 µg protein, and 

run according to the previously used protocol, except that a 10% acrylamide mixture was used along 
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with a Bio-Rad Protean® II xi Cell to accommodate the 18 cm IPG strips for the second dimension. 

The medium format gels used in the 2nd dimension were 18.5 cm wide (the plastic backing on the 

IPG strips had to be trimmed to fit in the top of the gel), 18 cm long and 1 mm thick.  Following 2D 

electrophoresis the gel was fixed in 50% methanol, 5% acetic acid and stained with silver nitrate 

according to the protocol of Simpson [195], except that the gel was in 0.02% sodium thiosulfate for 

2 minutes instead of 1 minute, and the silver nitrate concentration was increased from 0.1% to 0.2%, 

to improve the consistency of staining. The gel is shown in Figure 2-2 and was stained with silver 

nitrate to provide more sensitivity. Note cooling was not provided when the second dimension was 

run. 

 

 
Figure 2-2. 2D PAGE of sheep plasma sample depleted with Blue ligand column, medium format.  
40 µg protein load, 18 cm IPG strip pH 3-10, 10% acrylamide 2nd dimension. Silver nitrate stain. 
 

Anti body depletion and trialing of clean up methods 

As albumin depletion using the Cibacron Blue cartridge was not efficient and the resolution of 

medium format gels (e.g. as shown in Figure 2-2) was not particularly good, it was decided to 

experiment with alternative sample preparation methods. An albumin and Immunoglobulin G (IgG) 
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manufacturers claimed this column effectively depleted bovine plasma of the most abundant 

proteins including albumin and IgGs. 

 

 
Figure 2-3. 2D PAGE showing depletion with the Amersham albumin and IgG removal kit. 
After depletion of the sheep plasma sample with the kit, chloroform-methanol precipitation was 
done to clean up the sample. 40 µg protein load, 18 cm IPG strip pH 3-10, medium format 10% 
acrylamide 2nd dimension. Silver nitrate stain. 
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mL of this was retained to be applied to a GenWay depletion column for albumin depletion. To 

remove bound proteins from the protein G column, 3 mL of 100 mM glycine (pH 2.5) was used, 

followed by neutralization with 1 mL of 200 mM Tris-HCl (pH 8.0) and then equilibration with TBS 

(pH7.4). Using the same sample preparation and electrophoresis methods as before produced the 

gels shown in Figure 2-6. Bound fractions are shown in Figure 2-7. 

 

 
Figure 2-6. Chloroform/methanol precipitation, non-depleted and depleted, medium format. 
2D PAGE gels run using 18 cm pH 3-10 NL IPG strips with samples prepared using 
chloroform/methanol precipitation. 10% acrylamide 2nd dimension. Gels were stained with silver 
nitrate. Gel A had a non-depleted sample. Gel B sample was depleted using both a protein G and 
GenWay columns. Note that the albumin in A shows some negative staining. 
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Figure 2-7. Protein G and GenWay column bound fractions. 
2D PAGE where both gels had samples were prepared with chloroform/methanol precipitation. Gel 
A had an 18 cm pH 3-10 NL IPG strip loaded with the bound fraction from protein G depletion, 
second dimension was a gradient gel with 8-14% acrylamide, medium format. Gel B had a 24 cm pH 
3-10 NL IPG strip loaded with the bound fraction from a GenWay column after IgG depletion, second 
dimension was 10% acrylamide, large format. 
 

Despite some gels having reasonable resolution, there was considerable variation in the quality of 

spot resolution produced. It was therefore decided not to continue with quantitative analyses for 

two reasons. Firstly, it was difficult to objectively assess if a gel was acceptable for quantitation. 

Secondly, as it was intended to use an expensive DIGE methodology for quantitative analysis it 

would be wasteful to have to produce many gels in order to obtain enough of suitable quality. 

Examples of gels with poor resolution are shown in Figure 2-8. 

 

Discussion with a technical advisor at GE Healthcare raised the possibility that some of the 

resolution problems encountered occurred in the second dimension, as can be seen when vertical 

resolution is poor (for examples see Figure 2-2 and Figure 2-8 A). It was suggested that this may be 

due to buffer warming in the Ettan DALTsix upper buffer tank, which occurred when moderately 

high electrical current flows were used to run the second dimension, particularly during the first 

part of the run. By placing an immersion thermometer in the upper buffer tank it was found that 

even moderate current flow resulted in an increase in temperature in the upper buffer tank. Such 
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an increase in temperature causes glycine ions to run faster than normal, resulting in its depletion 

from the upper buffer tank. An improved upper buffer tank with better heat dispersion was 

obtained to help minimise this problem. Programming the power supply for longer run times, 

particularly when the unit is fully loaded with gels also reduced upper buffer tank heating.  

 

 
Figure 2-8. Poor quality large format 2D PAGE gels. 
Examples of 2D PAGE gels using 24 cm pH 3-10 NL IPG strips loaded with depleted sheep plasma 
showing poor resolution. Gel A had problems with both first and second dimension resolution. Gel 
B mainly had poor horizontal resolution i.e. due to problems during IEF. 
 

Improving 1st dimension resolution 

A wide range of methods were explored in order to improve IEF, many of which involved 

optimization of sample preparation methods as well as experimenting with protein loading methods 

and IEF running conditions. The parameters evaluated included: different reagents to precipitate 

the protein in the sample (methanol, ethanol, phenol, acetone and TCA/acetone), adjusting the pH 

during precipitation, and introducing a solid phase extraction step. The solvent precipitation 

methods were trialed in conjunction with heat extraction and SDS extraction. Also tested were 

methods used for alkylation and the reagents used in this procedure. Variables for IEF included; the 

composition of the rehydration buffer, concentration of carrier ampholytes, the use of hydrophilic 

agents in the rehydration solution, the method used to load the protein into the IPG strip, the length 

of the strips, voltage gradients used and equilibration time.  
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Figure 2-10. Heating and/or SDS samples causing charge trains in 2D PAGE, large format. 
2D PAGE of depleted sheep serum using a 24 cm IPG strip, pH 3-10 NL with an 8-16% acrylamide 
gradient gel stained with Sypro Ruby. Samples were prepared by heating in SDS prior to sample 
clean-up. 
 

