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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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Chapter 1. Introduction 
 
Ovarian pre-partum vaginal prolapse is a common condition of sheep that occurs in the days and 

weeks leading up to lambing. It occurs worldwide at widely varying rates ranging from less than 0.1 

% up to 20% of ewes per flock per annum [1-4]. It has occurred in New Zealand since the early days 

of farming and been observed to be widespread since about 1890 [5]. The prolapsed organ consists 

of all or part of the vagina that has everted to the outside of the animal [6]. In most cases the whole 

vagina is pushed out including the cervix, turning the organ inside out, which then hangs out of the 

rear of the animal. It often contains the bladder within it [7], kinking the urethra [8] and preventing 

urination, which is potentially lethal in itself. Further, lambing cannot proceed unless the prolapse 

is repaired. Prompt repair is imperative for two reasons. Firstly the vagina needs to be put back into 

its normal place to enable the lamb to engage in the birth canal. Secondly, the unsupported weight 

of the prolapsed vagina tends to pinch off its own blood supply, and if not treated, the vagina 

necroses causing blood poisoning, or if close to lambing results in the cervix failing to dilate, a 

condition known as ringwomb [9]. Unless the prolapse is treated promptly, death of the pregnant 

ewe surely follows and even if the prolapse is repaired, the survival rate is at best only moderate 

[10]. Thus pre-partum prolapse is a serious problem. 

 

Physical mechanisms and intra-abdominal pressure  

In New Zealand during the 1950’s several studies were undertaken in which the pelvic regions of 

sheep were examined with a view to understanding the etiology of prolapse were undertaken. 

Bassett and Phillips [11] compared the anatomy of ewes with a history of previous prolapse to those 

of normal ewes, and found that the length of vaginal tract attachments tended to be longer in ewes 

with a history of prolapse compared to the control animals. Furthermore, the sacro-iliac joints 

(which affect the size of the pelvic opening) of prolapsed ewes were more relaxed in prolapsed ewes 

[12]. However, this study could not determine if the prolapse caused the vaginal attachments to be 

lengthened or if the lengthening precipitated prolapse. It was concluded that the pelvic peritoneum 

is important in controlling movement of the reproductive organs. 

 

McLean [13], looked at live, pregnant, non-prolapsed sheep to determine the degree of distensibility 

and lability of the normal vagina and to quantify the changes that occur as pregnancy progresses. 

He found that the vagina becomes increasingly enlarged and distendible as lambing approaches. His 
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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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sloping ground “is the critical factor determining whether or not outbreaks of the disease will 

occur”. It was reported however, that “the only case of prolapse that occurred in the experimental 

ewes had [prior to the prolapse occurring], in fact, very high pressures in all positions” [i.e. lying or 

standing].  

 

An Egyptian study measured IAP in feedlot ewes before and after feeding and found that IAP was 

actually higher before feeding than after feeding. It was also found that IAP was lower in ewes 

carrying multiple foetuses than in ewes carrying a single foetus [17].  

 

In an unpublished study, Ayen and Noakes looked at the effect of diet on intra-abdominal pressure 

in pregnant ewes and found that dietary fiber content had no effect on IAP. They also observed no 

changes in pressure “throughout pregnancy or significant differences between ewes with single or 

twin lambs” (reported in [2]). Ayen and Noakes also looked at the effect of diet composition on the 

positional displacement of the genital tract in pregnant ewes but found no significant effect [6]. 

However, a later report indicated, that when grain-fed ewes had their ration split into two feeds, as 

opposed to getting it all at once, they had a  markedly decreased rate of prolapse [18]. 

 

Premature uterine contraction may raise IAP to levels that are higher than normal. In a study looking 

at the effects of various hormones on uterine contraction and IAP, surgically implanted sensors were 

used to monitor contractions [19]. It was found that although both oxytocin and PGF2 alpha 

produced uterine contractions, they had no effect on IAP.  

 

In summary, it is widely agreed that IAP is a significant precipitating factor in pre-partum prolapse. 

Increases in IAP can be caused by increases in total gut weight, pregnancy status (both advancing 

pregnancy and number of fetuses), the position of ewe viscera in relation to the pelvis (e.g. due to 

lying on a slope with buttocks downhill) and other unknown individual differences. There is 

however, a dearth of research looking at the biological causes of increased IAP in most species [20], 

although there is some interest in the measurement of IAP as a diagnostic tool in humans. This is 

because high IAP (sometimes called abdominal compartment syndrome in humans [21]) has very 

serious medical consequences for both humans and animals [22], [23]. Abdominal compartment 

syndrome seems to be mainly associated with recent physical trauma, particularly in those that have 

received blood transfusions, and is increasingly monitored in critical care patients [24]. As post-
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mortem studies of prolapsed ewes show no evidence of recent injury apart from damage due to the 

prolapse itself [11], the etiology of this syndrome is probably not directly relevant to the present 

study. It is, however, interesting that human IAP is affected by the level of abdominal wall tension, 

and that strategies to reduce abdominal wall tension have been found to be effective in reducing 

human IAP [25, 26].  

 

While it is as not yet understood what mechanisms are responsible for raising IAP in sheep, it is 

possible that psychological stress may be involved, especially given the effect that psychological 

stressors are known to have on hypertension (high blood pressure) in humans [27] as well as the 

conclusions of McLean and Claxton that IAP was closely involved in ovine vaginal prolapse [15]. 

Although research on this hasn’t been reported, it does seem likely that stress hormones such as 

cortisol or adrenalin could raise IAP, particularly given that abdominal muscles (and other skeletal 

muscles) have increased basal activity when adrenalin levels are elevated [28]. 

 

Epidemiological studies 

The first reported farmer survey attempting to find causes of prolapse appears to be that of a group 

of New Zealand veterinarians in 1936 [29] which concluded that although controlling the condition 

of ewes along with exercise should prevent prolapse, much more detailed information was needed. 

An area of possible research was to investigate the relationship between pelvic size and prolapse as 

ewes with a large pelvis appeared to be more susceptible (Laing 1945, cited in Edgar 1952 [1]). 

 

In 1952 Edgar [1] reported a two year survey of 34 flocks and some associated experimental work. 

He concluded that unknown environmental factors lead to the occurrence of prolapse and that 

farmers should make sure that both repaired ewes and surviving offspring were culled. 

 

A 1970s survey of several hundred cases of prolapse on UK farms found that there were as many 

suggested causes of prolapse as there were prolapse cases. No useful conclusions could be drawn 

so a formal report was not published, although the work was described in a letter to the Veterinary 

Record [30]. 

 

A 1980’s survey of over 500 farmers in the Border region of Scotland found that rates of prolapse 

varied considerably and “appeared to be a flock problem rather than a problem of individual ewes” 
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[3]. However despite some high rates of occurrence (including one of over 15%) it was concluded 

that pre-partum prolapse is a relatively rare condition, and that research efforts should concentrate 

on farms that have a problem. It was noted that the rate of prolapse among hill farms was lower 

than on flat farms (contrary to New Zealand findings) and that it was more common in highly fecund 

flocks. 

 

With the advent of routine ultrasound scanning of pregnant ewes in the 1990s, farmers became 

much more aware of the pregnancy status of the prolapsed ewes they were treating, leading to the 

observation that prolapse is largely a disease of ewes carrying twins [2]. This conclusion was 

reinforced by a large NZ epidemiological study of 201 farms (Hilson et al. [4] reported in [31]) , which 

found that the incidence was 5.31 times higher for ewes scanned with twins compared to singles, 

and 11.3 times higher for ewes carrying triplets (406 ewes prolapsed out of the 36,695 ewes 

monitored). 

 

As well as pregnancy status, Hilson et al. looked at a number of other parameters that were 

suspected in the etiology of prolapse. They found that shearing, either prior to mating, or in the 

second half of pregnancy, slightly lowered the rate of prolapse. Farmer culling of affected ewes and 

their offspring did not appear to reduce prolapse rate in subsequent years, suggesting that 

environmental factors are likely to be more important than genetics in the etiology of prolapse. 

They also examined several basic serum markers of pregnant ewes prior to the prolapse period. A 

statistically significant correlation found in these studies was a positive correlation between serum 

phosphate levels and subsequent prolapse, although no explanation for this could be provided. 

 

Hilson et al. also looked at body condition, weight, and weight gain over gestation. There was no 

correlation between either body weight or condition score with prolapse, indicating that neither the 

size of the ewe nor its weight, is causal in prolapse. There was however, a small positive correlation 

between weight gain in the first two thirds of pregnancy and later prolapse. Hilson et al. cautiously 

concluded that this may be due to an effect of nutrition on the combined volume of the placenta 

and fetuses. The study concluded that prolapse is multi-factorial and that there is “considerable 

influence from other as yet unrecognized factors” because survey questions “cannot be expected 

to capture all the detailed information about individual farm management practices or day to day 

husbandry decisions outside the normal patterns” [31]. 
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Nutrition 

Two studies [32, 33] compared the serum calcium levels of normal pregnant ewes with ewes that 

had already prolapsed. In both studies serum calcium concentrations were lower in prolapsed ewes 

than in the control ewes. The authors therefore concluded that poor nutrition could be a 

contributing factor in prolapse. Another study looked at the overall nutritional status of prolapsed 

ewes and concluded that the cases of hypocalcaemia in prolapsed ewes was a consequence of 

prolapse, rather than a cause of it [34]. 

 

Several studies examining the effect of nutrition on both lamb birth weight and placental growth 

have been reported [35-39]. Fogarty et al. [36] looked at the effect of changes in feeding during mid-

pregnancy (weeks 11-13, 20 weeks is full term) in 1220 ewes. They found that changes in feeding 

resulted in the low fed group being 5 kg lower in total bodyweight than the high fed group, but that 

diet had no significant effect on lamb birth weight. Holst et al. [37] looked at the effect of feeding 

levels during weeks, 6-15 and 15-20, of gestation. They found that the biggest difference in lamb 

birth weight was linked to changes in the feeding of twin bearing ewes in their last trimester (15-20 

weeks) of pregnancy. Smeaton et al. [40] looked at the effects of feeding in early to mid-pregnancy 

in highly fertile ewes. They found that a loss of more than 4 kg of body weight during weeks 3-10 of 

pregnancy could lead to a reduction in lamb birth weight. 

 

Hilson et al. found that access to salt and the feeding of swedes to ewes in the latter part of 

pregnancy slightly increased the risk of prolapse (odds ratios of 1.40, P=0.07 and 1.45, P=0.07 

respectively). The authors concluded that this effect was probably due to salt and swedes increasing 

the animals water intake resulting in straining during urination. Hilson et al. also looked at serum 

levels of magnesium, calcium, phosphate, chloride and β hydroxybutyrate in samples collected 

before the onset of bearings. This data set was obtained from 994 blood samples, 18 of which were 

from ewes that subsequently prolapsed. As mentioned earlier a statistically significant association 

was found between serum phosphate and subsequent prolapse. They found that “ewes with higher 

serum phosphate were subsequently 2.6 times more likely to have a bearing than those with lower 

concentrations.” [41].  
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As mentioned above, Hilson et al. also noted that there was a small positive association (OR 1.29, 

P=0.02) between an increase in ewe body weight during the first two trimesters of pregnancy with 

subsequent prolapse. It was suggested this may be due to an increase in the combined size of the 

placenta and fetuses (conceptus). 

 

Litherland et al. looked at a range of nutritional measures in the grass being offered to sheep before 

lambing as well as serum calcium, magnesium, phosphate and β hydroxybutyrate and urine pH, 

calcium and creatine in a small number of ewes. As well as these factors they also looked at the 

effect of adjusting pasture dietary cation-anion balance (DCAB), vitamin D and calcium 

supplementation on the incidence of bearings and the levels of nutrients. Although it was the 

authors opinion “that there is a strong ‘environmental’ component in bearings” they were not able 

to determine any significant factor involved, including calcium levels [41]. 

 

Experimental Research in South Otago 

Very few experimental studies have been undertaken to establish the possible causes of prolapse. 

This is in part due to the paucity of leads from epidemiological studies. However, a study based on 

a large flock in South Otago, New Zealand, with a history of high rates of prolapse yielded an 

interesting result [42]. A 2005 survey of the South Otago flock found that varying feed conditions in 

the second half of pregnancy had no effect on prolapse, consistent with the Hilson et al. study. 

Anecdotal evidence that feeding levels in the first half of pregnancy may have an effect on rates of 

prolapse led the South Otago group to experiment with the management of feed in the first half of 

pregnancy.  

 

In an experiment carried out in 2006, 1200 ewes were split into two groups during the first half of 

pregnancy. One group was shifted every 2 days, while the second group was moved every 4 days. 

Both groups were allocated the same total amount of grass. The 2 day mob got half the allocation 

at each move as compared to the 4 day mob, but were moved twice as often and so got the same 

total amount of grass. The mobs were joined back together for the second half of pregnancy and 

lambing. The prolapse rates were 2.99% (17/582) for the 2 day mob and 0.9% (5/579) for the 4 day 

mob (significance t pr = 0.009). This experiment was repeated in 2007 with a similar result. The 

researchers could not propose a reason for the difference, although they speculated that the 

different feeding regimes may have resulted in differences in placental size. It was also noted that 
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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. 

 



11 
 

In a US study it was found that coyote faecal matter was more effective at deterring sheep from 

feeding than either oil of wintergreen or fox, cougar or bear faecal matter [58].  

Another study in France found that faecal matter from domestic dogs (a close relative of the coyote) 

is an effective sheep repellent (Poindron, 1974, cited in [59]). Arnould and Signoret [59], used dog 

faeces to find out if their repellent properties were temporary, and found that sheep wouldn’t 

habituate to (i.e. get used to) the odor. They also combined anosmic ewes (ewes with no sense of 

smell, which aren’t repelled by dog faeces) with normal ewes to see if the normal ewes would 

maintain their distance from the faeces in the presence of ewes that didn’t avoid them. The purpose 

of this experiment was to ascertain whether social facilitation had an effect on the repellent nature 

of dog faeces. It was found that it did not. From this work, it appears that the predator-avoidance 

behaviour of sheep, at least that triggered by smell, has innate rather than acquired characteristics. 

Work is still underway to characterise the essential ingredients of dog odor that elicits predator 

stress in sheep. Indications are that a complex mixture of fatty acids and neutral compounds are 

involved [60, 61] and that the diet of the predator may have an effect [62]. 

 

It is understood that sheep very successfully survived the recent ice-ages. This is demonstrated in 

the genetic diversity of wild sheep and in the number of breeds that survive to this day. Part of this 

success is undoubtedly due to successful anti-predator behaviour which has a strong genetic basis 

[63]. It is thought that the ungulates (hoofed mammals) co-evolved with predators for millions of 

years. Sheep and other species of the ungulate family, along with the sub-ungulates (elephants), are 

characterised by a high degree of gregariousness and other related social behaviors. This is typified 

by herding or flocking in sheep, where sheep will run together at the slightest sign of danger. It is 

thought that these behaviors arose in ancestral species in Africa as “a consequence of moving from 

the cover of closed forests to more open habitats such as savannas, grasslands, and meadows” (p 

484 [64]) and that predator management was the primary driver. The ancestor of the modern 

coyote followed horned sheep from Asia, across the land bridge to North America, approximately 

100,000 years ago [64]. Humans have been closely associated with sheep for about the last 12,000 

years [65]. Wolves (the ancestor of the modern dog) are, however, likely to have had a much more 

significant impact on the predator awareness of sheep than humans. This is reflected in research 

that shows that sheep are more adverse to the presence of a dog than to a human [53].  
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Although domestication may have weakened anti-predator behavior [66, 67], there is ample 

evidence that it still exists in farmed sheep. In fact farmers rely upon the predator-prey relationship 

to enable efficient stock management [68]. This is especially apparent when one considers the use 

of working dogs on sheep farms. 

 

Other stressors 

Baldock and Sibley [69], found that although both visual isolation and introduction to a new flock 

increased the heart rate of sheep moderately, an approaching man and dog had a much greater 

effect. Being transported in a stock trailer had a much smaller effect than being herded by a man 

and dog. In fact herding was found to increase sheep heart rates to very high levels i.e. much higher 

than could be accounted for by the exertion alone. It has been shown that although human presence 

has no significant effect on the heart rate of two breeds of lambs, human movement has a moderate 

effect on sheep heart rate [69, 70]. Interestingly, repetitive handling has been shown to reduce 

stress during later handling events, as well as reducing flight distance [71]. Simple confinement is 

another stress for sheep [72], and the confined isolation of one sheep from the rest of the flock has 

been shown to be even more stressful [73] [74]. Sheep have been shown to display a range of 

different responses to the same psychological stressor, and while these differences can relate to 

breed differences [75], individual differences within a flock are also significant [76]. 

 

Density dependent population regulation was a concept that gained traction as ecology was 

emerging as a science in the 1930’s [77]. At that time it was thought that the density of a particular 

species within a given habitat regulated the population size. Debate on this issue continues [78, 79], 

and while it can be argued that the simplest explanations for density dependent population 

regulation may be related to the availability of food rather than population density [80], it is clear 

that other factors are also at play [81, 82].  

 

The gregariousness of sheep, along with other closely related species, indicates that density is not 

necessarily a problem for them and that they may in fact prefer to be in a crowd. Boe et al. showed 

that sheep can exist in a relatively crowded barn situation without a change in behavior [83]. It has 

also been shown that there are positive physiological benefits to sheep when they are in a flock. A 

study published in Nature showed that sheep secreted more saliva when in the presence of other 
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sheep than compared to when they are isolated, and that saliva secretion decreased to nil in the 

presence of a dog [84].   

 

Population control in the Snowshoe hare and the evolution of chronic stress 

In the 1920’s researchers began looking at data relating to population cycles of the Snowshoe hare. 

This information was gleaned from the analysis of Canadian records of snowshoe hare pelt sales 

over more than 200 years. This work showed a regular cycle of extreme highs and lows of numbers 

with a period of between 6 and 9 years [85]. Research interest in the population cycling of the 

snowshoe hare continued, particularly in trying to find an explanation for the lag phase – where the 

population fails to recover as expected when food levels are adequate and predators are low. In 

1995 Hik proposed a hypothesis that snowshoe hares are able to assess the risk of predation and 

adjust their foraging habits to avoid predation. It was suggested that reduced body condition caused 

by predator avoidance behavior resulted in decreased fertility. While this hypothesis was supported 

by the available data [86], it did not fully account for the lag phase. Further research work found 

that predator induced elevation of stress hormone levels in dams was echoed in offspring leading 

to a greater activation of the stress hormone system (the HPA axis, see below) in their offspring. It 

was proposed that maternally inherited stress hormones affect the rate of reproduction in the next 

generation accounting for the lag phase in the recovery of the snowshoe hare population [82, 87, 

88]. This research showed there is an adaptive role for chronic predator stress. Note the HPA 

(hypothalamic-pituitary-adrenal) axis is an endocrine system that controls reactions to stress and 

regulates many other processes including digestion, immunity and energy availability [89]. 

  

Chronic stress has traditionally been regarded as a maladaptive but necessary consequence of acute 

stress systems [90, 91]. It has been long acknowledged that stress has an inhibitory effect on 

reproduction [92, 93], and it is becoming recognized that stress in pregnant females may have an 

adaptive role in maternal programming of offspring [94, 95]. In the case of humans it has been 

suggested that chronic stress may have benefits for other members of the population [96]. In the 

case of sheep, it is known that lambs in the wild are very vulnerable to predators around the time 

of birth and that anti-predator behaviour peaks at this time [67, 97, 98].  
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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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vary between species, and in ruminants the most important are haptoglobin and serum amyloid A 

[110]. Blood concentrations of these proteins fluctuate by amounts that are typically more that 25% 

in response to pro-inflammatory cytokines. Most acute phase proteins are up regulated during 

inflammation, and are called positive acute phase proteins, while some are down regulated, and are 

known as negative acute phase proteins. Albumin is sometimes down regulated during an acute 

phase response, possibly because the liver is diverting resources towards the production of positive 

acute phase proteins [111]. Acute phase proteins are sensitive indicators of inflammation, trauma 

and disease [109] and there is also growing interest in their use as biomarkers for cancer [112], drug 

toxicity [113], cardiovascular disease [114], and rheumatic diseases [115]. They are also becoming 

more commonly used to identify problems in veterinary medicine [107, 109, 116]. 

 

There has also been growing interest in the use of acute phase proteins as indicators of stress [107, 

117]. Pieneiro et al. looked at the effect of transportation on acute phase proteins in pigs [118]. 

They found that four acute phase proteins increased in concentration after transportation (pig-MAP, 

haptoglobin, serum amyloid A and C-reactive protein), and one decreased in concentration 

(apolipoprotein A-I). Another study looked at the effect of mulesing in merino lambs (the removal 

of skin around the breech area to prevent flystrike) on the level of three acute phase proteins 

(haptoglobin, serum amyloid A and fibrinogen) [119]. It was found that concentrations of all of these 

proteins significantly increased as a result of mulesing in comparison to controls.  

 

Biomarkers 

It is important to acknowledge that there are few strong clues as to the etiology of prolapse other 

than that it is strongly associated with carrying multiple foetuses. The current poor understanding 

of the mechanisms involved in causing prolapse is reflected in the fact that there has been almost 

no attempt to experimentally induce prolapse. Given this poor understanding a biomarker search is 

required.    

 

A joint venture looking into biomarker definition led by the World Health Organisation in association 

with the United Nations and the International Labour Organisation defined biomarkers as “any 

substance, structure, or process that can be measured in the body or its products and influence or 

predict the incidence of outcome or disease” [120]. Often the goal in biomarker analysis is the 

provision of a predictor of a clinical endpoint [121], however biomarkers can also be used to predict 
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normal processes, such as in a pregnancy test. The US National Institutes of Health defines 

biomarkers as “a characteristic that is objectively measured and evaluated as an indicator of normal 

biological processes, pathogenic processes, or pharmacologic responses to a therapeutic 

intervention” [122]. While some institutions, such as the US National Cancer Institute use a narrow 

definition that includes only biological molecules [123] biomarkers are often not just molecular 

compounds (such as DNA or protein) but can include physical observations such as blood pressure 

(a predictor of pre-eclampsia in pregnant women) or body-mass index (used as a biomarker of a 

number of diseases including cardio-vascular conditions) [124]. 

 

There are a number of different kinds of disease biomarkers; antecedent (for predicting risk of a 

particular disease), screening (for subclinical disease), diagnostic (for determining overt disease 

type), stage (for disease severity) and prognostic (predicting disease course or response to therapy) 

[125]. Biomarkers are indicators of a particular state of an organism, and there are many thousands 

of biomarkers used to identify disease states and predict outcomes. Biomarkers also significantly 

contribute to the understanding of disease mechanisms and are widely used for research purposes. 

Plasma proteins can be useful biomarkers due to the ease of obtaining plasma and the fact that 

plasma flows through almost all parts of the body [126]. 

 

It should be noted that there is sometimes a distinction made between causality and association in 

biomarker definition. The term for biomarkers that are associated with a disease but not involved 

in the disease process is epiphenomena. An epiphenomenon may be a host response to damage 

such as inflammation, or a change in acute phase proteins [127]. Alternatively, acute phase proteins 

may be implicated in the causality of disease, either positively [128] or negatively [129], in which 

case the change is not an epiphenomenon. Tissue leakage proteins are a widely used indicator of 

disease, for example, alanine transaminase at higher than normal levels in plasma, is an indicator of 

liver damage [130].  

 

Plasma represents the single most informative sample that can collected from an individual [131]. 

Plasma proteins, have been categorised into eight types (1) classical secreted plasma proteins 

produced by liver and intestines (e.g. albumin), (2) immunoglobulins (antibodies), (3) circulating 

receptor ligands (e.g. insulin) (4) local receptor ligands (e.g. cytokines) (5) temporary passengers 
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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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Two-dimensional gel electrophoresis 

The classical method of two-dimensional polyacrylamide gel electrophoresis (2D PAGE) was first 

described by O’Farrell in 1975 [153] and with some modifications is still a core technique in 

proteomics today [154, 155]. The heart of 2D PAGE lies in the separation and visualisation of 

proteins in two different dimensions within a gel. Firstly proteins are separated according to their 

electrical charge in one direction (known as isoelectric focusing or IEF) and then they (after 

equilibration with SDS) are separated in the other direction according to molecular weight. 

Isoelectric focusing for 2D gels is now generally done with the use of an Immobilised pH gradient gel 

(IPG) which has been fixed to a plastic strip, and then dried for storage [156]. These strips just need 

to be rehydrated with an appropriate buffer prior to use. Proteins are loaded onto the strip using a 

variety of methods (see below) and focused by applying an electrical voltage to the ends of the strip. 

This is usually done in an either step-wise or gradient manner so the voltage applied gradually 

increases over the time of the isoelectric focusing. Final voltages are typically between 5,000 and 

10,000 volts depending on factors such as strip length, pH range, and conductivity. 

 

Once the proteins on the IPG strip have been focused the strip is then placed into a solution 

containing SDS so that the proteins can be separated in a second direction according to their mass. 

With appropriate staining and imaging, this results in a visual array of hundreds, if not thousands of 

spots. Each spot represents either a unique protein (or protein modification) or with overlapping 

spots, a group of unique proteins. The spots can then be quantified so that differences between 

groups can be analysed. Spots of interest can be excised from the gel and processed to produce free 

peptides which can then be analysed by mass spectrometry to identify the protein concerned (see 

below). 

 

While 2D PAGE can be used to identify a large number of proteins, there are some potential 

problems with this method. Firstly, some proteins are present in large amounts, such as albumin in 

serum, while at the same time others, such as growth factors, will be present in very low amounts 

and so be outside of the limits of detection [157]. This problem may be partially overcome with the 

use of depletion methods as outlined above.  

 

Secondly, some proteins such as hydrophobic, or very small or very large proteins often are not well 

represented in 2D gels. For hydrophobic proteins this is because of the difficulty in retaining these 
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proteins in solution – they have a tendency to precipitate, particularly during separation in the first 

dimension [158]. Hydrophobic proteins, however, are not known to be a large component of plasma 

proteins. The absence of very small or very large proteins on 2D gels can be partially overcome with 

the use of appropriate acrylamide concentrations in the second dimension [159]. Thirdly, poor 

horizontal resolution is a common problem with 2D gels. These problems are typically sample 

specific and optimising sample preparation and running conditions is required to overcome them 

[160].  

 

One of the biggest problems with 2D PAGE is unacceptable gel to gel variation both in spot position 

and size. Spot position variation is commonly overcome with the use of warping technology within 

analysis software [161]. Differences between gels in spot size or volume may be due to differences 

in loading, staining or scanning sensitivity and this can be overcome with the use of normalization 

procedures [162]. Note that spot volume refers to the horizontal two dimensional area of a spot, 

multiplied by the staining intensity, which is depicted in the vertical dimension in 3D representations 

of spots to give a spot volume. As staining intensity is measured as emitted light (in a fluorescent 

scanner) arbitrary units of spot volume are almost universally reported, as is the case in this study. 

 

Differences in individual spot volumes (i.e from the same sample) can be due to each IPG strip having 

slightly different electrochemical characteristics during IEF, not only between strips but between 

different parts of the same strip (e.g. due to slight differences in rehydration profiles [163]) resulting 

in individual spot volume variation. This technical variation can be partially dealt with careful 

rehydration technique and also by controlling individual strip current flow. Most commercially 

available IEF instruments can accommodate up to twelve IPG strips at once, which are all run using 

the same voltage and current program, regardless of any conductivity differences between strips. 

The development of commercial isoelectric focusing instrument capable of monitoring individual 

strip conductivity is underway [164].  

 

Technical variation can also be reduced with the use of differential in-gel electrophoresis (DIGE), 

where two samples plus a control (made up from a pool of all samples) are labelled with dyes with 

different fluorescent properties. All samples are mixed, and then run on the same gel [165]. The 

pooled control sample is used to correct each spot for technical variation between samples on 

different gels. It should be noted that as with post-stained gels, DIGE gel spots need to be matched 
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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. 



22 
 

 

Extraction 

In order to be run on a 2D gel proteins are denatured so that charge groups and cysteines are 

exposed and any interfering substances are released. In the second dimension, the entire peptide 

chain making up the protein needs to be available for SDS binding. This extraction process, is 

typically done with the use of chaotropes, detergents and reducing agents. The chaotropes urea and 

thiourea are routinely used in 2D PAGE to both denature and maintain the solubility of denatured 

proteins [171]. Heat is generally avoided during extraction as the most commonly used chaotrope, 

urea, degrades when heated above room temperature and will carbamylate proteins affecting the 

spot pattern [172]. The detergent SDS can be used for extraction, but as it is (singly) charged, it can 

interfere with IEF and so either needs to be removed prior to IEF or diluted with a non-ionic 

detergent [173, 174]. Uncharged detergents, such as Triton X-100, or zwitterionic detergents (with 

balanced charges) such as CHAPS are commonly used in IEF [175].  

 

Mixed disulfide bonding 

The amino acid cysteine is able to form disulfide bonds with other cysteine residues that may be in 

different protein molecules. This is known as mixed disulfide bonding and generates non-biologically 

relevant proteins and thus confusing results. In the past researchers using 2D PAGE relied on 

reducing agents such as β-mercaptoethanol or dithiothreitol (DTT) to prevent mixed disulfides by 

keeping cysteine residues reduced [176]. However it has been found that as these reducing agents 

become diluted they lose their effectiveness. For example both β-mercaptoethanol and DTT are 

weak acids and so as negatively charged molecules they migrate away towards the anode during 

IEF, depleting the strip of reducing agents, resulting in smearing of proteins, particularly in the basic 

region [177, 178]. A variety of methods have been employed to overcome this problem such as by 

supplying DTT in the electrode wick [179]. Another approach is to include an oxidizing agent in 

excess so that all cysteines are mixed disulfides, but are consistently resolved due to being oxidized 

with the one reagent. Hydroxyethyl disulphide (commercially available as DeStreak) has been used 

for this purpose [180]. Instead of supplying reducing or oxidizing agents, cysteines can be covalently 

inactivated by alkylation, removing the requirement for subsequent reduction such as for second 

dimension electrophoresis and in preparation for MS [181]. A variety of agents are available for 

alkylation, such as iodoacetamide, acrylamide or one of the vinylpyridines. 4-vinylpyridine has been 

shown to be both highly specific and highly effective for alkylating cysteine residues [182-184]. 
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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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A complicating problem for sample clean-up generally is that a low level of salt concentration may 

be necessary for maximum protein solubility [201]. While it is generally claimed that carrier 

ampholytes (such as in proprietary IPG buffers) provide this function [202, 203], buffers such as Tris, 

used after sample clean-up, can enhance spot resolution [204]. Alkaline buffers (such as Tris buffers) 

are required to raise the pH of sample for dye labeling in DIGE experiments, and that these are 

added after sample clean-up [205] and so may aid in protein solubility during IEF. 

 

Loading methods and running conditions 

There are a variety of methods of loading the protein sample onto the IPG strip. The simplest way 

is to mix the sample with the rehydration buffer so that it is absorbed into the IPG matrix as it 

rehydrates overnight prior to IEF. This is termed passive rehydration. When a small voltage (typically 

around 30v) is applied to the strip, with sample dissolved in the rehydration buffer, the rehydration 

is termed active and aids absorption of protein into the IPG strip [206].  

 

In cup loading a small sample cup is placed over the rehydrated IPG strip during IEF so that the 

sample is loaded onto the strip at one point. Cup loading is often used when there are problems 

with sample solubility, particularly at one end of the pH range [207]. Paper bridge loading is where 

the sample is applied to a piece of paper at one end of the strip forming a bridge between the 

electrode and the IPG strip. Paper bridge loading can be useful when a high protein load is required 

[208]. In G electrode loading, the sample is absorbed into several paper slips, which are then placed 

on top of the end of an IPG strip and an electrode shaped like a “G” is placed on top of them, above 

the sample and the strip [209]. There are other less common protein loading methods such as slip, 

side, and tap loading [210]. Quantitative evaluation has shown that passive rehydration loading 

results in good spot number and intensity, albeit with a small increase in spot variance [206]. 

 

Several researchers have looked at new types of detergents to provide more options to improve 

solubility during the first dimension [211]. There was a flurry of research in the 1980’s looking to 

improve processes that occur within IPG strips during focusing with an emphasis on gaining an 

understanding of the changes that occurred in conductivity during IEF, and the relationship to 

protein adsorption and movement across the strip [200, 212]. While there hasn’t been much recent 
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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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characteristics of plasma is the large number of isoforms that many proteins have. Quantification of 

intact proteins prior to the fragmentation required for MS is known as top down proteomics. Top 

down proteomics facilitates protein isoform quantitation [225]. 

 

Another top down proteomic technique that has been developed is the use of protein arrays. This 

involves the use of a glass slide to which many different proteins or antibodies are covalently linked. 

A sample is then exposed to the slide and incubated to allow protein-protein interactions to 

develop. The slide is then analyzed to see which spots have proteins bound. Unfortunately, protein 

arrays are sample specific and because novel proteins cannot be identified in this way they have 

some limitations in proteomics [226]. 