Basic sample preparation method 

The basic sample preparation used for all following experiments was (unless otherwise stated): 100 

µL of plasma was diluted to 5 mL with TBS. 2 mL of this solution was applied to a 1mL Protein G 

Sepharose column and eluted without additional buffer being applied. The final 0.5 mL fraction was 

collected and applied to a GenWay C12 IgY depletion column and mixed gently. The column was 

then rotated in an end over end rotator for 15 minutes at room temperature. The column was eluted 

by centrifugation (30 seconds at 0.3 g) to remove the unbound fraction followed by two 0.5 mL 

column washes with TBS which were added to the flow through to produce a total of 1.5 mL of 
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Figure 2-11. DIGE experiment 1, example gel. 
24 cm pH 3-10 NL IPG strips were used with GE 12% acryamide pre-cast gels along with the GE 2nd 
dimension buffer system. Resolution is poor, particularly at the acidic end (left). The two images 
shown are from the same gel probed with a different laser i.e. from different biological samples. 
 

In an attempt to explore better methods with the aim of improving spot resolution in DIGE gels it 

was found that the resolution was improved in non-DIGE gels when a long voltage ramp was 

employed during IEF (Figure 2-12 and Figure 2-13).  

 

 
Figure 2-12. Trialing voltage gradients during IEF, large format.  
This shows a comparison of 2D gels in which IPG strips were focused using different voltage 
gradients (see Figure 2-13) using 24 cm pH 3-10 NL IPG strips. 2nd dimension was 10% acrylamide. 
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Gel A used a strip which was focused with the recommended voltage gradient. The strip used for 
gel B was focused with a long voltage gradient. The protein load on both gels was 50 µg of depleted 
sheep plasma. 
 

 
Figure 2-13. Voltage and resultant current profiles for 2 different IEF regimes.  
See Figure 2-12 for gel images from these runs. 
 

The gels shown in Figure 2-12 were run using a 50 µg protein load, and in the nature of DIGE, three 

times this load is required for each strip, i.e. 150 µg, which is higher than the recommended 

maximum analytical load of 60 µg for 24 cm ph3-10 IPG strips [246]. It is possible that this increased 

load may be the cause of the poor resolution seen in the first DIGE experiments.  

 

Many of the methods that have been previously reported use an intermediate voltage range, i.e. a 

quicker ramp than that used previously in the present study but slower than that recommended by 

GE Healthcare. An extra-long run was compared with focusing done for an intermediate time to 

exaggerate the differences. As previously noted, water may be consumed during IEF due to 

electrolysis, a factor that may be exaggerated during extra-long runs. It was therefore decided to 

calculate the amount of water consumed.  

 

Table 2-2 shows calculations for the amount of water consumed by electrolysis. For 50 hours at 75 

µA this comes to 1.25 µL, which is an insignificant amount, especially when one considers that 150 

µL is applied to each electrode wick. As the maximum current for the 50 hour run was approximately 

15 µA (see Table 2-2) the amount of water consumed by electrolysis during the run was probably 

less than 1 µL per strip. 
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Figure 2-14. Intermediate voltage gradient vs an extra long voltage gradient during IEF. 
2D PAGE gels loaded with non-depleted sheep plasma samples, 50 µg protein per gel. IPG strips 
were pH 3-10 NL, 24 cm. 10% acrylamide in the second dimension. Gels A, B and C are from an 
intermediate length focusing run, whereas gels D, E and F had an extra long focussing time. 
 

Increased protein load 

As the IPG strips had to be able to handle a higher load than that used in Figure 2-12 it was decided 

that a greater improvement in resolution was required. A large number of experiments were carried 

out to improve 1st dimension resolution when using a higher than normal protein load. Firstly, after 

depletion, proteins were alkylated prior to IEF instead of using DeStreak in the 1st dimension and 

iodoacetamide during SDS equilibration, prior to the 2nd dimension run. Secondly, denaturing 

conditions used during alkylation prior to precipitation and focusing were investigated. To do this 

the alkylation step was done as before, but either in the presence of urea or in the presence of 

guanidine hydrochloride, with or without DeStreak in the isoelectric focusing buffer. It was found 

that alkylation in the presence of urea was effective in providing reasonable resolution, at least for 

the majority of proteins (Figure 2-16). 
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Figure 2-15. Aligning horizontal resolution of DIGE gel with non-DIGE gel. 
2D PAGE gels, pH 3-10 NL 24 cm IPG strips. Gel A shows one of the three 50 µg loads from the 1st 
DIGE experiment, note this gel was cropped on the left to facilitate spot detection as there were no 
resolved spots in this area. Gel B is a Sypro Ruby stained gel loaded with 50µg depleted sheep 
plasma. They are lined up vertically to show the disparity in horizontal resolution at the acidic (left) 
side. For the second dimension, gel A is a GE 12% acryamide gel using the 2nd dimension GE buffer 
system, whereas gel B is a 10% labcast gel run using the standard Tris/glycine buffer system. 
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loaded on each strip as this is approximately 3x the recommended analytical load for 7 cm strips 

and so reflects the 3x load on DIGE gels. 

 

 
Figure 2-17. Spin clean up and spot resolution. 
Duplicate 2D PAGE gels using samples prepared by spin clean up to reduce conductivity. 15 µg 
depleted sheep plasma protein was loaded per 7 cm pH 3-10 NL IPG strip, 2nd dimension was 10% 
acrylamide. 
 

 
Figure 2-18. Acetone precipitation and spot resolution, small format. 
Duplicate 2D PAGE gels with samples prepared using acetone precipitation without washing in spin 
columns. 15 µg depleted sheep plasma protein was loaded per 7 cm pH 3-10 NL IPG strip, 2nd 
dimension was 10% acrylamide. 
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The gels from the samples prepared with acetone precipitation had better resolution than the gels 

with samples prepared with the spin column method, although spot resolution was still not 

consistent. 

 

Equilibration time  

An experiment was carried out to investigate the relationship between equilibration time (when the 

IPG strips are soaked in SDS detergent in preparation for the 2nd dimension) and spot resolution. 

Samples were prepared as before, with 10µg of depleted plasma protein being loaded onto each of 

5 pH 3-10 7 cm IPG strips. During the equilibration step one strip was removed from its equilibration 

tube after one minute, rinsed with tank buffer and placed into the 2nd dimension gel. This process 

was repeated at two minutes, five minutes, ten minutes and thirty minutes. Note that no 

equilibration buffer change during equilibration was required as samples were alkylated prior to IEF. 

All 2nd dimension gels were 12% acrylamide, and stained with silver nitrate (Figure 2-19). 

 
Figure 2-19. Equilibration time and spot resolution. 
The effect of equilibration time on spot resolution on 2D PAGE gels. 10 µg of depleted sheep plasma 
was loaded onto 7 cm pH 3-10 IPG strips. Strips were placed into SDS equilibration buffer at the 
same start time and were progressively removed from the buffer and rinsed clean at the times 
stated. 12% acrylmide was used in the 2nd dimension and the gels were stained with silver nitrate. 
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As equilibration time appeared to have an effect on resolution it was reasoned that longer 

equilibration times were probably washing away poorly resolved proteins lying on the surface of the 

IPG strip and that better resolved proteins may lie deeper within the strip. This may be affected by 

the loading method employed. 

 

In order to address loading concerns a cup loading experiment was carried out (Figure 2-20).  

 

 
Figure 2-20. 2D PAGE cup loading experiment, large format. 
A 50µg sample of depleted sheep plasma was cathodic (i.e. basic or right hand end) cup loaded onto 
6 24 cm pH 3-10NL IPG strips. Six gels were run, but only the image shown in gel A has reasonable 
resolution. The other five resembled the image shown in gel B or worse. 
 

Results from the cup loading experiment were variable and generally poor, only one gel of the 6 

that were run had reasonable resolution. 

 

Nature Protocols method (also using cup loading) 

In order to test alternative published methods, a protocol following one published in the Journal 

Nature Protocols [163], was undertaken. As this method was designed for human plasma, ethical 

approval was obtained (HEC: Southern A application 13/37) and a human sample obtained. This was 

treated according to the published protocol as follows; 6.26 µL plasma was mixed with 10 µL 10% 

SDS, 150 mM DTE (dithio-1,4-erythritol), and heated for 5 minutes at 95°C in a water bath. After 

cooling to room temperature, it was diluted with 485 µL of a solution containing 8 M urea, 4% 

CHAPS, 65 mM DTE, 35 mM Tris and 1% bromophenol blue. 60 µL of this solution (containing 170 
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µg of protein) was loaded into cathodic sample cups on 24 cm pH 3-10 NL IPG strips that had been 

rehydrated overnight at 21°C in a disposable reswelling tray with 8 M urea, 2% CHAPS, 10 mM DTE, 

0.4% bromophenol blue and 2% IPG buffer. As the Immobiline dry strip reswelling cassette 

recommended in the Nature Protocols procedure was not available, a disposable Immoboline dry 

strip reswelling tray was used.  

 

 
Figure 2-21. Evaluation of Nature Protocol method, large format.  
2D PAGE with pH 3-10 NL 24 cm IPG strips, stained with Sypro Ruby. Gel A was cathodic cup loaded 
with 170 µg of human plasma protein, 2nd dimension 10% acrylamide. Gel B is a gel image, published 
in Nature Protocols, that had been cup loaded with 45 µg of human plasma protein, 2nd dimension 
was a gradient gel 8-16% acrylamide. (Reprinted by permission from Macmillan Publishers Ltd: 
Nature Protocols Vol 1, No 2, p820, copyright (2006)). See also Figure 2-22. 
 

As shown in Figure 2-21 the Nature Protocols method sometimes produced reasonable quality gels, 

although again, resolution was not consistent. Figure 2-22 shows a poor quality gel prepared using 

the identical (Nature Protocols) method along with a gel prepared according to the basic method 

used previously but run with the human sample and cup loaded. 
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Figure 2-22. Further evaluation of Nature Protocol method, large format.  
2D PAGE with pH 3-10 NL 24 cm IPG strips, loaded with 170 µg non-depleted human plasma. 2nd 
dimension was 8-16% acrylamide, ammoniacal silver staining. Gel A is an example of a poor 
resolution gel made using the Nature Protocols method (see also Figure 2-21). Gel B was run using 
the same human sample but with the previously used basic sample preparation method and cup 
loaded. 
 

 
Figure 2-23. Reduced electrode wick water and spot resolution, small format. 
Duplicate gels from 2D PAGE with 7 cm pH 3-10 IPG strips, loaded with 10 µg depleted sheep plasma 
using the basic method, except that electrode wicks had only 50 µL MQ water applied i.e. instead of 
150 µL. 
 

Reducing water flow by including hydrophilic agents such as glycerol and isopropanol was also not 

effective in producing gels of consistent good resolution (data not shown).  
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As cup loading had not shown a consistent improvement in spot resolution it was decided to use 

passive rehydration loading for the remainder of experiments. Work then began in an attempt to 

see if changes made at the electrodes affected the consistency of resolution. It was reasoned that 

the electrode wicks may be introducing excess water to the IPG strips during IEF, resulting in poor 

protein entry (into the IPG strip) of largely hydrophilic plasma proteins. A set of mini gel experiments 

was undertaken to see if reducing wick water would improve the consistency of resolution. 

Unfortunately these experiments generally failed to produce good quality gels. The recommended 

wick water volume is 150 µL and examples of gels run from strips focused using 50 µL wick water 

are shown in Figure 2-23. 

 

Improved electrical connection 

Initially conductivity was increased by raising the percentage of carrier ampholytes used in the 

rehydration solution. Carrier ampholytes are commercially available in specific pH ranges, the GE 

products for this purpose are known as IPG buffers. Technical data from GE suggests using either 

0.5% IPG or 2% IPG buffers in the rehydration solution. As 0.5% IPG buffer had already been used in 

the basic method, both 1% and 2% IPG buffer were trialed. Again mini gels with 7 cm 3-10NL pH IPG 

strips were used for these trials, examples are shown in Figure 2-24.  