 

Data analysis 

The main application of proteomics is to quantify and identify individual proteins (or modifications 

of proteins) so that protein changes associated with a particular condition can be found. As 

mentioned above, the motivation for this work can be varied, for example to find biomarkers so that 

a particular disease state can be predicted, or so that the molecular mechanisms involved in a 

condition can be better understood for research purposes. In order to quantitatively evaluate the 

proteins associated with a particular condition requires controls for comparison. Further, this 

quantitative evaluation requires an understanding of the quantitative variation present for each 

protein (or protein modification) that exists for all the conditions of interest. Statistical analysis is 

then required to assess the variation of each protein in order to determine if there are significant 

differences between for the levels of each protein [227]. 

 

There are two main types of ways of analyzing data where a large number of variables have been 

monitored, such as in proteomics or expression analysis (microarray data). The primary statistical 

analysis is in the evaluation of each variable to determine if there are any outstanding variables 

involved in the process of interest, this is called univariate analysis, and in proteomics, produces 

what are termed proteins of interest. The most common statistical test used in the univariate 

analysis of proteomics experiments is the student’s t-test. However while there is no doubt about 

the validity of individual results obtained using student’s t-tests one needs to interpret them with 

caution when a large number of variables have been searched in parallel in order to find a few 

variables with statistical significance. This problem is termed multiple testing. If, for example a 
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statistical significance (p value) of 0.05 is chosen, and a student’s t-test is used to find the 

significance of differences between groups of a variable, and the p value is found to be less than 

0.05, it means that there is a 1 in 20 chance (5%) that this result is a false positive [228].  

 

The problem of multiple testing means that if one tests, for example, 1000 variables simultaneously, 

and if a p value threshold of 0.05 is adopted, then assuming normal distribution, one would expect 

to find 50 (5%) are positive i.e. by chance [125]. There are a number of ways of addressing the 

problem of multiple testing, for example by reducing the p value that is required for significance 

(e.g. by using algorithms such as the Benjamini-Hochberg method [229]).  However this widely used 

method (with over 26,000 citations) has been criticised by the original authors among others, as too 

conservative [230]. The main problem with algorithms that adjust p values is that they reduce the 

power of the experiment to find significant variables. Other methods to address this include raising 

the difference ratio threshold between groups [231], testing variables for their degree of co-

variability enabling one to choose the most appropriate adjustment algorithm [232], or using false 

discovery rate (FDR) statistics. FDR calculations, such as q values, are being widely used in micro 

array data analysis [233] and are beginning to be used in proteomics [166]. External validation, 

which is the use of a different technique in order to quantitate a particular protein, such as with an 

ELISA assay, particularly with a new set of samples, is a valuable way of demonstrating that proteins 

of interest are indeed biomarkers [129]. 

 

The second general area of statistical interest (other than univariate analysis) is in comparing data 

sets as a whole, for example between diseased and non-diseased samples, which is termed 

multivariate analysis. Multivariate analysis methods such as principle component analysis (PCA) can 

be used to examine data to test if there is too much technical noise or biological noise for a true 

signal to be detected [234]. Multivariate analysis can also be used to find clustering among 

individuals or variables and can be used to improve methodology [235]. 

 

Another type of statistical analysis, that is also multivariate, is to use data mining statistics in order 

to identify multiple variables that can be used collectively for decision making, such as decision trees 

[236]. 
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Mass Spectrometry (MS)  

Proteins of interest are identified by mass spectrometry. To identify protein spots classed as 

interesting on analytical 2D gels, preparatory gels, with higher than normal protein loads and 

different staining procedures than those used for the spot quantification process, may be run [237]. 

Spots are cut out of gels, either manually or robotically, and subjected to enzymatic digestion, 

typically by trypsin, to facilitate protein removal from the gel slice and mass spectrometry processes. 

These tryptic digests contain the peptides that make up one protein, or several proteins if there are 

overlapping spots [238]. 

 

The peptides from proteolytic digests are extracted from the gel piece and are subjected to mass 

spectrometry. Mass spectrometers used for protein identification either have samples in solid or 

liquid phases for introduction of the material to the MS. In MALDI-TOF (matrix assisted laser 

desorption ionization – time of flight) MS the sample has been incorporated into a solid phase 

ionisable substance, that is subjected to a laser to vaporise and ionise the mixture. The ions are then 

taken up into the mass analyser and the detector which records the time of flight in order calculate 

the mass of the ions. Typically the data collected produces what is known as a peptide mass 

fingerprint (PMF) [239]. 

 

In MS instruments where the sample is introduced in a liquid form, at the front end is often some 

form of liquid chromatography to at least partially separate the tryptic peptides. This is then usually 

subjected to atmospheric electrospray ionization (ESI) where the partially separated sample is 

sprayed into the machine, the solvent evaporates, leaving the charged peptides to be attracted 

electrically into and through the instrument [240]. When using ESI, larger multiply charged ions are 

possible, producing ions with different mass to charge ratios. Most modern electrospray MS 

instruments that are used for protein identification incorporate a fragmentation process so that 

peptides are fragmented, enabling some sequence data to be obtained for each peptide. 

Fragmentation involves selected ions being allowed to enter a collision cell, and fragmented using 

controlled voltages in the presence of an inert gas. Specific bonds, such as the peptide bond, can be 

broken by collision with energized gas molecules to produce a series of y and b ions that can be used 

to sequence the peptide [241]. This provides additional data that comes from samples that may 

represent more than one protein, as fragment ions come from one parent ion rather than a mixed 

source. 
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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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Sample collection 

Ethical approval for blood sampling was obtained (MUAEC protocol 05/61). A farm was identified 

that regularly had a high percentage of ewes with bearings at lambing time. The farmer was willing 

to provide ewes for ear tagging, blood sample collection, and subsequent monitoring to identify 

prolapsed ewes. The farm is a hill country sheep and beef farm in the Tararua district, running 

approximately 1000 breeding ewes plus fattening cattle with a winter wet/summer moist climate 

and sedimentary soils. 

 

Ewes were not bred on the farm but were mixed age ewes with Romney genetics. The farm had a 

practice of purchasing mixed age Romney ewes in the summer for mating with a terminal sire in the 

autumn for lambing the following spring. The ewes from which blood samples were taken had 

previously had an ultrasound pregnancy scan and all had been identified as carrying multiple 

foetuses. The rams were introduced to the flock on the 10th April and were due to begin lambing in 

early September. They were shorn in late July and sample collection took place the following week, 

on the 4th August 2005, 116 days after the ram was put with them. 

 

Massey University Veterinary students ear tagged the ewes and collected 5 – 10 mLs of whole blood 

from each ewe into EDTA treated tubes. The tubes were labelled with the ewe tag number and 

placed on ice. The samples were centrifuged (1500 g for 10 minutes) to pellet cells, then the plasma 

was removed by pipette and transferred into 5 mL cryo tubes which were frozen and stored in liquid 

nitrogen.  

 

Tagging/sampling started at number 1 at 9am and finished at number 698 by 3pm, with 

approximately 650 ewes being sampled. Ear tagging and sampling were done together and 

sequentially so that controls could be selected that were sampled at the same time of day as 

samples from ewes that later prolapsed. The farmer observed the ewes for the following 6 weeks, 

during which time 28 ewes prolapsed, although one sample from a prolapsed ewe could not be 

found (ID number 122 which prolapsed 29 days after sampling) meaning that there were 27 plasma 

samples from prolapsed ewes. The date of prolapse and the identification number of affected ewes 

was recorded, see Figure 5-1 for the distribution of prolapse occurrence.  
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Work then began using plasma taken from control ewes to determine what preparation methods 

were required to obtain reasonably well resolved 2D PAGE gels along with trialling depletion 

methods to remove the most abundant proteins.  

 

Method development – albumin depletion trial 

A 1 mL HiTrap Blue HP (Cibacron Blue F3G-A ligand) column (Amersham Biosciences) was obtained 

and tested for its ability to bind sheep albumin. The columns capacity for albumin in plasma is 

claimed by the manufacturer to be 20mg human albumin/ml medium. Testing was carried out 

according to the instructions. Briefly, 1 mL of plasma (from a control ewe) was added to 10 mL 20 

mM sodium phosphate buffer, pH 7.1. The conductivity was checked and matched to that of the 

equilibration buffer. 2 mL of the diluted sample was loaded onto the column (0.2 mL of plasma) and 

1 mL of the flow through was concentrated using a centrifugal concentrator (Vivaspin 2 mL 3 kD 

MWCO membrane). Bradford assays were used to determine the protein concentration, and 

samples from both depleted and bound fractions run on 1D SDS PAGE. As some measure of 

depletion was observed in the 1D gels (data not shown) it was decided to progress to 2D gels.  

 

Initial 2D gel methodology 

A thiourea rehydration buffer was made up as follows: 7 M urea, 2 M thiourea, 1% CHAPS, 1% Triton 

X-100, DeStreak (12 µL/mL), 0.5% IPG buffer pH 3-10 NL, and a trace of bromophenol blue. 20 µg of 

protein was added to rehydration buffer, mixed gently and loaded into a 7 cm strip holder strip for 

rehydration loading. A pH 3-10 NL IPG strip was inserted into the strip holder, covered with Drystrip 

cover fluid and left for overnight rehydration. The next day, the strip holder was placed into an 

EttanTM IPGPhor IITM IEF instrument and run using the recommended voltage protocol as described 

in the GE Healthcare manual “2D Electrophoresis – Principles and Methods” (GE 2D manual) [246]. 

It should be noted that when using the individual strip holders the IPG strips are run face down. 

 

After IEF, the strip was equilibrated in reducing solution for 15 minutes on a horizontal shaker in 5 

mL of 75 mM Tris-HCl, pH 8.8, 6 M urea, 87% (w/w) glycerol, 2% SDS, and 65 mM DTT, with a trace 

of bromophenol blue. This solution was then poured off and replaced with 5 mL of an alkylating 

solution consisting of 75 mM Tris-HCl, pH 8.8, 6 M urea, 87% (w/w) glycerol, 2% SDS, and 135 mM 

iodoacetamide, with a trace of bromophenol blue for a further 15 minutes.  
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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. 

 

Antibody 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) 



37 
 

removal kit (Amersham Biosciences, RPN6300) was used according to the manufacturer’s 

instructions using a 25 µL plasma load. Next chloroform-methanol precipitation [247] was applied 

in order to; (a) remove salts and lipids from the sample which are known to interfere with IEF, and 

(b) to concentrate the sample so it can be equilibrated into the correct buffer for IEF. Methanol (0.4 

mL) methanol was added to 0.1 mL of sample and the mixture vortexed then centrifuged (10 

seconds at 9000 g). 0.1mL chloroform was then added, mixed by vortexing and the phases separated 

by centrifugation for 1 minute at 9000 g. The upper phase was discarded, 0.3 mL methanol added 

to the lower phase, then vortexed and centrifuged for 2 minutes at 9000 g. The supernatant was 

discarded, the pellet air dried, and 50 µL of sample buffer (2 M thiourea, 7 M urea, 1% CHAPs, 1% 

Triton X-100) added to dissolve the protein pellet. 

  

Protein concentration was measured using the bicinchoninic acid assay (BCA) assay (Pierce, 23227) 

as detergents in the resuspension buffer can interfere with the Bradford assay. 40 µg protein was 

loaded onto an 18 cm pH3-10 strip using the rehydration method and run as before, to produce the 

separation shown in Figure 2-3. 

 

While the spot resolution of the gel had improved it was apparent that the sample was not well 

depleted of abundant plasma proteins. Information was subsequently provided by the GE technical 

advisor that the kit contained antibodies raised in goats, which were unlikely to bind to sheep 

proteins. 

 

Anti-bovine serum albumin (anti-BSA) antibodies (raised in Donkeys) were obtained and coupled to 

agarose beads, however this also proved to be ineffective in removing sheep albumin (data not 

shown). Later advice suggested that to make an effective depletion column, the required antibodies 

had to be affinity purified using the appropriate antigen which was not available.  

 

A commercially produced depletion column for cattle based on purified antibodies from chicken 

eggs was obtained (IgY-C12 spin column from GenWay Biotech Inc, California, USA. Note that the 

IgY-C12 columns are no longer available but IgY anti-BSA spin columns are available from GenWay 

and Beckman Coulter and have been shown to deplete sheep albumin [248]).  The column contained 

immobilised antibodies raised against BSA, plus the 12 most abundant human plasma proteins. The 
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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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A sample was depleted with the IgY C12 column according to manufacturer’s instructions and then 

after chloroform-methanol precipitation was analysed on a medium format gel, as shown in Figure 

2-4. 

 

  

Figure 2-4. 2D PAGE of flow through from GenWay depletion column, medium format. 

18 cm pH 3-10 NL IPG strip, 7-12% acrylamide 2nd dimension. Silver nitrate stain. 

 

From the gel image (see Figure 2-4) the GenWay column appeared to be effective at removing sheep 

albumin however it was apparent that it was not effectively removing IgG’s. The shelf life of the 

column initially appeared to be poor as the first depletion run removed most of the albumin, but 

subsequent runs did not. A modification was found to be required in the post cleaning equilibration 

protocol as described below, this extended the life of the column considerably. 

 

According to the manufacturer’s instructions, bound proteins were eluted from the column by an 

acid wash step, requiring multiple washes with 100 mM glycine-HCl (pH 2.5) followed by a 
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neutralization step (100 mM Tris-HCl, pH 8.0) to rapidly neutralize the acid conditions. This 

neutralization was necessary to restore the binding capacity of the column and to protect the 

antibodies from acid degradation during storage. Monitoring the pH of the column flow through 

showed that the recommended neutralization step was not effective in restoring the pH of the 

column to neutral values. It was found that the concentration of neutralization buffer had to be 

doubled (from 100 mM to 200 mM Tris-HCL, pH 8.0) in order to rapidly restore the pH of the column 

buffer flow through to neutral.  

 

Figure 2-5 shows small format 2D gels of the bound fraction and flow through of the GenWay 

column. Although the resolution of the flow through was poor, it can be seen again that it still 

contained IgG’s. 

 

 

Figure 2-5. GenWay column bound fraction and flow through, small format 2D PAGE. 

7 cm pH 3-10 NL IPG strips, 10% acrylamide 2nd dimension. Gel A shows GenWay column bound 

fraction, Gel B is flow through. The gels are stained with the fluorescent stain Sypro Ruby. 

 

As a result of discussions with other researchers in the field it became apparent that depletion 

columns designed for use with human plasma rely on the high affinity of IgG for protein A, whereas 

ovine IgGs have only a moderate affinity for protein A. Thus protein G was then trialed on the basis 

that it may have higher affinity for sheep IgG.  

 

Sheep plasma (100 µL ) was mixed with 4.9 mL of Tris-buffered saline (TBS, 10 mM Tris-HCL, 150 

mM NaCl, pH 7.4). 3 mL of this was applied to a 1 mL protein G agarose column (Sigma), the last 0.5 



41 
 

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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As it had been previously observed that strips that had surplus rehydration fluid removed, (by 

blotting with tissue paper prior to IEF i.e. after overnight rehydration) generally focused with a lower 

current flow and had better spot resolution, rehydration volumes as well as rehydration 

constituents were optimised. The purchase of a manifold for the Ettan IPGPhor II meant that as well 

as being able to accommodate a larger range of different IPG strip lengths (i.e. including 24 cm IPG 

strips) strips could then be run with the gel surface facing up rather than down as is the case with 

the strip holders. 24 cm IPG strips require the use of a large format 2nd dimension gel system, the 

Ettan DALT six electrophoresis system, from GE, was used. The gel dimensions were 25.5 cm wide, 

21 cm long and 1 mm thick for the large format system. 

 

When using the manifold, electrode wicks (soaked in water) are used to connect the metal electrode 

to the gel, rather than there being direct contact between the gel and the metal electrode (see 

Figure 2-9). 

 

Figure 2-9. Schematic diagram showing relative placement of IPG strip, wicks and electrodes. 

 

Initially the goal for work focused on maximizing the number of spots that appeared on gels. 

Towards this end, a sample was depleted as before, had SDS added to 2%, TCEP to 20mM, then 

heated at 60⁰C for 5 minutes and then the protein was precipitated by adding acetone to 90%. 

Pellets were resuspended in Triton X-100 and heated for 5 min at 60⁰C. After the protein 

concetration was determined, samples were diluted into rehydration buffer containing 2 M 

thiourea, 7 M urea, 4% CHAPS along with DeStreak and rehydration loaded onto pH3-10 NL 24 cm 

IPG strips. An example is shown in Figure 2-10. Although the number of detected spots increased, it 

was apparent that charge chains were appearing, most likely due to heating and/or SDS. As SDS is 

charged it can affect IEF. Subsequently neither heating or SDS were used in sample preparation and 

charge chains were not seen again. 
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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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depleted sample. Urea was added to a final concentration of 8M, along with Tris(2-

carboxyethyl)phosphine (TCEP) to 10 mM, Tris base to 65 mM, and triton-X100 to 4%.  