 

 
Figure 2-24. Increased carrier ampholytes, reduced wick water & spot resolution, small format. 
Duplicate 2D PAGE gels using 7 cm pH 3-10 IPG strips loaded with 10 µg depleted sheep plasma. 
Strips were run with partially reduced wick water (100 µL instead of 150 µL) and had increased 
carrier ampholytes (1% IPG buffer instead of 0.5%). 
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As large format gels would be used for future quantitative work, subsequent experiments were 

carried out using these instead of small format gels. A set of experiments to determine if electrode 

wick and carrier ampholytes could be manipulated with the aim of producing consistent good 

quality large format gels. Figure 2-25 showed a marked improvement in spot resolution when IPG 

buffer was included in the wick solution when using non-depleted human plasma. 

 

 
Figure 2-25. Carrier ampholytes in wick water, human plasma sample, large format. 
2D PAGE gels with 24 cm pH 3-10 NL IPG strips loaded with 150 µg of non-depleted human plasma 
protein. Both IPG strips had 0.5% IPG buffer in the rehydration solution and 2% IPG buffer (carrier 
ampholytes) in the wick water. The IPG strip for gel A had 100 µL wick solution and the strip for gel 
B had 150 µL wick solution. 
 

 
Figure 2-26. Carrier ampholytes in wick water, 150 µg depleted sheep plasma, large format. 
Triplicate large format 2D PAGE gels using 24 cm pH 3-10 NL IPG strips rehydration loaded with 150 
µg protein from pooled depleted sheep plasma samples resuspended in 30mM Tris. The rehydration 
buffer for the IPG strips contained 0.5% IPG buffer, and the electrode wicks contained 2% IPG buffer 
(carrier ampholytes). 2nd dimension was 10% acralymide and staining was with Sypro Ruby. 
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were smooth, they had an uneven schlieren line underneath the top of the gel, with resultant 

uneven protein resolution, as shown in Figure 2-29. 

 

  
Figure 2-29. Uneven polymerisation. 
Gel with uneven polymerisation towards the top of the gel (shown in a wavy schlieren line) resulting 
in horizontal waviness in stained proteins. 
 

The line towards the top of the gel, known as the schlieren line, represents a change in the degree 

of polymerisation of the acrylamide due to inhibition by oxygen. Flushing the chamber with nitrogen 

before casting the gels reduced the unevenness of the schlieren line. However although the 

schlieren line became more uniform when using this method, it did nothing to eliminate the 

unevenness at the very top of the gels or the effect on protein resolution, but instead appeared to 

exaggerate it, as shown in Figure 2-30. 
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Figure 2-30. Effect of wobbly top gels on apparent protein resolution. 

 

After testing a number of ways to remove this waviness it was concluded that it may be due to 

shrinkage during polymerisation. Polymerisation is known to cause shrinkage in other fields (e.g. 

dentistry) as covalent bonds have shorter bond lengths than non-covalent bond [250]. A method to 

supplement buffer into the bottom of the gel caster during polymerisation was devised in order to 

support the top of the gel as it shrunk during polymerisation. A displacement solution (375 mM Tris-

HCl pH 8.8, 30% glycerol, a trace bromophenol blue) was put into a vessel connected to the bottom 

of the gel caster with a tube. It was found that the wedge shaped rubber block (used for casting 

homogenous gels) could remain in place at the bottom of the gel caster. Note that it is important to 

remove all air from the connecting tube prior to commencing gel casting otherwise air bubbles can 

be introduced into the gels. The level of the displacement solution was found to be critical, initially 

it needed to be about 1 cm below the required level of the top of gels as polymerisation solution 

may be drawn into the top of the gel plates by capillary action. As the gels polymerise the level of 

the supplementary solution was raised by a few mm to facilitate supporting the top of the gels. Entry 

of displacing solution into the bottom of the gel plates can be observed due to the inclusion of a 

trace amount of dye in the buffer (Figure 2-31).  

 

After the polymerisation solution is poured into the gel caster, an overlay solution (often water 

saturated butanol) is usually applied to the top of the polymerising gels to prevent oxygen entering 

the top of the gels and inhibiting polymerisation. It commonly assumed these solutions are not 

miscible, however, it was found that they are and that it is important to be careful when applying 

the overlay solution so as not to mix the water saturated butanol with the polymerisation solution.  
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Figure 2-31. Supplementing buffer solution. 

 
Unfortunately one gel in DIGE experiment B appeared to have some butanol mixed into the surface 

of the gel at the edge of the gel. Immediately prior to running the 2nd dimension part of the soft gel 

had to be scraped out between the glass plates to allow room for the IPG strip to be loaded. This 

affected partially the running of the second dimension (Figure 2-32). 

 

 
Figure 2-32. Gel from DIGE experiment B with a partial casting issue. 
Gel 17052 (top left gel in Figure 2-27) from DIGE experiment B had an area where the water 
saturated butanol overlay mixed with acrylamide on the left hand side of the gel preventing proper 
entry of proteins into the gel and raising the top of gel in this region. This area had to be scraped 
level prior to loading the IPG strip in order to get the strip onto the top of the gel. 
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disposable rehydration tray (and not covered with oil) and within an IPG box (GE Healthcare) or in a 

24 cm Immobiline Drystrip reswelling tray and covered with Drystrip cover fluid (GE Healthcare) for 

overnight rehydration, in the dark at room temperature.  

 

Rehydrated IPG strips were transferred to an Ettan IPGphor II manifold for face up IEF at 20°C. For 

all DIGE experiments except DIGE experiment B, 150 µL of Milli-Q water was evenly applied to the 

electrode wicks. For DIGE experiment B 150 µL of Milli-Q water containing 2% carrier ampholytes 

(IPG buffer, 3-10 NL) was evenly applied to the wicks. Wicks were positioned over the strips as 

shown in Figure 3-1, with a large portion of the wicks overhanging the ends of the strips, and the 

electrode wire on the inner end. The IEF focusing program used for DIGE experiments A and B is 

shown in Table 3-1. The IPGPhor II was covered to protect strips from light and after focusing was 

complete the strips were stored at in the dark -70°C until required for 2nd dimension separation. 