 

The final pH was approximately 8.6 and the volume approximately 2.5 mL. This resulting solution 

was alkylated by the addition of 1/20 vol 0.4 M 4-vinylpyridine (made up in 4 M urea) for 2 hours in 

the dark under oxygen free nitrogen gas.  The reduced and alkylated proteins were then precipitated 

by the addition of acetone to make a final volume of 15 mL (90% acetone). After gentle mixing the 

solution was left to incubate for a minimum of 4 hours at -20⁰C, then brought to room temperature 

and the precipitated proteins were pelleted by centrifugation (3000 g for 10 min at room 

temperature). The supernatant was carefully removed, 5 mL 90% acetone added and vortexed, 

followed by incubation at -20⁰C for a minimum of two hours. The precipitated proteins were 

pelleted by centrifugation at 4⁰C (3000 g for 10 minutes). This washing procedure was repeated two 

more times and the pellet washed 3 more times. The precipitated protein pellet was finally dried by 

lyophilisation overnight before being resuspended in 50 µL of 2D buffer (4% CHAPS, 7 M urea, 2 M 

thiourea).  

 

While the resolution of spots using this method was sometimes good, variation in resolution 

consistency continued to be an issue. One of the concerning issues was the accuracy with which the 

protein load on each strip was determined. An Invitrogen EZQ protein quantitation kit (Cat No. 

R33200) was used to determine sample protein concentration. This kit transfers the protein to a 

membrane so that contaminants that might interfere with quantitation (e.g. detergent, reducing 

agents) can be washed away before quantitation takes place. Membranes were stained with the 

supplied fluorescent stain according to the manufacturer’s protocol and scanned with a Fujifilm FLA-

3000 fluorescent scanner using the blue laser. Image analysis (for quantitation) was done with 

Fujifilm Image Gauge 4.0, an example screen shot showing a stained membrane, standard curve and 

data is included in the Appendix (‘34 - Protein concentration - Image Gauge 4.0 screen shot.TIF’).  

 

First DIGE experiment 

A DIGE experiment was carried out that resulted in disappointingly poor resolution (Figure 2-11).  

file:///D:/34%20-%20Protein%20concentration%20-%20Image%20Gauge%204.0%20screen%20shot.TIF
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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. 



48 
 

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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Value Units Method applied to determine value 

75 µA maximum current allowed per strip 

7.5 x 10 -5 amps µA/1,000,000 

6.24 x 10 18 electrons per amp per second Coulomb’s constant 

4.68 x 10 14 electrons used per second @ 75 

µA 

amps x Coulomb’s constant 

2.34 x 10 14 H2O molecules used per second two electrons required per molecule 

H2O 

6.02 x 10 23 molecules per mole Avogadro’s constant 

3.89 x 10 -10 moles H2O used per second molecules H2O used/Avogadro’s 

constant 

18.02 molar mass H2O g/mole 

7 x 10 -9 mL H2O used per second moles H2O used per second x molar 

mass H2O 

2.52 x -5 mL H2O used per hour mL H2O used per second x 3,600 

0.025 µL H2O used per hour mL H2O used per hour x 1,000 

 
Table 2-2. Theoretical water consumption due to electrolysis during isoelectric focusing. 

  

 

As the water consumption due to electrolysis was calculated to be minimal it was decided to 

proceed with the extra-long and intermediate length IEF experiment. Gels are shown in Figure 2-14 

and as can be seen there appeared to be no advantage in using an extra-long IEF run and so an 

intermediate length run was adopted for the next DIGE experiment. 

 

Second DIGE experiment 

The DIGE experiment was repeated using a 90% acetone cleanup and an intermediate voltage ramp, 

but there was no improvement in the spot resolution. Again it was thought that an improvement in 

spot resolution was needed in order to achieve good quantitation. Images from DIGE gels lined up 

with post stained gels show the difference in resolution achieved, particularly at the acidic end of 

the IPG strips (see Figure 2-15). A variety of alternative methodologies were trailed in order to 

improve resolution, note that small format gels were often used for testing methods simply because 

they are quicker and easier to run. 
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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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Figure 2-16. Alkylation protocols and spot resolution. 

Small format 2D PAGE gels each loaded with 10 µg of depleted sheep plasma using different 

alkylation procedures. Sample A was alkylated in the presence of urea, B with guanidine 

hydrochloride and C with guanidine hydrochloride followed by running with DeStreak in the 

rehydration solution. Strips were pH3-10 NL 7 cm, 2nd dimension was 10% acrayamide. Staining was 

with silver nitrate. Note the maximun recommended analytical load for these IPG strips is 6 µg [246]. 

 

Spin clean-up experiment 

As it is considered possible that contaminants that affect IEF can co-precipitate with protein during 

sample clean-up [192] it was decided to investigate an alternative clean-up method. The protocol 

of Megan Penno et al. [249] was used. Their procedure focusses on reducing the salt contamination 

of samples with the use of spin columns along with testing sample purity by monitoring conductivity. 

A suitable conductivity meter was obtained (a Horiba Twin Cond B-173)  and a spin column 

(VivaspinTM, 0.5 mL, 10 kDa cutoff) was used to wash the resuspended sample with 2D buffer until 

the conductivity reduced to less than 300 µS/cm from 4.6 mS/cm (for 1.6 mg/mL protein in 50 µL). 

The sample was split, with one half put being aside on ice and the other half being washed using a 

spin column. The 25 µL sample was mixed with 175 µL 2D buffer and centrifuged at 12,000 g (4⁰C) 

until the volume was reduced to approximately 20 µL then 180 µL 2D buffer was added for the next 

spin. This process was repeated for 3 spin washes. Finally buffer was added to 100 µL and the 

conductivity retested and found to be 87 µS/cm. 

 

The protein concentration of the samples was measured and the spin cleaned up sample was found 

to be more concentrated than the not spun sample, (46 µg cf 32 µg). This is difficult to explain, but 

possibly the volume was slightly less for the spun sample. From each sample 15 µg was loaded onto 

duplicate 7 cm 3-10 NL strips and focussed using an intermediate focus protocol. Figure 2-17 shows 

the spin washed samples, and Figure 2-18 shows the samples that were not spin washed. 15 µg was 
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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. 



54 
 

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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Samples were then prepared for another DIGE experiment (see chapter 3 for details) and run using 

the improved method. The gels appeared to be consistent and of reasonable quality, see Figure 

2-27. The only visible problem was with a second dimension gel where the water saturated butanol 

overlay had mixed with the top of the gel during casting on the left hand side of the gel. This gel 

appeared useable prior to running the second dimension but upon scanning it seems that butanol 

from the overlay had mixed with the gel (possibly from a too strong pipetting action while applying 

the overlay) on the left hand end of the gel during casting. Prior to running the second dimension 

the acrylamide/butanol mixture in this area had to be scraped off as it protruded up into the space 

required for the IPG strip. After running it appeared that the butanol/gel mix had prevented protein 

from properly entering the gel in this area (see Figure 2-32). This section was cropped from the 

scanned image prior to continuing with gel analysis, resulting in the loss of that sample’s highly 

acidic proteins from the analysis.  

 

 

Figure 2-27. Standard images from DIGE experiment B. 

All 2D PAGE gels in DIGE experiment B, showing reasonable and consistent resolution. The gel 17052 

(top left) had a partially poorly cast second dimension gel (due to partial mixing of butanol overlay 

with acrylamide mixture, see Figure 2-32) and had to be cropped on the acidic (left) side. This 
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experiment is described in Chapter 3, IPG strips were 24 cm ph 3-10 NL, 2nd dimension was 10% 

acrylamide using the Ettan DALT large format system.  

 

The standards images from two DIGE experiments, using both the basic and improved methods, 

were analysed for variance in order to determine the level of improvement in resolution, this is 

reported in Chapter 3 from page 76, under the heading “Evaluating the 2D PAGE methods”. 

 

Gel casting issues 

Numerous problems with casting large format gels were encountered, prominent among these were 

problems with generating a smooth top to gels. Figure 2-28 shows an example of a gel with an 

extremely poor top. 

 

 

Figure 2-28. Example of an extremely wobbly top gel. 

 

Within the casting tank, spacers are provided in order to reduce surplus caster volume, for example 

when 1 mm gels are cast (as opposed to 1.5 mm gels). The number of spacers was reduced from 6 

to 5 which allowed the gel solution to flow more readily between the plates and into the gaps. This 

reduced the problem with uneven gel tops however it was still found that there was considerable 

waviness to the gels which affected the resultant gel image. Further, while some of the gel tops 
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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.  



64 
 

 

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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Chapter 3. DIGE methodology 
 
As outlined in Chapter 2, an improved method for running 2D gels was developed. In order to be 

able to statistically compare the methods, data from one of the DIGE experiments resulting in poor 

resolution gels (the 3rd DIGE experiment) was chosen (now termed DIGE A) along with data from the 

4th DIGE experiment (now termed DIGE B). Briefly, three changes from recommended practice as 

outlined in the GE Healthcare 2D PAGE manual [246] and used in DIGE experiment A, were made 

for DIGE experiment B. These were; 1) samples were acidified (with HCl to pH 2.5) prior to 

precipitation with acetone, 2) the focusing step used a long slow voltage ramp, and, 3) carrier 

ampholytes were included in the electrode wick water. 

 

Samples used were those collected as described at the beginning of Chapter 2 i.e. sheep plasma 

collected from in lamb ewes (carrying multiple foetuses) towards the end of pregnancy. 

 

Labelling 

Note the same protein labelling methodology, based on manufacturer’s recommendations, was 

used for all DIGE experiments undertaken in this study. Briefly, after precipitation samples were 

resuspended in 50 µL labelling buffer, containing 2 M thiourea (GE Healthcare, stored in a vacuum 

desiccator), 7 M urea (GE Healthcare PlusOne), 2% CHAPS (Bio-Rad) and 30 mM Tris base (GE 

Healthcare PlusOne) and placed on ice. A solid state micro pH probe (Lazarlab, Los Angeles, USA) 

attached to a volt meter was used to determine the pH of the cooled samples (which were on ice) 

using a standard curve that had been calculated from pH standards (Fisher Chemical). The pH of 

standards was checked to see if they maintained the appropriate pH when placed on ice. Cleaning 

of the solid state probe was required between each sample measurement in order to prevent 

excessive pH drift. The pH of samples was adjusted to approximately 8.5 by the addition of microliter 

amounts of either 50 mM hydrochloric acid or 70 mM Tris base (Appendix ‘1 - 3rd DIGE (A) expt 

sample prep.xlsx’ and ‘2 - 4th DIGE (B) expt sample prep.xlsx’). After pH adjustment protein 

concentrations were calculated in triplicate using the EZQ protein quantitation kit (Invitrogen) and 

typically ranged from 4 to 6 mg/mL. 

 

Volumes of samples required for 50 µg of protein were calculated and pipetted into microfuge tubes 

(Axygen) on ice. A pooled standard was made up using 25 µg of protein from each of the samples 

file:///D:/1%20-%203rd%20DIGE%20(A)%20expt%20sample%20prep.xlsx
file:///D:/1%20-%203rd%20DIGE%20(A)%20expt%20sample%20prep.xlsx
file:///D:/2%20-%204th%20DIGE%20(B)%20expt%20sample%20prep.xlsx
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making up a single DIGE experiment, and was labelled with Cy 2. The bearing and non-bearing 

samples were randomly assigned labels so that half were labelled with Cy 3 and half with Cy 5, with 

an equal number from each group (control and bearing).  

 

The CyDyes were reconstituted in dimethylformamide (DMF, Merck) that was stored in a glass jar 

with a SeccoSept® access lid to prevent hydration. The dyes were reconstituted by the addition of 

DMF to a 1 mM stock solution and then further diluted in DMF to a 0.4 mM working solution 

immediately before labelling. Storage, mixing and labelling were done according to the 

manufacturer’s recommendations for minimal labelling. 1 µL of working solution dye (400 pmol) 

was added to each 50 µg sample and the samples incubated on ice in the dark for 30 minutes. After 

this time the reaction was quenched by the addition of 1 µL of 10 mM lysine and incubated for a 

further 10 minutes on ice to stop the reaction. An equal volume of rehydration buffer (2 M thiourea, 

7 M urea, 2% CHAPS) was then added to each sample, so that each sample had the volume double 

that prior to mixing. The pooled standard was labelled as above, except for the use of an appropriate 

volume for the combined pool. Thus for a 6 gel experiment, 6 µL of Cy 2 was used. Each strip (and 

thus each gel) contained two 50 µg samples, each labelled with Cy3 and Cy 5 respectively, along 

with a pooled sample (also 50 µg per strip) labelled with Cy 2 (Appendix ‘1 - 3rd DIGE (A) expt sample 

prep.xlsx’ and ‘2 - 4th DIGE (B) expt sample prep.xlsx’).  

 

IEF 

Samples were randomly allocated to IPG strips so that there would be one Cy 3, one Cy 5 and one 

standard Cy 2 per strip. As rehydration loading was used, the volume added from each sample and 

standard was subtracted from the 450 µL required for each strip in order to calculate the volume of 

additional rehydration buffer required. 0.5 % carrier ampholytes (IPG buffer, ph 3-10 NL, GE 

Healthcare) was used for each strip i.e. 2.25 µL per 24 cm strip. As samples had been alkylated (with 

4-vinylpyridine) during sample preparation, reducing agents were not added to the rehydration 

buffer. 24 cm pH 3-10 NL IPG strips were used and rehydrated with 450 µL of rehydration buffer 

that included the mixed sample. Care was taken so that the rehydration buffer was evenly 

distributed along the bottom of the rehydration tray, and there was a complete absence of air 

bubbles. After a few minutes of rehydration the strip was carefully moved to and fro along the tray 

to ensure an even distribution of rehydration fluid underneath the length of the strip. Care was also 

taken to ensure the rehydration tray was level on the lab bench. Rehydration was done in either a 

file:///D:/1%20-%203rd%20DIGE%20(A)%20expt%20sample%20prep.xlsx
file:///D:/1%20-%203rd%20DIGE%20(A)%20expt%20sample%20prep.xlsx
file:///D:/2%20-%204th%20DIGE%20(B)%20expt%20sample%20prep.xlsx
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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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Figure 3-1. Diagram showing the relative positions of the IPG strip, wicks and electrode wires. 
 

Second dimension 

For the second dimension, large format 10%, 1mm thick, acrylamide gels were cast in an Ettan 

DALTsix gel caster, using low fluorescent glass plates. As discussed in Chapter 2, it was found to be 

necessary to provide positive pressure to the bottom of the gel caster in order for gels to have a 

smooth upper surface. This was done by connecting a tube to the bottom of the gel caster to a flask 

containing displacing solution (375 mM Tris-HCl pH 8.8, 30% glycerol, a trace of bromophenol blue) 

so that the level of the solution in the flask was just below the level required for the top surface of 

the gels.  Otherwise casting was carried out according to the manufacturer’s protocol for casting 1 

mm gels [251]. Water saturated butanol was used to overlay the gels after they were poured. Gels 

were stored in gel storage solution (375 mM Tris-HCl pH 8.8, 0.1% SDS) at 4°C for several days until 

convenient for running the second dimension. 

 

The focused IPG strips were thawed and equilibrated for 30 minutes in the recommended SDS 

equilibration buffer [246], except that neither reducing or alkylating reagents were included as the 

samples had been reduced and alkylated prior to IEF, thus there was no buffer change during 

equilibration. After removal from the gel storage buffer, the IPG strip slot was rinsed with tank 

buffer prior to insertion of the strip. After equilibration in SDS buffer, the IPG strips were carefully 

inserted into the space at the top of gels. Surplus tank buffer was poured off, with care being taken 

to prevent any air bubbles forming between the strip and gel. 1 mL per gel of molten agarose 

containing 0.002% bromophenol blue was pipetted over each strip to form a seal between the strip 

and the top of the glass plates and to provide a dye front so that electrophoresis could be followed.  

 

An Ettan DALTsix electrophoresis unit (with an improved upper buffer tank) connected to a Bio-Rad 

4860 refrigerated recirculator set to 20°C was used for the second dimension run. Power was 

supplied by a Bio-Rad 3000Xi computer controlled electrophoresis power supply, and programmed 

to run overnight according to manufacturer’s recommendations. The upper buffer tank 

temperature was monitored (with an immersion thermometer) which showed that the temperature 

never reached 30°C at any point during the run.  The next day, the run was extended until the dye 
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fronts were close to the bottom of the gels. Gels (still within glass plates) were rinsed and placed 

either on ice or in a chiller until they could be scanned later in the day. 

 

Image acquisition, spot detection, editing and matching 

Gel plates were dried and the gels while still within the glass plates were scanned with a Typhoon 

FLA 9000 scanner (GE Healthcare) according to the manufacturer’s recommendations. A 473 nm 

(blue) laser and BPB1/530DF30 emission filter were used to obtain Cy 2 images, a 532 nm (green) 

laser and BPG1/570DF20 emission filter were used to obtain Cy 3 images, and a 635 nm (red) laser 

and LPR/R665 emission filter was used to obtain Cy 5 images. Pre-scanning was of each channel was 

carried out in order to set the photomultiplier tube (PMT) voltage so that there was close to, but no 

saturation of any protein spots. For the main scans, the resolution was set to 100 µM. Gel images 

were cropped using the DeCyder Image Loader to remove extraneous material and then loaded into 

the Differential In-gel Analysis (DIA) module of the DeCyder 7.0 software (GE Healthcare). The 

DeCyder spot detection algorithm 6.0 was used to detect spots.  

 

A value of 2,500 estimated spots was chosen as using the recommended 10,000 expected spots 

value resulted in a large number of very small spots being detected as well as many spots that were 

clearly single were being subdivided. The recommended 30,000 exclude filter was used to remove 

very low abundance spots and small dust particles. 

 

The DeCyder Biological Variation Analysis (BVA) software was used for spot matching, spot editing 

and initial univariate analysis. Gel images were assigned to the appropriate experimental groups 

(standard, bearing or control) and gels were matched. A representative gel was chosen to be the 

master gel, the gel to which all other gels are matched and on which spot matching and numbering 

is based. As manual matching found some incorrectly matched spots, further inspection was carried 

out. Adding landmarked spots did not help as the problem was not due to differences in spot 

location but rather to differences in the spot detection between gels. An example of a spot that was 

split in some gels is shown in Figure 3-2. The spot highlighted in red was split in 5 out of 8 gels. Split 

spots were manually combined to make spots appear similar.  
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Figure 3-2. Inconsistent spot boundaries identified in DeCyder 7.0.  

The image shows a zoomed in section of standard gel images plus 2 3D views in match mode of 

DeCyder 7.0 BVA software. The spot highlighted in red is one which was split in 5 out of 8 gels. Lines 

extending into the center of these spots indicate split spots that required merging (in gels 17064, 

17067 (the master), 17069, 17066 and 17070). 

 

Spot matching was verified as follows. Spots were examined in the 3D viewer and had to have a 

visibly discernible bump over surrounding pixel intensity to be regarded as a true spot. Note that for 

some spots, the 3D view was “zoomed in” to detect faint spots. This was especially required when 

faint spots were close to highly abundant spots, as when highly abundant spots are within the 3D 

viewer field of view, the scale is automatically reduced. If spots could be detected and matched in 

more than half of the gels, they were marked to be included in the analysis.  

 

Unfortunately the software outlined and matched a great many spots that appeared to be not real 

protein spots despite the filtering process, as shown in Figure 3-3. There were also spots that had 

to be split to be correctly matched. All spots in all gels were manually examined to determine which 

spots were real and which were not. Examples of spot inclusion and exclusion are shown in Figure 

3-4 and Figure 3-5. This manual spot checking process resulted in only 208 spots being included for 

analysis out of 2184 spots being accepted by DeCyder 7.0 for DIGE experiment A and 428 out of the 

2384 spots for DIGE experiment B. Figure 3-6 shows the 428 visibly discernible matched spots found 
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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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Data comparison – DIGE A and DIGE B 

 

Extracting standard data 

Standard data was extracted from DeCyder 7.0 by cutting and pasting. Using the BVA module in 

appearance mode, spots were selected one at a time and data tables copied and pasted into an 

Excel spreadsheet. The cutting and pasting was done individually for each spot of interest on the 

master gels for both DIGE experiments. Within Excel the master numbers were retained along with 

standard volume data. Care was taken to ensure spots with missing values were attributed to the 

correct gel. Missing values were left empty and no attempt to impute or replace missing values was 

made. Any calculations that produced a ‘0’ value or a ‘#DIV/0!’ result, due to missing values, were 

blanked so that missing values did not skew the calculations. 

 

Extracting experimental data 

Protein spots that were deemed to be real spots (by manual examination, see above) were marked 

as “proteins of interest” (POI’s) and the associated data was exported as a text file from the BVA 

module of DeCyder. The resultant text file was imported into Excel. Volume data was used for 

renormalisation. 

 

Normalisation 

Normalisation is a process used to accommodate whole gel differences between images. These 

differences might be due to variation in labelling efficiency, imperfections in PMT voltage 

optimisation or loading differences. Normalisation can be thought of as fine tuning of the total 

protein load to ensure it is the same on each gel. It should be noted that if there was only one spot 

per gel, the effect of normalisation would be to reduce variation to zero. The more spots there are, 

the less the variation between the matched spots in different gels is reduced by normalisation. The 

minimum number of spots recommended for normalisation is 100 [252].  

In DeCyder, normalisation is done in the DIA module (prior to matching in the BVA module) and is 

used to produce normalised abundances of sample spots (but not standards) within each gel. To do 

this, the assumption that most spots will not differ in abundance is made. Normalisation of 

standards between gels is not necessary for DeCyder analysis, as differences between gels is 

accommodated by standardisation. For the method analysis it was necessary to normalise standards 



75 
 

between gels as it was only by comparing the variation of standards between gels that the 2D 

methods could be quantitatively assessed.  

 

Note that a variety of different normalisation methods were used in order to evaluate the main 

result and these are reported in Chapter 5. In order to evaluate the new IEF method and compare it 

to the previously used method, a simple linear normalisation approach was chosen that used data 

from spots that were present on all gels. For this analysis the average volume of spots present on 

all gels was calculated for each gel, and a scale factor calculated. All the spots on each gel were then 

scaled so that the average volume of spots on each gel was the same (Appendix, ‘3 - DIGE A 208 

standards, with 2 normalisation methods.xlsx’ and ‘4 - DIGE B 428 standards, with 2 normalisation 

methods.xlsx’). 

 

Unfortunately, only 50 spots could be matched on all gels in DIGE experiment A (304 spots were 

matched on all gels in DIGE experiment B). As this analysis of methodology used the standard data, 

which is all based on the same sample i.e. with no inherent biological variation, this method of 

normalisation was assumed to be valid for the analysis of the 2D method. 

 

Although individual sample data (such as control and experimental data) is normalised in DeCyder, 

it was normalised again, as described in chapter 4 and chapter 5 because a variety of different 

normalisation methods were able to be used. Furthermore, the DeCyder manual recommends the 

re-normalisation of data if a large number of spots are removed, presumably because the inclusion 

of poorly resolved proteins could skew the normalisation. Many of the spots that were detected by 

the DeCyder DIA, but that didn’t appear to represent real or well resolved proteins, were not 

included in this analysis and so re-normalisation was carried out.  

 

As the main analysis (see chapter 5 for details) involved samples with natural variation, it was 

decided to adopt a normalisation process that would use all protein spots, i.e. more than 100 spots 

per gel as recommended. Note that the gel with the least number of spots still had more than 100 

spots (a gel in DIGE A had only 106 spots) but only 50 spots could be matched across all the gels in 

that experiment. This method of normalisation (using all spots) involved calculating the abundance 

of each spot relative to the average for that spot for each experiment, and then calculating a grand 

average relative spot abundance for each gel. The grand average was then used as an adjusting 

file:///D:/3%20-%20DIGE%20A%20208%20standards,%20with%202%20normalisation%20methods.xlsx
file:///D:/3%20-%20DIGE%20A%20208%20standards,%20with%202%20normalisation%20methods.xlsx
file:///D:/4%20-%20DIGE%20B%20428%20standards,%20with%202%20normalisation%20methods.xlsx
file:///D:/4%20-%20DIGE%20B%20428%20standards,%20with%202%20normalisation%20methods.xlsx
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factor. For instance, if a gel had a grand average spot abundance of 1.1, then each spot was divided 

by 1.1 to make each gels grand average 1. Note that this normalisation method (using all spots) 

weights the importance of all spots equally, so that weak spots have the same effect on the grand 

average as highly abundant spots. With the normalisation method that only uses spots that are 

present on all gels, highly abundant spots have a larger effect, in a similar way to a loading 

adjustment where highly abundant proteins have a large effect on protein quantity. Note that both 

normalisation methods used here to compare 2D methods use a linear adjustment i.e. all spot 

volumes on the same image are adjusted by the same numerical factor. 

 

Evaluating the 2D PAGE methods 

The two normalisation methods were used to normalise standard protein spots and then 

coefficients of variation (CVs) were calculated. CVs for the 174 spots that could be matched between 

DIGE experiments A and B were calculated as well as the CVs for all spots also using data normalised 

with both methods. 

 

When the two normalisation methods were used on standard spots that were matched between 

both DIGE experiments (A and B) and compared the results were very similar, i.e. the difference in 

Coefficient of Variation (CV) of standard spots matched between the experiments remained 

statistically significant at the 0.001 level. The p value was calculated to be 0.0007 (in a paired two 

tailed student’s t-test comparing the 174 spot volumes that were matched between the DIGE 

experiments) when normalisation was done only with spots that were present on all gels, and 

0.0008 when normalisation was done with all spots (Appendix, ‘5 - Matched DIGE A & B, with 2 

normalisation methods.xlsx’). When CVs were compared using all spots, although the CV was slightly 

lower using the new method (in DIGE B) it was not statistically significant.  

 

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

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

spots c.f. 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 

Table 3-2 for a summary of results, (Appendix folder ‘6 - method analysis data’). 

 

file:///D:/5%20-%20Matched%20DIGE%20A%20&%20B,%20with%202%20normalisation%20methods.xlsx
file:///D:/5%20-%20Matched%20DIGE%20A%20&%20B,%20with%202%20normalisation%20methods.xlsx
file:///D:/6%20-%20Method%20analysis%20data
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DIGE experiment A B 

Number of  gels 6 8 

Number of quantifiable spots on master gel 208 428 

Number of quantifiable spots matched on all gels 50 (123 on 

5/6 gels) 

303 (411 on 7/8 

gels) 

Average number of spots matched to master 163 410 (p<0.001) 

Spots not found on other master (174 spots matched) 34 254 

Average CV of standard volumes 0.25 0.24 

Average CV of log of standard volumes 0.019 0.019 

Average CV of matched spots, volumes (174 spots) 0.24 0.20 (p<0.001) 

Average CV of matched spots, log of volume (174 spots) 0.018 0.015 (p<0.01) 

Correlation of CVs with average log volumes -0.33 -0.45 

Average CV of standardised control sample spots , vol (Not Std) 0.32 (0.41) 0.38 (0.46) 

Average CV of standardised control sample spots, log (Not Std) 0.024 (0.032) 0.028 (0.035) 

 
Table 3-2. Summary table comparing spot resolution in DIGE A and DIGE B.  

Normalisation was done using spots present on all gels (Appendix folder ‘6 - Method analysis data’). 

 
Correlations were done between the average matched spot volumes in both DIGE experiments using 

both normalisation methods. It was found that the correlation between the two experiments was 

very similar when normalisation with all spots was used than if normalisation was done only with 

spots present on all gels (0.9735 as compared to 0.9728). (see cell DK179 in sheet ‘Norm. by spots 

on all gels’ and cell BI179 in sheet ‘Norm. by all spots’ in Appendix ‘5 - Matched DIGE A & B, with 2 

normalisation methods.xlsx’). Note that a few spots in DIGE experiment B were combined to enable 

matching to DIGE experiment A. 

 

Scatter plots were created to investigate the relationship between CV and spot volume (Figure 3-8). 

These showed a negative correlation between CV and the log of spot volume for both experiments, 

with experiment B having a slightly stronger relationship than experiment A (-0.33 cf. -0.45 for 

experiments A and B, respectively). Both correlations were statistically significant (p <0.001).  

file:///D:/6%20-%20Method%20analysis%20data
file:///D:/5%20-%20Matched%20DIGE%20A%20&%20B,%20with%202%20normalisation%20methods.xlsx
file:///D:/5%20-%20Matched%20DIGE%20A%20&%20B,%20with%202%20normalisation%20methods.xlsx
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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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Chapter 4. Data analysis 
 

As the aim of this project was to identify plasma proteins that were differentially regulated prior to 

prolapse occurring (i.e. in apparently healthy sheep) a sensitive method of analysis that retained 

biomarker information was required. In order to do this, accuracy in terms of data analysis was 

necessary, and so an evaluation of normalisation methods was undertaken. Two methods for 

evaluating normalisation methods were employed; ratio-intensity plots and variance ratio analysis. 

These are explained below. Note that the aim of normalisation is to reduce unwanted noise or 

variation from the data so that true signals can be more clearly observed. This principle was based 

on the assumption that good quality normalisation would result in more reliable, higher quality data 

due to less background variation. A number of different normalisation methods were applied and 

tested. Data distribution was also examined in order to determine if transformation was necessary. 

 

Data extraction: obtaining standard data 

As outlined in chapter 3 using the DeCyder 7.0 BVA module in appearance mode, standard spots 

that had been deemed to represent real spots were selected one at a time, and their corresponding 

data tables copied and pasted into a Microsoft Excel spreadsheet. Within Excel the master numbers 

were retained along with standard volume data and care was taken to ensure spots with missing 

values were attributed to the correct gel. No attempt was made to impute or replace missing values. 

Any calculations that produced a ‘0’, a ‘#NUM!’ or a ‘#DIV/0!’ result, due to missing values, were 

blanked so they did not skew the calculations. The only exception to this practice occurred when 

quantile normalisation (a non-linear normalisation method that requires no missing values) was 

carried out (as well as for variance stabilising normalisation (VSN), done with the R package ‘vsn’ for 

comparison) because the quantile method requires that there are no missing values. In this case, 

any missing values were replaced with the average value across both groups. Note that although 

the calculations done to compare VSN normalisation with quantile normalisation were made with 

missing values replaced, the VSN calculations done to determine proteins of interest were made 

without replacing missing values.  

 

Normalisation of the volume data was carried out as described above. The Microsoft Excel statistical 

function ‘stdeva’ (which returns the standard deviation based on the data being a sample) was used 

to calculate standard deviation (SD). SD was divided by the mean to give CV. 
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Data extraction: obtaining control and bearing ewe data 

Within DeCyder, control and bearing ewe data were extracted by marking the spots that had been 

noted as representing real spots (see the chapter 3) as proteins of interest. Quantitative data from 

these proteins of interest spots were exported from DeCyder into a text file which was then 

imported into Microsoft Excel and any extraneous data removed (such as unnecessary column 

headings). Again missing values were left blank so as not to skew calculations. The data were 

normalised as described below then subjected to a student’s t-test analysis. Ratios were calculated 

in the same manner as DeCyder i.e. if the average volume of the bearing sample spots were 

increased (above controls), the ratio was reported as a positive number (> 1) and if the average 

volume of the bearing sample spots was decreased, a negative number was reported (< -1). Note 

also that ratios were calculated with (re-normalised) volume data rather than log volume data, as is 

done in DeCyder. (Appendix ‘7 - DIGE A, with 2 normalisation methods.xlsx’ and ‘8 - DIGE B, with 2 

normalisation methods.xlsx’). 

 

Normalisation 

Normalisation can be thought of as the removal of non-biological sources of variation in 

experimental data. There are two basic types of normalisation processes, linear and non-linear 

normalisation. Linear normalisation is simply a factor adjustment used to accommodate whole gel 

differences between images. These differences might be due to imperfections in PMT voltage 

optimisation or loading differences. Linear normalisation can be thought of as fine tuning of the 

total protein load to ensure the load is the same on each gel so that any observed changes are not 

a result of different protein loads. Non-linear normalisation is more sophisticated, and reflects 

inconsistent technical errors, such as those that can arise from sample preparation or labelling 

conditions. Examples are differences in temperature or pH which can affect dye labelling efficiency. 

A number of non-linear normalisation methods have been developed particularly for high density 

oligonucleotide array data. Some of these originally developed for gene expression arrays, have also 

been co-opted for use with 2D gel data. Examples are quantile normalisation or variance stabilising 

normalisation both of which are described below. Regarding the effect of normalisation on 

biological variation it should be noted that if there was only one data point per sample, the effect 

of normalisation would be to reduce the variation to zero. The more data points there are, the less 

file:///D:/7%20-%20DIGE%20A,%20with%202%20normlisation%20methods.xlsx
file:///D:/8%20-%20DIGE%20B,%20with%202%20normalisation%20methods.xlsx
file:///D:/8%20-%20DIGE%20B,%20with%202%20normalisation%20methods.xlsx


81 
 

variation is reduced by normalisation, and 100 spots is regarded as the minimum number for 2D gel 

normalisation [252].  