 

Focusing protocol used for DIGE A Long gradient protocol used for DIGE B 

75 µA maximum current per strip: 

Step at 200 V  -  3 hours 

Step at 500 V  -  3 hours 

Gradient to 1,000 V -  2 hours 

Gradient to 10,000 V -  4 hours 

Step at 10,000 V -  8 hours 

(105.6 kVh or 20 hours) 

 

20 µA maximum current per strip: 

Gradient to 100 V -  1 hour 

Gradient to 200 V -  6 hours 

Gradient to 500 V -  6 hours 

Gradient to 1,000 V -  4 hours 

Gradient to 2,000 V -  3 hours 

Gradient to 4,000 V -  2 hours 

Gradient to 10,000 V -  3 hours 

Step at  10,000 V -  3 hours  

(67.55 kVh or 28 hours) 

 
Table 3-1. Voltage profiles used for isoelectric focusing in two DIGE experiments. 
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in DIGE experiment B. Figure 3-7 shows the 208 visibly discernible matched spot found in DIGE 

experiment A. 

 

 
Figure 3-3. Example of spot rejection.  
A spot that was judged not to be a real spot is highlighted in red. Note there was also incorrect 
matching of the position of this spot in the highlighted gel (pink banner, gel 17063). 
 

 

Figure 3-4. Further example of spot rejection.  
The spot outlined in pink in the left image (the 
master) was included whereas the spot on the 
right was not because it could not be confidently 
matched to the master. If less than half of the 
spots could be matched to the master then none 
of the matched spots were included. 

 
 

Figure 3-5. Example of spot 
inclusion.  
The spots outlined in pink were 
visibly discernible spots and they 
could be matched, and were 
included. 
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Figure 3-6. 428 matched spots representing visibly discernible spots were found in DIGE B.  
The master gel standards image is shown, spots are outlined. 
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Figure 3-7. 208 matched spots representing visibly discernible spots were found in DIGE A.  
The master gel standards image is shown, spots are outlined.  
 
In order to evaluate the qualitative differences between the two DIGE experiments reported here 

an analysis of the data variation between gels was undertaken. Standard data was used to assess 

variation as the same standards are used on each gel within an experiment. Standard data is not 

normalised within DeCyder as the standardisation process accommodates differences in the values 

of standard data between gels. In the present study, comparison between the standards was 

required and so normalisation was necessary.  
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Figure 3-8. Correlation of spot variation (CV) with spot volume of the internal standards. 
Data for the two DIGE experiments analysed are shown as scatter plots along with fitted lines. 
 

Finally, to put the technical variation in context, the biological variation of control sample was 

investigated. This showed that the variation of the smaller data set (six samples with 208 master gel 

spots cf. eight samples with 428 master gel spots) was less, i.e., 0.32 c.f. 0.38 (volume CVs for 

experiments A and B, respectively). Removing standardisation increased the CVs substantially in 

both experiments (from 0.32 to 0.41 for experiment A and from 0.38 to 0.46 for experiment B).  

See also the results in chapter 5 where same samples spots are correlated between the two DIGE 

experiments analysed.  

 

Note that a haptoglobin validation experiment is described in Chapter 5 which showed there was a 

high degree of correlation (r2 = 0.87) between combined haptoglobin spot volumes and a 

haptoglobin activity assay. The correlation was higher when values were log (base 2) transformed 

(r2 = 0.91), see Figure 5-43.  
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(bearing/control) one plot for each of the different methods, whereas in Figure 4-2 the variance 

ratios are used to compare the differences in variances produced between two different methods 

on one plot. A negative value indicates that variance in the numerator is less than the denominator. 

Figure 4-2 shows that normalisation using all spots produced less variation than normalisation using 

only spots present on all gels. It is also clear that standardisation reduced the variation even further. 

There was only minor effects of spot intensity on variance. 

 

 
Figure 4-2. Variance ratio plots to evaluate the linear normalisation methods used. 
These plots compare data variance between the two linear normalisation methods used, along with 
standardisation by the preferred method. The title for each graph shows the two methods being 
compared, in terms of numerator : denominator. A number below zero in the variance ratio reflects 
a lower variance in the numerator method. Mean values are shown in the Y axis title. 
 
As standardisation had the largest effect of reducing variation (as shown in Figure 4-2 D), it was 

possible this was caused by cross talk between dyes on the same gel, as has been suggested by Karp 

et al. [166]. Cross talk is where the fluorescent signal from one dye influences the signal from 

another, i.e. from the same place in the gel. This can be caused by quenching failure after dye 

labelling [261] by or poor quality fluorescent filters within the scanner. If there was cross talk 

between dyes, then one would expect that the variation on the same gel would be less than 

variation between gels.  



file:///D:/9%20-%20cross%20talk%20variance.xlsx


file:///D:/10%20-%20variance%20-%20box%20plots.xlsx


88 
 

Both methods of non-linear normalisation were used in this study, both before and after 

standardisation, and then evaluated in order to see the effect of using these normalisation methods 

on data distribution and variance ratios. 

 

Non-linear normalisation applied after standardisation 
 

 
Figure 4-5. Ratio-intensity plots for the evaluation of non-linear normalisation methods. 
The non-linear normalisation methods applied here were done after standardisation. The dotted 
red line is the line of best fit. 
 

Ratio-intensity plots were generated for the non-linear normalisation methods, and are shown in 

Figure 4-5. In order to enable a fair comparison, the logged VSN and quantile normalisation data 

was unlogged prior to calculating the data for the graphs shown in Figure 4-5 (see the digeb_vsn tab 
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Figure 4-9. Variance ratio plots for VSN normalisation applied with missing values allowed. 
This was compared to linear normalisation (using all spots) and quantile normalisation with missing 
values removed. (Note quantile normalisation can only be done with missing values imputed). 
 

 
Figure 4-10. Box plots showing data distribution after two non-linear normalisation methods.  
Quartile distributions are shown as boxplots with median values at the center. Sample ID and 
condition are shown where C = control and B = pre-prolapse sample. 
 