 

In DeCyder, normalisation is done in the DIA module (prior to matching in the BVA module) and is 

used to produce normalised abundances of sample spots (but not standards) within each gel. To do 

this the assumption is made that most spots will not differ in abundance. Normalisation between 

gels is not necessary for DeCyder analysis, as differences between gels is accommodated by 

standardisation. For method analysis, however, it was necessary to normalise standards between 

gels as it was only by comparing the variation between gels that the 2D methods could be 

quantitatively assessed. For this analysis the average volume of spots that were present on all gels 

was calculated for each gel, and scaling factors were calculated and applied so that the average spot 

volume (for spots present on all gels) on each gel became the same. The adjustment factors ranged 

from 0.71 to 1.30 for DIGE experiment A and from 0.87 to 1.23 for DIGE experiment B. (Appendix ‘7 

- DIGE A, with 2 normalisation methods.xlsx’ and ‘8 - DIGE B, with 2 normalisation methods.xlsx’). 

 

Unfortunately only 50 spots could be matched on all gels in DIGE experiment A, in contrast to DIGE 

experiment B where 304 spots were matched on all gels. However, as the method analysis used the 

standard data, which is all based on the same sample i.e. with no biological variation, it is valid to 

use this method of normalisation for the method analysis [253]. Note that although sample data 

(such as control and experimental data) is normalised in DeCyder, these data were normalised again 

for the present study. This was partly because a different method of normalisation was required for 

the method analysis, and because a large number of spots were removed. Many of the spots 

identified by the DeCyder DIA that didn’t appear to represent real or well resolved proteins, were 

not included in this analysis necessitating re-normalisation.  

 

As analysis of the experimental data involved the analysis of samples with natural variation, a 

normalisation process that used all the protein spots, (i.e. more than 100 spots per gel) was adopted. 

As mentioned earlier this process was relevant for DIGE experiment A, as only 50 spots could be 

matched on all gels. This new method of normalisation involved calculating the abundance of each 

individual spot relative to the average for matched spots in each experiment, and then calculating 

a grand average spot abundance for each gel. The grand average was used as an adjusting factor. 

For example, if a gel had a grand average spot abundance of 1.1, then each spot was divided by 1.1 

file:///D:/7%20-%20DIGE%20A,%20with%202%20normlisation%20methods.xlsx
file:///D:/7%20-%20DIGE%20A,%20with%202%20normlisation%20methods.xlsx
file:///D:/8%20-%20DIGE%20B,%20with%202%20normalisation%20methods.xlsx
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to make each gels grand average 1. When data from all spots were used, the adjustment factors 

ranged from 0.81 to 1.23 for DIGE experiment A and from 0.87 to 1.23 for DIGE experiment B. 

(Appendix, ‘7 - DIGE A, with 2 normalisation methods.xlsx’ and ‘8 - DIGE B, with 2 normalisation 

methods.xlsx’). 

 

When the method analysis calculation was repeated using the new normalisation processes, the 

results were very similar, i.e. the improvement in Coefficient of Variation (CV) of spots matched 

between the experiments was still statistically significant at the 0.001 level. Normalisation using 

spots present on all gels gave a p-value of 0.0007 (in a paired two tailed student’s t-test comparing 

the CVs of 174 spots matched between the DIGE experiments), while normalisation using all spots 

gave a very similar but slightly higher of 0.0008 (see cell CI180 in sheet ‘Norm. by spots on all gels’ 

and cell BE180 in sheet ‘Norm. by all spots’ in Appendix ‘5- Matched DIGE A & B, with 2 normalisation 

methods.xlsx’). Note that a few spots in DIGE experiment B were combined to enable matching to 

single spots in DIGE experiment A. 

 

A number of non-linear normalisation methods have been co-opted from transcriptomic 

normalisation processes [254], and although most have not been empirically tested for variance, 

variance stabilising normalisation (VSN) and quantile normalisation have been shown to be effective 

for at least some 2D gel data [255]. Both methods involve adjusting individual data intensities in 

order to overcome technical variation with the aim of revealing biological data distribution. With 

any normalisation process there is a danger that important data may be lost, or artefacts 

accidentally introduced. The ratio-intensity plot described by Menuier [256] has been used in the 

assessment of normalisation methods by Artigaud et al. who found that quantile normalisation was 

slightly better at recentering data than VSN [255].  

 

Another issue in data variation is that it is sometimes observed that variation increases with the 

level of protein expression [257], and so a variance vs intensity plot is sometimes used to assess 

normalisation methodology [258]. More recently an algorithm in the R package ‘quantro’ has been 

developed to quantitatively assess the appropriateness of quantile normalisation for a particular 

data set [259]. Quantile normalisation requires missing values to be imputed (see below for details) 

which is common practice in 2D gel data analysis [260] therefore to enable a fair comparison 

file:///D:/7%20-%20DIGE%20A,%20with%202%20normlisation%20methods.xlsx
file:///D:/8%20-%20DIGE%20B,%20with%202%20normalisation%20methods.xlsx
file:///D:/8%20-%20DIGE%20B,%20with%202%20normalisation%20methods.xlsx
file:///D:/5%20-%20Matched%20DIGE%20A%20&%20B,%20with%202%20normalisation%20methods.xlsx
file:///D:/5%20-%20Matched%20DIGE%20A%20&%20B,%20with%202%20normalisation%20methods.xlsx
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between the two non-linear normalisation methods employed, missing values were also replaced 

for VSN normalisation. 

 

Normalisation before or after standardisation 

The present study uses 3 dye DIGE, which enables a standardisation step, and so the option of 

whether to normalise either before or after standardisation arises. Linear normalisation techniques 

were applied prior to standardisation as any variance is assumed to be related to loading or PMT 

voltage adjustment i.e. events closely related to electrophoresis which standardisation 

accommodates so it makes sense to apply standardisation after linear normalisation. Non-linear 

normalisation adjustment can cope with a wider variety of errors, not only those related to 

electrophoresis, and on this basis, it was also applied last. Both points of application of non-linear 

normalisation are reported below. 

 

Evaluation of normalisation 

Note firstly that the evaluation of normalisation methods described were applied primarily to DIGE 

B data because there was substantially more data points and so one would expect the variance to 

be larger. Artigaud et al. [255] proposed that ratio-intensity plots (known in microarray analysis as 

MA-plots) are useful for evaluating the effects of normalisation in 2D gels. In a ratio-intensity plot 

the log base 2 (log(2)) of the ratio of means for each spot is plotted against the log base 10 (log(10)) 

of the product of the means. Ratio-intensity plots were graphed for the two linear normalisation 

methods used, as well as the standardisation, and are shown in Figure 4-1 (Appendix,  ‘8 - DIGE B, 

with 2 normalisation methods.xlsx’,‘normalised by all spots’ tab). Note that the term intensity used 

for the ratio-intensity plots reflects spot volume. Spot volumes are an arbitrary unit, reflecting spot 

area and staining intensity, as described in the introduction. 

   

As can be seen, for these methods at least, the ratio-intensity plots are very similar. Artigaud et al. 

suggested that the way to evaluate these plots is to observe if the cloud of intensity is off-centered 

(reflecting less well normalised data). However in the present study, despite the inclusion of a line 

of best fit, any difference in position of the cloud of intensity is difficult to evaluate.  

 

 

file:///D:/8%20-%20DIGE%20B,%20with%202%20normalisation%20methods.xlsx
file:///D:/8%20-%20DIGE%20B,%20with%202%20normalisation%20methods.xlsx
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Figure 4-1. Ratio-intensity plots to evaluate linear normalisation methods.  

The dotted red line is the line of best fit. Note ratios are calculated from the log(2) of average spot 

volume ratios (bearing/control) and intensity is calculated from the log(2) of spot volume. Note all 

plots for evaluating data normalisation and distribution in this chapter use DIGE experiment B data. 

 

Microarray data analysis uses very similar statistical techniques to those used in 2D gel data analysis, 

especially as they both can be applied to the evaluation of protein expression. An issue in protein 

expression has been that variation can rise proportionally with the level of protein expression. As a 

result, plots of variance vs intensity began to be used to evaluate expression analysis processes 

[257]. Bolstad et al. [254] plotted variance ratios (e.g. data point X normalised by technique A/same 

data point normalised by technique B) against intensity to evaluate different normalisation 

techniques. The resultant plots were used to show whether array variation varied with data 

intensity, and also to examine the variation resulting from the use of the various normalisation 

techniques, in order to identify methods that results in the lowest data variation. 

 

Variance ratio plots were used to assess the normalisation and standardisation methods used in this 

study, and are shown in Figure 4-2 (Appendix; ‘8 - DIGE B, with 2 normalisation methods.xlsx’, 

bottom of ‘Normalisation check’ tab). Note that these plots differ from the ones shown in Figure 

4-1. In Figure 4-1, the ratios shown are the intensity ratios between the experimental groups 

file:///D:/8%20-%20DIGE%20B,%20with%202%20normalisation%20methods.xlsx
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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.  
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Cross talk was tested with a variation ratio evaluation between spots on the same gel and spots on 

different gels. A normalised (by all spots) and standardised data set was used to allocate 8 pairs of 

sets of spots that had been run on the same gel and 8 pairs of sets of spots that had not. Variation 

between the 8 pairs of spots was averaged and plotted on a variance ratio vs spot intensity graph, 

as shown in Figure 4-3 (Appendix ‘9 - cross talk variance.xlsx’). The mean variation within each gel 

was slightly less than the mean variation between gels, indicating that there may have been a small 

amount of cross talk between spots on the same gel. This analysis cannot distinguish cross talk 

between samples and between standards and samples. However, it is reassuring to note that the 

reduction in variation due to the use of standards was larger than the reduction in variation arising 

from spots within gels. Because different biological samples were used in this analysis, this result 

should be viewed with caution. To truly test cross talk requires the use of one sample applied both 

within and across gels, which was done by the developers of DIGE technology [205]. 

 

 

Figure 4-3. Variance between gels was compared to variance within gels.  

 

An alternative way of looking at the effect of normalisation is to examine box plots of individual 

samples. Given that in the present study, only 16 samples were evaluated, it was possible to plot all 

samples on one graph using both linear normalisation methods. Medians were more uniform after 

file:///D:/9%20-%20cross%20talk%20variance.xlsx
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normalisation with all spots, and variation was further reduced with standardisation, as can be seen 

in Figure 4-4 (Appendix ‘10 - variance – box plots.xlsx’). 

 

 

Figure 4-4. Box plots showing data variation before and after each normalisation method.  

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. 

 

Non-linear normalisation 

Variance stabilising normalisation (VSN) and quantile normalisation, both non-linear normalisation 

methods used for normalising 2D gel data in another study [255], were trialed. As quantile 

normalisation is intolerant of missing values, an average for each matched spot was calculated 

across both groups (bearing and control) and used to fill missing values. To enable a fair comparison 

(between VSN and quantile normalisation) the VSN normalisation also used the same missing value 

filled data set (i.e. where missing values were filled with averages). Note that ‘vsn’ is an R package 

that returns VSN data after what is known as a glog transformation. This is essentially a log base 2 

transformation (although values near 0 have a greater spread than they do with a log(2) 

transformation) [262]. Quantile normalisation can be done using either volume data or log 

transformed data, and in the present study it was done with both using Microsoft Excel.  

file:///D:/10%20-%20variance%20-%20box%20plots.xlsx
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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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in Appendix ‘11 - digeb_vsn.xlsx’) but not for the results shown in Figure 4-6 as these all contain log 

data (where the quantile normalised volume data was converted to a logarithmic scale prior to 

plotting, Appendix ‘12 - digeb vols qnorm.xlsx’). 

 

As was the case for linear normalisation, the ratio-intensity plots are difficult to interpret as the 

graphs are all very similar, except for the quantile normalisation of volume data (Figure 4-5 E), which 

was quite different as the cloud of points had a much greater spread.  

 

Variance ratio vs intensity plots were generated to compare variance from the non-linear 

normalisation methods to that from linear normalisation (Figure 4-6) (Appendix 11 - digeb_vsn.xlsx 

and 12 - digeb vols qnorm.xlsx). The quantile normalisation was done using Microsoft Excel, but the 

VSN was done using the R packages ‘vsn’ [258] and ‘rlang’ [263] and the results imported into 

Microsoft Excel for variance analysis (Appendix ‘13 - analyse_spots_script.txt’ for R script). 

 

 

Figure 4-6. Variance ration plots for the non-linear normalisation methods.  

The variance ratio plots shown compare the data variance produced using the two non-linear 

normalisation methods applied after standardisation. The title of each graph shows the two 

methods being compared, in terms of numerator : denominator. A number below zero in the mean 

of the variance ratio reflects lower mean variance in the numerator method than in the denominator 

method. Means are shown in the Y axis title. 

file:///D:/11%20-%20digeb_vsn.xlsx
file:///D:/12%20-%20digeb%20vols%20qnorm.xlsx
file:///D:/11%20-%20digeb_vsn.xlsx
file:///D:/12%20-%20digeb%20vols%20qnorm.xlsx
file:///D:/13%20-%20analyse_spots_script.txt
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The quantile normalisation of volume data increased the variance compared to that occurring from 

linear normalisation. Quantile normalisation using log(2) data reduced the variance slightly, and 

using VSN reduced it a little more. A comparison between the two methods also showed that using 

VSN reduced the variance more than using a quantile normalisation of log(2) volume data (Figure 

4-6 D). 

 

Non-linear normalisation applied before standardisation  

Ratio-intensity plots generated for the two non-linear normalisation methods used, are shown in 

Figure 4-7 (Appendix ‘14 - VSN before std.xlsx’, VSN before std tab and ‘15 - Q norm before std.xlsx’, 

Std of Q norm tab).  

 

 

Figure 4-7. Ratio-intensity plots for non-linear normalisation applied before standardisation.  
 

Variance ratio plots, generated to evaluate whether using the non-linear normalisation before 

standardisation (as opposed to after it) reduced variance, are shown in Figure 4-8 (Appendix ‘14 - 

VSN before std.xlsx’, variance ratios tab and ‘15 - Q norm before std.xlsx’ variance ratios tab). 

 

Applying VSN normalisation prior to standardisation resulted in a small reduction in variance 

compared to the ratio resulting from linear normalisation (with all spots) and a slightly larger 

reduction when VSN was used after standardisation. This was reflected in a reduced variance ratio 

in the VSN after standardisation variance over the VSN before standardisation variance (-0.053, 

Figure 4-8 B). The VSN normalisations applied subsequently (i.e. in Results) were done after 

standardisation. Applying quantile normalisation before standardisation resulted in an increased 

variance ratio in comparison to linear normalisation (with all spots) as well as an increased variance 

file:///D:/14%20-%20VSN%20before%20std.xlsx
file:///D:/15%20-%20Q%20norm%20before%20std.xlsx
file:///D:/14%20-%20VSN%20before%20std.xlsx
file:///D:/14%20-%20VSN%20before%20std.xlsx
file:///D:/15%20-%20Q%20norm%20before%20std.xlsx
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ratio in comparison to applying quantile normalisation after standardisation. Again the quantile 

normalisations applied subsequently (i.e. in Results) were done after standardisation. 

 

 

Figure 4-8. Variance ratio plots, non-linear normalisation applied before/after standardisation. 
 

As a check on VSN normalisation, a VSN calculation was made with missing values not imputed and 

with the same missing values removed from quantile normalisation calculations. VSN normalisation 

calculated without missing values being imputed showed reduced variation when compared to both 

linear and quantile normalisation with missing values removed (Figure 4-9) (Appendix ‘16 - VSN from 

norm (all spots) and standardised vols with blanks included.xlsx’). Only small differences in mean 

values were observed when missing values were not imputed with VSN and were smaller than when 

missing values were allowed (cf Figure 4-6). Subsequent analysis (i.e. in Results) allowed the 

imputation of missing values with VSN. 