The only normalisation method that appeared to behave noticeably poorly was quantile 

normalisation by spot volume. This method had a much more unevenly distributed cloud of spots in 

the ratio-intensity plot (Figure 4-5 E) and substantially increased data variance (Figure 4-6 A) and so 

was not used further. This principle was based on the assumption that normalisation should reduce 

variance, resulting in more reliable, higher quality data. The other methods were deemed to be 

acceptable normalisation methods that could be used for data analysis. While VSN normalisation 

had a slightly lower mean variance than both quantile normalisation by log(2) spot volume and 

linear normalisation (all spots) the difference was considered minor. Both methods were 

subsequently applied after standardisation as this resulted in a lower mean variance (Figure 4-8). 
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Figure 4-15. Quantile comparison plot of log(2) normalised & standardised volume data. 
Normalisation was by all spots. Solid red line is line of best fit, and dashed lines are at the 95% 
confidence interval. 
 

A Q-Q plot was generated for the VSN normalised data, this is shown in Figure 4-16.  

 

 
Figure 4-16. Quantile comparison plot of VSN normalised data. 
The solid red line is the line of best fit, and the dashed lines are at the 95% confidence interval. 

 

A Q-Q plot was generated for the quantile normalised log(2) data (Figure 4-17). 
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Data distribution was further visualised using scatter plots (Figure 4-19), but only very minor 

differences could be seen between the different normalisation methods after data transformation. 

See Figure 4-12 for a non-transformed scatter plot. 

 

 
Figure 4-19. Scatter plots for transformed paired spots, bearing vs control.  
Linear normalised (by all spots) and standardised, and quantile normalised (log volume) methods 
used a log base 2 transformation, whereas VSN normalisation used a glog transformation. 
 

Summary graphs of paired averages (bearing vs control) are shown volume in Figure 4-20. 
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Figure 4-20. Scatter plots showing average spot volumes, bearing vs control.  
Transformed and not transformed data are shown. 
 

Given the improved distribution, particularly as seen in the distribution histograms (Figure 4-18) the 

decision was made to continue with data analysis using log (base 2) transformed data for linear and 

quantile normalised data as well as the glog output of the VSN normalisation.  
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Chapter 5. Results 
 
Prolapse occurrence 

Of the 650 ewes that had blood sampled, 28 subsequently prolapsed, although one sample tube 

from a prolapsed ewe could not be found. Figure 5-1 shows the distribution of prolapse occurrence. 

The first two occurred on day 10 (from blood sampling) and the last one observed was on day 47. 

Sample collection is described at the beginning of Chapter 2. 

 

 
Figure 5-1. Distribution of prolapse occurrence. 
 

Two DIGE experiments (using slightly different methodology) and two sets of cortisol data (using 

the same methodology) were analysed during the course of the study. The DIGE experiments are 

termed DIGE experiment A and B for the purposes of comparison. Controls for all experiments were 

selected from samples with numbers numerically close to the numbers of prolapsed samples in an 

attempt to control for time of day of sampling. As only a limited number of samples could be 

analysed by DIGE technology, twelve samples were analysed in DIGE A (6 control and 6 pre-prolapse) 

and sixteen (8 control and 8 pre-prolapse) in DIGE B. All pre-prolapse samples analysed by DIGE 

prolapsed within 21 days of blood sampling.   

 

DIGE experiment A had poor resolution in the first dimension, the master gel can be seen in Figure 

5-2. Note that a master gel is determined in DyCyder purely for the purposes of assigning spot 

numbers for identification and matching purposes. DIGE experiment B used an improved 
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Spot ID Appearance T-test Av. Ratio  Spot ID Appearance T-test Av. Ratio 
----------------DIGE experiment A------------------- -----------------DIGE experiment B---------------------- 
A 1160 15(18) 0.0042 -1.3 B 1417 24(24) 0.464 -1.1 
A 781 9(18) 0.017 1.4 B 885 24(24) 0.288 1.1 
A 1162 15(18) 0.017 -1.4 B 1421 24(24) 0.492 -1.1 
A 1166 15(18) 0.019 -1.7 NA 

   

A 792 9(18) 0.025 1.4 B 904 24(24) 0.950 -1.0 
A 1172 15(18) 0.030 -1.7 B 2281 24(24) 0.275 -1.2 
A 788 12(18) 0.054 1.6 B 893 24(24) 0.972 1.0 
A 1155 12(18) 0.068 -1.3 B 1410 24(24) 0.337 -1.1 
A 1457 9(18) 0.074 -3.2 NA 

   

A 1169 15(18) 0.086 -1.6 B 1428 24(24) 0.398 -1.3 
 
Table 5-3. T-test p values using linear normalised log(2) transformed data, from DIGE A. 
Spots matched in DIGE experiment B (also with linear normalised log(2) data) are also shown. 
 
Spot ID Appearance T-test  Av. Ratio Spot ID Appearance T-test Av. Ratio 
-----------------DIGE experiment B------------------- -----------------DIGE experiment A--------------------- 
B 2366 24(24) 0.0016 3.6 NA 

   

B 746 24(24) 0.012 -1.5 NA 
   

B 1635 21(24) 0.020 -1.5 NA 
   

B 1588 24(24) 0.032 3.4 A 1490 18(18) 0.498 2.3 
B 1577 24(24) 0.034 2.7 A 1268 15(18) 0.199 2.6 
B 1629 24(24) 0.037 1.3 NA 

   

B 2338 21(24) 0.047 1.7 NA 
   

B 2368 24(24) 0.050 3.3 NA 
   

B 765 24(24) 0.054 -1.5 A 660 9(18) 0.856 1.0 
B 1611 24(24) 0.055 1.4 A 1284 12(18) 0.53 1.4 
B 1071 21(24) 0.057 1.2 NA 

   

B 2336 24(24) 0.058 1.4 NA 
   

B 2271 24(24) 0.058 -1.2 NA 
   

B 789 24(24) 0.062 -1.1 NA 
   

B 1233 24(24) 0.062 -1.2 NA 
   

B 2268 24(24) 0.070 -1.2 NA    
B 1435 24(24) 0.083 -1.2 A 1164 18(18) 0.218 -1.3 
B 1102 21(24) 0.083 -1.4 NA    
B 1039 21(24) 0.086 1.5 NA    
B 1012 21(24) 0.086 1.5 NA    
B 1668 21(24) 0.087 -1.7 NA 

   

B 1622 21(24) 0.095 -1.5 NA 
   

B 1683 21(24) 0.098 -1.7 NA 
   

B 1135 24(24) 0.098 -1.2 NA 
   

B 2373 24(24) 0.098 3.4 A 1493 15(18) 0.567 2.3 
 
Table 5-4. T-test p values using linear normalised log(2) transformed data, DIGE B. 
Spots matched in DIGE experiment A (using linear normalised log(2) data) are also shown. 
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Spot ID Appearance T-test Av. Ratio Spot ID Appearance T-test Av. Ratio 
----------------DIGE experiment A------------------- ---------------DIGE experiment B------------------- 
 A 1160 15(18) 0.0040 -1.3 B 1417 24(24) 0.481 -1.1 
A 1166 15(18) 0.019 -1.7 NA 

  
 

A 1162 15(18) 0.020 -1.4 B 1421 24(24) 0.511 -1.1 
A 1172 15(18) 0.033 -1.7 B 2281 24(24) 0.278 -1.2 
A 792 9(18) 0.036 1.4 B 904 24(24) 0.959 1.0 
A 781 9(18) 0.052 1.4 B 885 24(24) 0.198 1.1 
A 1155 12(18) 0.055 -1.3 B 1410 24(24) 0.352 -1.1 
A 788 12(18) 0.071 1.6 B 893 24(24) 0.929 1.0 
A 1457 9(18) 0.081 -3.2 NA 

   

A 1169 15(18) 0.095 -1.6 B 1428 24(24) 0.396 -1.2 
 
Table 5-5. T-test p values using non-linear (VSN) re-normalised data, DIGE A. 
Spots matched in DIGE experiment B (using VSN re-normalised data) are also shown. 
 

Spot ID Appearance T-test Av. Ratio Spot ID Appearance T-test  Av. Ratio  
----------------DIGE experiment B---------------------- ----------------DIGE experiment A----------------- 
B 2366 24(24) 0.0017 3.7 NA 

   

B 746 24(24) 0.0091 -1.5 NA 
   

B 1635 21(24) 0.026 -1.4 NA 
   

B 1071 21(24) 0.031 1.2 NA    
B 1588 24(24) 0.032 3.4 A 1490 18(18) 0.50 2.2 
B 1577 24(24) 0.036 2.7 A 1268 15(18) 0.20 2.6 
B 1629 24(24) 0.041 1.3 NA 

   

B 2338 21(24) 0.046 1.7 NA 
   

B 765 24(24) 0.048 -1.5 A 660 9(18) 0.83 1.0 
B 2368 24(24) 0.051 3.4 NA 

   

B 1611 24(24) 0.055 1.4 A 1284 12(18) 0.78 1.0 
B 2336 24(24) 0.070 1.4 NA 

   

B 2271 24(24) 0.074 -1.2 NA 
   

B 2268 24(24) 0.079 -1.2 NA 
   

B 1039 21(24) 0.079 1.5 NA 
   

B 198 24(24) 0.080 1.2 A 213 12(18) 0.37 1.2 
B 1012 21(24) 0.081 1.5 NA 

   

B 1435 24(24) 0.089 -1.2 A 1164 18(18) 0.20 -1.3 
B 1078 24(24) 0.090 1.2 NA 

   

B 789 24(24) 0.090 -1.1 NA 
   

B 1135 24(24) 0.090 -1.2 NA 
   

B 1668 21(24) 0.096 -1.7 NA 
   

B 1102 21(24) 0.097 -1.4 NA 
   

B 997 21(24) 0.097 1.4 NA 
   

B 2373 24(24) 0.098 3.5 A 1493 
   

B 1233 24(24) 0.098 -1.2 NA 
   

B 1048 21(24) 0.099 1.4 NA    
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Figure 5-6. Distribution of p values for DIGE experiment A, from DIA analysis. 

 
Figure 5-7. Distribution of p values for DIGE experiment B, from DIA analysis. 

 
Figure 5-8. Distribution of p values for DIGE experiment A, linear normalised (all spots). 
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Figure 5-9. Distribution of p values for DIGE experiment B, linear normalized (all spots). 

 
Figure 5-10. Distribution of p values for DIGE experiment A, VSN normalisation. 

 
Figure 5-11. Distribution of p values for DIGE experiment B, VSN normalisation. 
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Figure 5-12. Distribution of p values for DIGE A, quantile normalisation of volume. 

 
Figure 5-13. Distribution of p values for DIGE B, quantile normalisation of volume. 

 
Figure 5-14. Distribution of p values for DIGE A, quantile normalisation of log(2) volume. 
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Figure 5-15. Distribution of p values for DIGE B, quantile normalisation of log(2) volume. 
 

As can be seen in the p value histograms, values are not evenly distributed across the range of values 

for both experiments as p values in the lower range, especially below 0.05 (the left most bar) are 

poorly represented. Such poor distribution of p values at the low end did not occur in the case of 

quantile normalisation by volume of DIGE B data as shown in Figure 5-13. Quantile normalisation by 

volume of the DIGE B data resulted in 22 p values (out of 428) less than 0.05 and 65 p values less 

than 0.1, far more than were obtained using the other normalisation methods. Even so, the p values 

were clearly not evenly distributed. For DIGE A with 208 spots, 10.4 (208/20) would be the average 

expected number of spots per 5% distribution (assuming an even distribution of p values) and for 

DIGE B with 428 spots, 21.4 would be the average expected number. By a purely visual assessment, 

the most even distribution of p values was obtained using the VSN normalised DIGE B data, as shown 

in Figure 5-11. 

 

Karp et al. [166] suggested that biological data should show an even distribution of p values and 

that in three dye DIGE experiments there is a bias towards low proportions of low p values. This 

suggestion was supported by a study that used repeats of identical samples which produced small 

proportions of low p values. Along with some data simulations, this led the authors to assert that 

the DIGE three dye system produces data that is incorrectly inherently biased towards small 

proportions of low p values. However, because the same samples were repeatedly used for this 

research [166] there should be no differences between samples, and so any differences found have 

to be due to  technical error rather than actual group differences. Although a few authors have 

voiced concerns about 3 dye DIGE technology [268], it is generally well accepted in proteomic 

studies [269].  
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One of the reasons for examining p value distributions is that some studies have shown a high 

proportion of low p values indicating that there are large differences between experimental groups. 