 

Box plots generated for the two non-linear normalisation methods employed (after standardisation) 

are shown in Figure 4-10 (Appendix ‘10 - variance - box plots.xlsx’). While quantile normalisation 

reduced the average sample variation to low levels (the median is reduced to 0) the goal of the 

exercise is to reduce unnecessary individual spot variation which quantile variation did not achieve, 

as reflected in the variance ratio plots. 

file:///D:/16%20-%20VSN%20from%20norm%20(all%20spots)%20and%20standardised%20vols%20with%20blanks%20included.xlsx
file:///D:/16%20-%20VSN%20from%20norm%20(all%20spots)%20and%20standardised%20vols%20with%20blanks%20included.xlsx
file:///D:/10%20-%20variance%20-%20box%20plots.xlsx
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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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Other normalisation methods were also included in the results analysis for completeness (see 

Alternate normalisation methods, page 122). These were; the DeCyder DIA normalisation, and three 

other alternative normalisation methods i.e. albumin adjustment (linear adjustment after main 

spots albumin data removal) CV adjustment (adjustment by spots with the lowest 10% of CVs after 

linear normalisation), and a blank filling adjustment that replaces missing values with adjusted 

values prior to calculations for linear normalisation using all spots. Variance ratios for these were all 

compared to linear normalisation with all spots as shown in Figure 4-11. The mean variance ratios 

were close to zero or positive, indicating that these methods were not particularly useful in reducing 

variance, however data using these methods was included in the spots of interest table for 

completeness (Table 5-15). 

 

 

Figure 4-11. Variance ratio plots for DIA and alternative normalisation methods. 

DIA normalised data was exported from DeCyder 7.0 in the form of log standardised abundance 

(LSA). This was converted to log(2) volume data for the variance ratio plots as shown in Appendix 

‘33 - DIA_LSA_values - DIGE B.xlsx’. Albumin adjustment normalisation calculations can be found in 

Appendix ‘21 - albumin adjustment.xlsx’. Lowest CV normalisation calculations can be found in 

Appendix ‘22 - lowest CV norm, from spots present on all gels.xlsx’. Calculations for normalisation 

using blanks filled prior to linear normalisation with all spots can be found in Appendix ‘23 - DIGE B 

renorm by all spots, with blanks filled.xlsx’. 

 

file:///D:/33%20-%20DIA_LSA_values%20-%20DIGE%20B.xlsx
file:///D:/21%20-%20albumin%20adjustment.xlsx
file:///D:/22%20-%20lowest%20CV%20norm,%20from%20spots%20present%20on%20all%20gels.xlsx
file:///D:/23%20-%20DIGE%20B%20renorm%20by%20all%20spots,%20with%20blanks%20filled.xlsx
file:///D:/23%20-%20DIGE%20B%20renorm%20by%20all%20spots,%20with%20blanks%20filled.xlsx
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Data distribution 

The primary requirement in data analysis, particularly for student’s t-tests, is that data be normally 

distributed. This was checked using data that had been normalised with all spots and then 

standardised. A scatter plot was used to take an initial look at the data (Figure 4-12). 

 

As can be seen in Figure 4-12, the distribution of the data is concentrated around low spot volumes 

making it difficult to assess the distribution of individual spots using this plot. Note that there are 

428 different protein spots, and 6560 data points (428 spots x 16 samples, less 288 missing values) 

represented. In order to visualise large amounts of data, distribution histograms are often used. 

However because 428 data distributions have to be assessed, all with different mean values this 

method requires some refinement in order to be applied. 

 

 

Figure 4-12. Scatter plot of paired Bearing vs Control samples.  

Spot volume is shown, data was normalised by all spots. 
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Figure 4-13. Distribution histogram for scaled spot volumes.  

Distribution histogram of the normalised (by all spots) and standardised spot volumes. Spots were 

scaled to the average volume. A bin volume of 1,000,000 was used. 

 

As the present study is multi-dimensional, all the protein spots have different means and so a single 

distribution histogram would be meaningless, as one would be required for each matched spot. 

However if the data is scaled so that each matched spot has the same mean the data distribution, 

the data set as a whole can be analysed on a single histogram. The average spot volume for each 

spot (across both controls and bearing samples) was calculated, then this data was used to calculate 

an average volume for all spots. Spots were then scaled uniformly across groups so that the average 

for each spot was the same. It should be noted that scaling doesn’t change data distribution, as the 

SD as a percentage of mean remains the same (see the Dist 2 tab of Appendix ‘8 - DIGE B, with 2 

normalisation methods.xlsx’). The resultant distribution histogram is shown in Figure 4-13, and as 

can be seen, the distribution of the volume data is skewed towards low values and does not follow 

a normal bell shaped distribution. 

 

A data transformation such as a logarithmic transformation can be used to improve data distribution 

characteristics and is often used for 2D spot data. One of the issues when examining data 

distribution in multi variable analyses is that different transformations may be required (or not) for 

different variables. In this study, although a large dynamic range was observed for each protein spot, 

file:///D:/8%20-%20DIGE%20B,%20with%202%20normalisation%20methods.xlsx
file:///D:/8%20-%20DIGE%20B,%20with%202%20normalisation%20methods.xlsx
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all are from one source (plasma protein) indicating that applying a uniform (or none) transformation 

across all spots may be useful. Furthermore, it is normal practice to only use one type of 

transformation in spot analysis [252]. The need to use only one type of transformation was 

therefore investigated using data from all protein spots. 

 

In order to test the data transformations used,  quantile comparison plots (Q-Q plot) were 

constructed using the R package ‘car’ and the function ‘qqPlot’ [264, 265]. Normalised (with all 

spots) and standardised spot volumes from DIGE experiment B were used. These were converted to 

long form with the ‘gather’ function in R (in the ‘tidyr’ package) and plotted with ‘qqPlot’ (Figure 

4-14). 

 

 

Figure 4-14. Quantile comparison plot of normalised and standardised spot volume data.  

Normalisation was by all spots. The solid red line is the line of best fit, and the dashed lines are at 

the 95% confidence interval. 

 

As the distribution of a large proportion of the data in the Q-Q plot was asymmetric and well outside 

of the 95% confidence intervals, the data was transformed using log base 2 and analysed with a Q-

Q plot (Figure 4-15). While some values are outside  the 95% confidence interval, the curve is very 

similar to one reported as  acceptable [266]. It is noted that these graphs represent the distribution 

of a large amount of data, i.e. from 428 proteins with 6560 data points (428 spots x 16 samples, less 

288 missing values). 
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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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Figure 4-17. Quantile comparison plot of quantile normalised log(2) data.  

The solid red line is the line of best fit, and the dashed lines are at the 95% confidence interval. 

 

A log (base 2) distribution data set was calculated in a similar manner to the scaled volume data set 

(calculations are shown in the Dist 2 tab of the ‘DIGE B, with 2 normalisation methods.xlsx’ file). The 

resultant distribution (Figure 4-18) is much more symmetrical, even when outliers are included.  

 

 

Figure 4-18. Distribution histograms for log transformations and normalisations. 

Shown are data distributions for log (base 2) transformation of spot volumes, VSN and quantile (log 

volume) normalised data, using a bin size of 0.5. Spots were scaled to have the same mean. 

file:///D:/8%20-%20DIGE%20B,%20with%202%20normalisation%20methods.xlsx
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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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methodology, as detailed in Chapter 2. The master gel from DIGE experiment B gel image can be 

seen in Figure 5-4, and this experiment became the main focus of the data analysis, although both 

sets of DIGE data are reported here. 

 

DIGE data analysis 

Analyses for both DIGE experiments were initially done using DeCyder 7.0 BVA software (GE 

Healthcare Life Sciences) that automatically carries out a log (base 10) transformation of normalised 

volume data before proceeding with the statistical analysis. In the DeCyder biological variation 

analysis (BVA), 5 spots were found that had statistically significant differences (p<0.05) in DIGE 

experiment A and 8 in DIGE experiment B (Table 5-1, Table 5-2 and Figure 5-4). 

 

Spot ID Appearance T-test Av. ratio Spot ID Appearance T-test Av. ratio 

------------DIGE experiment A-------------------- ----------------DIGE experiment B----------------- 

A 1160 15 (18)  0.015 -1.26 B 1417 24(24) 0.5 -1.12 

A 781   9 (18)  0.020 1.47 B 885 24(24) 0.25 1.09 

A 1166 15 (18)  0.030 -1.59 NA    
A 792   9 (18)  0.035 1.45 B 904 24(24) 0.97 -1.00 

A 788 12 (18)  0.049 1.66 B 893 24(24) 0.94 1.01 

A 1172 15 (18)  0.053 -1.59 B 2281 24(24) 0.24 -1.19 

A 1162 15 (18)  0.056 -1.31 B 1421 24(24) 0.5 -1.08 

A 1155 12 (18)  0.098 -1.29 B 1410 24(24) 0.32 -1.11 
 
Table 5-1. Initial data analysis for DIGE experiment A using DeCyder 7.0.  

Protein spots including those matched to experiment B are listed by p value up to 0.1. The student’s 

t-test calculations for p value are from two tailed t-tests with homoscedastic (equal) variance after 

DIA normalisation and log(10) transformation. The average ratios (Av. ratio) represent values found 

in bearing/control samples using non-transformed volume data, positive values indicate an 

increased spot volume in bearing samples and negative values represent a decrease. An average 

ratio of 1.00 indicates no change. NA = data not available because the matching spot could not be 

identified. Appearance indicates the number of images the spots was found in, e.g. to appear in 

15(18) means that the spot appeared in 15 images (i.e. 5 bearing, 5 control and 5 standard) out of 

the possible 18 images (6 bearing, 6 control and 6 standard). 

 

Within the DeCyder differential in-gel analysis (DIA) module, normalisation is calculated 

automatically using data from all spots detected. However in the present study many spots could 

not be included in the analysis because of overlap, so it was necessary to renormalise the data. This 

was done as outlined in chapter 4. Student’s t-test p values were re-calculated using log (base 2) 
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data that had been re-normalised using two methods, linear normalisation (using all spots) and VSN 

normalisation (after standardisation). 

 

Spot ID Appearance T-test Av. Ratio Spot ID Appearance T-test Av. Ratio 

-------------------DIGE experiment B----------------- ------------------DIGE experiment A--------------- 

B 2366 21 (24)  0.0016 3.70 NA    
B 746 24 (24)  0.019 -1.53 NA    
B 1629 24 (24) 0.020 1.34 NA    
B 1071 21 (24)  0.029 1.25 NA    
B 1611 24 (24)  0.033 1.40 A 1284 12(18) 0.54 1.54 

B 1588 24 (24) 0.034 3.15 A 1490 18(18) 0.49 2.4 

B 1577 24 (24) 0.040 2.62 A 1268 15(18) 0.18 2.79 

B 1635 21 (24) 0.044 -1.46 NA    
B 2338 21 (24) 0.052 1.70 NA    
B 2368 24 (24) 0.055 3.16 NA    
B 2268 24 (24) 0.059 -1.19 NA    
B 765 24 (24) 0.061 -1.48 A 660 9(18) 0.67 1.08 

B 891 21 (24) 0.074 -1.17 A 750 18(18) 0.32 -1.14 

B 2271 24 (24) 0.075 -1.21 NA    
B 1233 21 (24) 0.075 -1.20 NA         
B 1039 21 (24) 0.076 1.48 NA    
B 2336 24 (24) 0.078 1.38 A 1262 15(18) 0.18 2.06 

B 1012 21 (24) 0.078 1.48 NA    
B 1078 24 (24) 0.081 1.19 NA    
B 997 21 (24) 0.093 1.43 NA    
B 1048 21 (24) 0.094 1.43 NA    
B 1135 24 (24) 0.097 -1.17 NA    
B 2052 21 (24) 0.098 1.27 A 1435 15(18) 0.51 1.05 

B 1060 21 (24) 0.099 1.39 NA    
B 1102 21 (24) 0.099 -1.40 NA    

 
Table 5-2. Initial data analysis for DIGE experiment B using DeCyder 7.0.  

DeCyder 7.0 analysis for DIGE experiment B showing protein spots listed by p value to 0.1 and the 

values obtained for spots that matched in DIGE experiment A. As in Table 5-1, DeCyder DIA 

normalisation was used, followed by log(10) transformation. Student’s t-test p value results are from 

two tailed t-test calculations with homoscedastic (equal) variance. Ratios represent values found in 

bearing/control samples using non-transformed volume data. Positive values indicate an increase 

in bearing samples and negative values represent a decrease. An average ratio of 1.00 indicates no 

change. 

 

Data re-normalisation 

Table 5-3 and Table 5-4 show the data that has been re-normalised using the linear method (using 

all spots) while Table 5-5 and Table 5-6 show data re-normalised with VSN.   



104 
 

 

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. 



105 
 

 

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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Table 5-6. T-test p values using non-linear (VSN) re-normalised data, DIGE B. 

Spots matched in DIGE experiment A (using VSN re-normalised data) are also shown. 

 
Summaries of spot p values using the three different normalisation methods trialed are shown in 

Table 5-7 and Table 5-8. 

 

Spot ID DIA Linear VSN 

A 1160 (15/18) 0.015 (-1.3) 0.0042 (-1.3) 0.0040 (-1.3) 

A 781 (9/18) 0.020 (+1.5) 0.017 (+1.4) 0.052 (+1.4) 

A 1166 (15/18) 0.030 (-1.6) 0.019 (-1.7) 0.019 (-1.7) 

A 792 (9/18) 0.035 (+1.5) 0.025 (+1.4) 0.036 (+1.4) 

A 788 (12/18) 0.049 (+1.7) 0.054 (+1.6) 0.071 (+1.6) 

A 1172 (15/18) 0.053 (-1.6) 0.030 (-1.7) 0.033 (-1.7) 

A 1162 (15/18) 0.056 (-1.3) 0.017 (-1.4) 0.020 (-1.4) 
 
Table 5-7. Summary table of student’s t-test p values and ratios, DIGE A. 

Spots with student t-test p values below 0.05 are shown using three different normalisation 

methods (DIA, linear (using all spots) and VSN). Ratio values are shown in brackets next to p values. 

The numbers in brackets in the ID column are the number images the spot was present on, out of 

the total of 18. P values that differ from DIA normalisation at threshold points (0.01 and 0.05) are 

highlighted in bold. 

 

Spot ID DIA Linear VSN 

B 2366 (24/24) 0.0016 (+3.7) 0.0016 (+3.6) 0.0017 (+3.7) 

B 746 (24/24) 0.019 (-1.5) 0.012 (-1.5) 0.0091 (-1.5) 

B 1629 (24/24) 0.020 (+1.3) 0.037 (+1.3) 0.041 (+1.3) 

B 1071 (21/24) 0.029 (+1.3) 0.057 (+1.2) 0.031 (+1.2) 

B 1611 (24/24) 0.033 (+1.4) 0.055 (+1.4) 0.055 (+1.4) 

B 1588 (24/24) 0.034 (+3.2) 0.032 (+3.4) 0.032 (+3.4) 

B 1577 (24/24) 0.040 (+2.6) 0.034 (+2.7) 0.036 (+2.7) 

B 1635 (21/24) 0.044 (-1.5) 0.020 (-1.5) 0.026 (-1.4) 

B 2338 (21/24) 0.052 (+1.7) 0.047 (+1.7) 0.046 (+1.7) 
 
Table 5-8. Summary table of student’s t-test p values and ratios, DIGE B. 

Spots with student t-test p values below 0.05 are shown using three different normalisation 

methods. Ratio values are shown in brackets next to p values. The numbers in brackets in the ID 

column are the number images the spot was present on, out of the total of 24. P values that differ 

from DIA normalisation at threshold points (0.01 and 0.05) are highlighted in bold. 
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Figure 5-2. The master gel from DIGE experiment A.  

All spots included in the analysis are outlined. Spots outlined in green have statistical significance as 

found using the initial DeCyder 7.0 BVA analysis (without renormalisation) and are labelled. Labels 

that are not  underlined represent spots that were found in DIGE experiment A to have statistically 

significant differences between control and bearing samples as a result of applying the student’s t-

test (p<0.05). Labels underlined represent spots that were found to be significantly different 

between bearing and control samples on the basis of FDR (False Discovery Rate) testing. Spot A 1166 

was found to be significantly different between bearing and control samples on the basis of both a 

t-test and FDR test (see Table 5-10). 
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Figure 5-3. Standard images for all gels from DIGE experiment A. 

All quantified spots are outlined in either blue or green. Spots outlined in green have significance as 

described Figure 5-2. Images from the pooled standard is shown for all gels in DIGE experiment A. 

The master gel heading is highlighted in pink. 

 

As none of the spots matched between the experiments showed p levels below 0.05 in both 

experiments, a Person’s correlation was carried between the standards used in each experiment. A 

correlation of 0.97 (p < 0.001) was found between the average volume of the 174 standard spots 

matched between the two DIGE experiments, indicating a high level of correlation. This was 

calculated using linear normalised standard data. When calculated with VSN data, the correlation 

was slightly lower at 0.92 (p < 0.001). When this was unlogged, however, a very similar correlation 

was found (0.97, p < 0.001) (Appendix ‘17 - Matched standards – VSN data (incl blanks).xlsx’ and ‘5 

- Matched DIGE A & B, with 2 normalisation methods.xlsx’ ‘Norm. by all spots’ tab). 