This can result from genetic differences between groups, such as a gene knockout [166]. The present 

study is a search for predictive markers for the later onset of a condition that has no known genetic 

differences between groups. Therefore, any differences between groups may be small and difficult 

to detect and, low levels of differences between the groups is expected. 

 

 DIA Linear VSN Q (log(2)) Q (volume) 

Spot ID p vals B&H 
p & q p vals B&H 

p & q p vals B&H 
p & q p vals B&H 

p & q p vals B&H 
p 

q 
value 

-----------------------------------------------------------DIGE A------------------------------------------------------------------------- 
A 1160 0.015 0.99 0.0042 0.87 0.0040 0.84 0.0016 0.33 0.0020 0.42 0.42 
A 781 0.020 0.99 0.017 0.99 0.052 1.00 0.013 0.52 0.0094 0.58 0.58 
A 1166 0.030 0.99 0.019 0.99 0.019 1.00 0.015 0.52 0.020 0.58 0.58 
A 792 0.035 0.99 0.025 1.00 0.036 1.00 0.0088 0.52 0.0058 0.58 0.58 
A 788 0.049 0.99 0.054 1.00 0.071 1.00 0.11 0.99 0.15 1.00 1.00 
A 1172 0.053 0.99 0.030 1.00 0.033 1.00 0.021 0.58 0.033 0.86 0.86 
A 1162 0.056 0.99 0.017 0.99 0.020 1.00 0.012 0.52 0.015 0.58 0.58 
A 920 0.54 0.99 0.26 1.00 0.31 1.00 0.015 0.52 0.015 0.58 0.58 
A 1155 0.97 0.99 0.068 1.00 0.055 1.00 0.022 0.58 0.017 0.58 0.58 
-----------------------------------------------------------DIGE B------------------------------------------------------------------------- 
B 2366 0.0016 0.67 0.0016 0.68 0.0017 0.73 0.0023 1.00 0.12 0.39 0.11 
B 746 0.019 0.98 0.012 0.99 0.0091 0.99 0.0060 1.00 0.048 0.39 0.11 
B 1629 0.020 0.98 0.037 0.99 0.041 0.99 0.070 1.00 0.064 0.39 0.11 
B 1071 0.029 0.98 0.057 0.99 0.031 0.99 0.13 1.00 0.64 0.75 0.21 
B 1611 0.033 0.98 0.055 0.99 0.055 0.99 0.082 1.00 0.071 0.39 0.11 
B 1588 0.034 0.98 0.032 0.99 0.032 0.99 0.034 1.00 0.10 0.39 0.11 
B 1577 0.040 0.98 0.034 0.99 0.036 0.99 0.030 1.00 0.079 0.39 0.11 
B 1635 0.044 0.98 0.020 0.99 0.026 0.99 0.020 1.00 0.25 0.43 0.12 
B 2338 0.052 0.98 0.047 0.99 0.046 0.99 0.038 1.00 0.13 0.39 0.11 
B 765 0.06 0.98 0.054 0.99 0.048 0.99 0.048 1.00 0.037 0.39 0.11 
B 2286 0.22 0.98 0.23 0.99 0.21 0.99 0.30 1.00 0.0033 0.39 0.11 
B 2282 0.25 0.98 0.26 0.99 0.24 0.99 0.19 1.00 0.0092 0.39 0.11 
B 1075 0.13 0.98 0.10 0.99 0.10 0.99 0.055 1.00 0.012 0.39 0.11 
B 891 0.074 0.98 0.11 0.99 0.15 0.99 0.024 1.00 0.018 0.39 0.11 
B 2274 0.16 0.98 0.17 0.99 0.15 0.99 0.20 1.00 0.021 0.39 0.11 
B 789 0.18 0.98 0.062 0.99 0.090 0.99 0.052 1.00 0.023 0.39 0.11 
B 2373 0.10 0.98 0.098 0.99 0.098 0.99 0.086 1.00 0.023 0.39 0.11 
B 1097 0.21 0.98 0.19 0.99 0.20 0.99 0.14 1.00 0.024 0.39 0.11 
B 773 0.20 0.98 0.18 0.99 0.16 0.99 0.12 1.00 0.025 0.39 0.11 
B 1170 0.44 0.98 0.32 0.99 0.41 0.99 0.15 1.00 0.030 0.39 0.11 
B 656 0.21 0.98 0.20 0.99 0.22 0.99 0.085 1.00 0.031 0.39 0.11 
B 695 0.31 0.98 0.34 0.99 0.34 0.99 0.21 1.00 0.033 0.39 0.11 
  B 653 0.33 0.98 0.36 0.99 0.45 0.99 0.18 1.00 0.034 0.39 0.11 
B 992 0.34 0.98 0.25 0.99 0.25 0.99 0.14 1.00 0.036 0.39 0.11 
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Figure 5-19. Distribution boxplots and scatter plots for FDR spots from DIGE A. 
Boxplots (showing quartile data distribution) and scatter plots showing distribution of log(2) spot 
volume data for spots from DIGE experiment A that met the FDR calculation requirements of the 
B&H method when moderate t-test statistics were applied. Note some of the data points overlap in 
the scatter plots so that two data points appear as one. Spot 1166 had 5 data points for each 
condition and spot 1284 had only 4 data points for each condition. 
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Figure 5-20. Distribution boxplots and scatter plots for FDR spots from DIGE B.  
Boxplots (showing quartile distribution) and scatter plots of log(2) spot volume data for spots from 
DIGE experiment B that met FDR calculation requirements of the B&H method when moderate t-
test statistics were applied. Note that the linear normalisation of spot number 2373 did not meet 
the FDR requirements, but normalisation with other methods did. Note as before some of the data 
points overlap in the scatter plots so that two data points appear as one. All spots shown here had 
8 data points per condition except for spot number 2366 which had 7. 
 








































































































