 

file:///D:/17%20-%20Matched%20standards%20-%20VSN%20data%20(incl%20blanks).xlsx
file:///D:/5%20-%20Matched%20DIGE%20A%20&%20B,%20with%202%20normalisation%20methods.xlsx
file:///D:/5%20-%20Matched%20DIGE%20A%20&%20B,%20with%202%20normalisation%20methods.xlsx
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Figure 5-4. The master gel from DIGE experiment B.  

All spots included in the analysis are outlined in either green or blue. Spots outlined in green have 

statistical significance as found using the initial DeCyder 7.0 BVA analysis (without renormalisation) 

and are labelled. Spots that are labelled without underlining were shown to have statistically 

significant differences between control and bearing samples in DIGE experiment B as a result of 

applying the student’s t-test (p<0.05). Spots with underlined labels were found to have significant 

differences between bearing and control samples after FDR testing. Spots B 746, B 1577, B 1588 and 

B 2366 were found to be significantly different between the two groups of samples on the basis of 

both the t-test and FDR test. 

 

As there were some (seven) samples in common to both experiments, these samples were 

individually correlated using linear normalised (all spots) volume data. The average Pearson’s 

correlation coefficient was 0.95 with a range of 0.92 – 0.98. The lowest correlation coefficient had 

the lowest matched spot count (87) and the highest correlation coefficient had the highest matched 

spot count (172). All correlations were statistically significant (Appendix, ‘18 - Correlations.xlsx’). 

file:///D:/18%20-%20Correlations.xlsx
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Figure 5-5. Standard images for all gels from DIGE experiment B.  

All quantified spots are outlined in either green or blue. Spots outlined in green are significant as 

described in Figure 5-4. Images from the pooled standard is shown for all gels in DIGE experiment 

B. The master gel heading is highlighted in pink. Note as mentioned in chapter 2 (see page 64) the 

gel in the upper left (17052) had to be cropped on the acidic (left) side as there was poor protein 

transfer in this region due to the overlay partially mixing with acrylamide during casting. 

 

False discovery; Benjamini & Hochberg FDR and q values 

Multiple hypothesis testing is where many statistical tests are run concurrently on the same small 

number of subjects. For example, if 20 student’s t-tests with a statistical threshold for p of 0.05 were 

undertaken using a normally distributed data set, then because 0.05 x 20 = 1, this means that one 

of the 20 tests is likely to be called true purely by chance. In order to counter this false discovery, it 

is recommended that the distribution of p values is examined, especially when q values are used 

[233]. P value distribution histograms and q values were produced using the R package ‘qvalue’ 

[267]. Results are shown in Figure 5-6 to Figure 5-13. 
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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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 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 

B 652 0.32 0.98 0.30 0.99 0.36 0.99 0.20 1.00 0.041 0.39 0.11 

B 1135 0.097 0.98 0.098 0.99 0.090 0.99 0.16 1.00 0.043 0.39 0.11 

B 861 0.23 0.98 0.15 0.99 0.21 0.99 0.090 1.00 0.043 0.39 0.11 

B 697 0.42 0.98 0.43 0.99 0.44 0.99 0.31 1.00 0.045 0.39 0.11 

B 1625 0.14 0.98 0.13 0.99 0.13 0.99 0.14 1.00 0.049 0.39 0.11 

B 269 0.21 0.98 0.18 0.99 0.20 0.99 0.12 1.00 0.050 0.39 0.11 
 
Table 5-9. P values, adjusted p values and q values for spots where p < 0.05.  

Adjusted p values (calculated using the Benjamini and Hochberg (B&H) [229] method) and q values 

for spots with p values less than 0.05 from both DIGE experiments using a variety of different 

normalisation methods (Q = quantile normalisation). Q values were the same as the B&H adjusted 

p values for all methods except for those normalised using the quantile by volume method. Note 

the order of spots is according to their p value up to 0.05 in the DIA normalisation, and then by spots 

with p values less than 0.05 in the other normalisation methods. 

 

One way to deal with low p values occurring randomly (rather than reflecting true differences 

between groups) in multiple hypothesis testing, is to adjust the p values according to the number of 

variables being tested. Adjusted p values were calculated using the R function ‘p.adjust’ using the 

method of Benjamini and Hochberg [229] (B&H). Spots with p values less than 0.05 from both DIGE 

experiments are shown in Table 5-9 along with B&H adjusted p values for the same spots. As can be 

seen after the Benjamini and Hochberg adjustements there are no longer any p values less than 

0.05. 

 

FDR testing 

Another way to address multiple hypothesis testing is to apply a FDR test. A q value false discovery 

test was applied to the results found in the re-normalised data, using the R package ‘qvalue’ [233]. 

Most q values were found to be the same as the B&H adjusted p values except for DIGE B data that 

had been quantile normalised by volume (Appendix folder ‘19 - B & H p adjustment’).  

 

The ‘qvalue’ package in R provides a plot function showing p value distributions and local FDR 

estimations. This was used with quantile normalised volume data from DIGE experiment B (Figure 

5-16) and DIGE experiment B data that had been linearly normalised (Figure 5-17). The q value 

indicates the proportion of true null hypotheses for a variable when that variable is called significant. 

Prior to evaluating q values and FDR it is recommended that the first step is to check the p value 

distribution. Inspection of the p values shown in Figure 5-16, calculated using quantile normalised 

file:///D:/19%20-%20B%20&%20H%20p%20adjustment
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data, shows again there is an uneven distribution, with the distribution of p values skewed towards 

lower values. The plot also provides a calculated local FDR threshold for the p values showing that 

many of the p values are above the FDR threshold. Because these samples were collected from 

otherwise healthy ewes, at the time of sample collection, this is unlikely to be correct. Inspection of 

the p values shown in Figure 5-17 reveals a more even distribution with few p values at the lowest 

end. The FDR calculation shows only a few p values pass the FDR test, this is more likely to be correct 

and presumably reflects a more reliable normalisation method. 

 

 
Figure 5-16. P value distribution using quantile normalised volume, FDR and q values. 

FDR is estimated local FDR as plotted by the R package ‘qvalue’, DIGE B data used. 

 

As can be seen in Figure 5-16 and Table 5-9 q values for quantile normalised DIGE B volume data 

spots with p values less than 0.05 are 0.11. This indicates that the minimum FDR incurred in calling 

these values significant is 0.11 i.e. a 11% FDR, however as stated, the p value distribution is poor, 

calling into doubt the normalisation method. Looking at Figure 5-17 and Table 5-9, the lowest q 

value is 0.67 (i.e. a FDR of 67%) which although high has a more acceptable p value distribution and 

thus provides more confidence in the linear normalisation used.  
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Figure 5-17. P value distribution using linear normalised (all spots) data, FDR and q values.  

FDR is estimated local FDR as plotted by the R package ‘qvalue’, DIGE B data used. 

 

In order to more correctly determine p values a variety of improved t-tests that take account of all 

variables in question (rather than individually) have been developed [270]. The moderated t-test 

[271] is one that has emerged as being useful in correctly identifying genes and proteins of interest 

in both microarray and proteomic data [272]. Recently an R package, ‘prot2D’ was written to 

facilitate the application of the moderate t-test to 2D gel data [255] and was used to analyse the 

data from the two DIGE experiments reported here. The identification of spots which passed the 

‘prot2D’ FDR test were produced as a text and so the output is not shown here but the results are 

summarised in Table 5-10 and Table 5-11. Plots with p values vs FDR were generated by ‘prot2D’, 

and some examples are shown in Figure 5-18 (Appendix folder ‘20 - FDR plots’).  

 

DIA Linear VSN Quantile (log(2)) 

A 1166 A 1166 A 1166 A 1166 

A 1284 A 1284 A 1284 A 1284 
 
Table 5-10. FDR spots using the ‘prot2D’ R package, DIGE A data. 

Spots found to be significantly different (bearing vs control) in DIGE A after FDR testing using the 

‘prot2D’ R package. Note that as the DIA data used was log(10) standardised abundance (LSA, as 

exported from DeCyder) this data was converted to log(2) volume data and the spots that passed 

FDR testing were found to be the same as when LSA data was used, with the same FDR plot. All 

other data used were log(2). Column headings indicate the normalisation methods used. 

file:///D:/20%20-%20FDR%20plots
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DIA Linear VSN Quantile (log(2)) 

B 746 B 746 B 746 B 746 

B 1577 B 1577 B 1577 B 1577 

B 1588 B 1588 B 1588 B 1588 

B 2366 B 2366 B 2366 B 2366 

B 2373  B 2373 B 2373 
 
Table 5-11. FDR spots using the ‘prot2D’ R package, DIGE B data. 

Spots found to be significantly different (bearing vs control) in DIGE B after FDR testing using the 

‘prot2D’ R package. As for Table 5-11, as the DIA data used was log(10) standardised abundance 

(LSA, as exported from DeCyder) this data was converted to log(2) volume data. Spots that passed 

FDR testing were found to be the same as when LSA data was used, with the same FDR plot. All 

other data used was log(2). Column headings indicate the normalisation methods used. 

 

 
Figure 5-18. Example FRD plots generated in the R package ‘prot2D’.  

Plots shown used linear normalised data. Spots below the line have passed the FDR test as shown 

in Table 5-10 and Table 5-11. 

 

Data distribution 

In order to examine the distribution of data for spots passing the FDR test, boxplots showing quartile 

divided data distribution were generated along with scatter distributions for each of the 

normalisation methods used (Figure 5-19 and Figure 5-20). Note that the data distribution of all 

spots collectively was examined in chapter 4. 
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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. 
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Alternate normalisation methods 

Effect of albumin depletion variability 

As a check on the variability of albumin depletion on the results obtained from DIGE experiment B, 

the data from 3 spots determined (initially by visual assessment of gels and subsequently confirmed 

by MS) to be albumin were removed. These were spot numbers 2302, 2303 and 2377 (see Figure 

5-21 for spot positions). The gel data for all spots were then renormalized using two linear methods 

(by spots present on all gels and by all spots) and the student’s t-test results were recalculated. This 

calculation resulted in only very minor changes in the p values of spots, and no change in the order 

of spots for spots with p values less than 0.05. The recalculated values were run through the R 

package ‘prot2D’ and the same spots were found to have passed the FDR test that passed it without 

albumin removal. See Table 5-12 for a summary of significant p values (Appendix ‘21 - albumin 

adjustment.xlsx’). 

 

  

file:///D:/21%20-%20albumin%20adjustment.xlsx
file:///D:/21%20-%20albumin%20adjustment.xlsx
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Figure 5-21. Location of albumin spots removed for depletion variability check.  

The master gel from DIGE experiment B is shown along with a 3D representation of the central 

albumin spots as produced by DeCyder 7.0. 

 

Loading control normalisation - using spots with the lowest variation 

As a loading control approach is sometimes used for normalisation of proteomics experiments [273] 

it was decided to trial using spots with low variation as an alternative normalisation method. Spots 

to use for this normalisation were chosen by virtue of being in the lowest 10% of CVs after linear 

normalisation using spots present on all gels. It was decided to use spots present on all gels for this 

calculation, as this should more closely reflect equal protein loading than using all spots. Note that 

an iterative approach was required as the spots used for normalisation also became adjusted and 

therefore did not necessarily remain in the group with the lowest variation. After two rounds of 

adjustment using spots with the lowest 10% of CV from the previous round a point was reached 

where spots in the lowest 10% of CV didn’t change. After standardisation, using standards that were 

also normalised in the same manner, only four spots had student’s t-test p values less than 0.05 

(Table 5-12) (Appendix ‘22 - lowest CV norm, from spots present on all gels.xlsx’). When this data 

was run through the R package ‘prot2D’, it was found that three spots (B1577, B2366 and B 2373) 

passed the false discovery test. Note that after DIA, VSN and quantile log(2) normalisation, the same 

three spots also passed the ‘prot2D’ false discovery test as shown in Table 5-11. 

 

Normalising with all spots – with blanks filled to calculate normalisation factor 

A normalisation method where the volumes of all spots were used, but where missing spots were 

filled with averages that were adjusted by factors calculated from spots present on all gels. The 

difference between this method and linear normalisation using all spots is that it aims to calculate 

the total protein load using information from all spots, whereas the other method calculated an 

average loading ratio for each spot. Thus highly abundant spots contribute more to the calculation 

(as they do when an equal load calculation is used) whereas in the ratio method each spot 

contributes equally. The results from both methods were similar, except that once again, only spots 

B 1577, B 1588 and B 2366 (i.e. not B 746) were found to be significantly different between the 

groups when linear adjusted data was tested for false discovery using ‘prot2D’ (Table 5-12) 

(Appendix ‘23 - DIGE B renorm by all spots, with blanks filled.xlsx’).  

file:///D:/22%20-%20lowest%20CV%20norm,%20from%20spots%20present%20on%20all%20gels.xlsx
file:///D:/23%20-%20DIGE%20B%20renorm%20by%20all%20spots,%20with%20blanks%20filled.xlsx
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Linear, using 
all spots 

Albumin 
adjusted 

Low CV 
adjusted 

Loading 
adjusted 

Spot ID T-test p value T-test p value T-test p value T-test p value 

B 2366 0.0016 0.0015 0.0043 0.0013 

B 746 0.012 0.015 0.013 0.019 

B 1629 0.037 0.028 0.10 0.021 

B 1071 0.057 0.033 0.16 0.035 

B 1611 0.055 0.043 0.11 0.033 

B 1588 0.032 0.030 0.033 0.030 

B 1577 0.034 0.034 0.051 0.032 

B 1635 0.020 0.058 0.070 0.076 

B 2338 0.047 0.047 0.061 0.038 

B 765 0.054 0.045 0.032 0.053 

B 2368 0.050 0.050 0.058 0.049 
 
Table 5-12. Summary table for alternative normalisation methods. 

Summary of student’s t-test p values found for spots in DIGE experiment B that were adjusted by 

three alternate linear normalisation methods. Spots are shown if one of the p values is less than 

0.05. The first column (Linear, using all spots) contains the same data as shown in Table 5-8 and 

Table 5-9. 

 

Correlation with days to prolapse 

In order to investigate any relationship between spots that passed the ‘prot2D’ FDR test and time 

to prolapse, charts were generated plotting abundance against days to prolapse for prolapsed 

samples along with boxplots for control data. Note that all the days to prolapse graphs generated 

here use linear normalised data (from all spots). The charts are shown in Figure 5-22 and Figure 

5-25. Correlations were calculated for both DIGE experiments along with their p values and are 

shown for proteins of interest for DIGE experiment A in Table 5-13 and for DIGE experiment B in 

Table 5-14. None of spots that tested positive in the ‘prot2D’ FDR test had statistically significant 

correlations with days to prolapse. Correlation data was generated in R with the use of the ‘Hmisc’ 

package [274] (Appendix, ‘13 - analyse_spots_script.txt’ for R script).  

 

file:///D:/13%20-%20analyse_spots_script.txt
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Figure 5-22. Days to prolapse vs abundance & control boxplots for FDR spots, DIGE A. 

Log(2) spot volume versus days to prolapse and control boxplots for the two spots found to be 

significant after FDR testing (after using the moderate t-test) for DIGE experiment A. Fitted lines are 

shown as a red dotted line. 

 

As well as looking for a correlation with time amongst spots that passed the FDR test, an 

examination of correlation was undertaken amongst other spots. Spots that had a statistically 

significant correlation were examined for a fit with controls. Figure 5-23 and Figure 5-24, for DIGE 

A, and Figure 5-26 and Figure 5-27, for DIGE B, show days to prolapse graphs and control boxplots 

for spots that have statistically significant correlations with days to prolapse. 

 

 

Figure 5-23. Days to prolapse vs abundance & control boxplots for correlated spots, DIGE A. 

Log(2) spot volume versus days to prolapse in DIGE experiment A. Spot A 265 was the only spot with 

a correlation with days to prolapse with p < 0.01. For correlations with days with p < 0.05 spot A 

1251 was the only spot which had a control boxplot that approximated the 3 week sample values. 
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Figure 5-24. Days to prolapse vs abundance and control boxplots where controls fit correlation. 

Log(2) spot volume versus days to prolapse in DIGE experiment A for weak correlations but where 

control values may correspond to an extension of the fitted line. 

 

Spot ID Correl. 
Correl. 
p value 

T-test p 
value 
(days 10-
21) 

T-test p 
value 
(days 10-
12) 

 
Matched 
ID 
 

Correl. Correl. 
p 
value 

T-test p 
value 
(days 
10-21) 

T-test p 
value 
(days 
10-12) 

A 265 -0.99 0.001 0.52 0.024 B 268 -0.10 0.81 0.54 0.44 

A 262 -0.95 0.011 0.67 0.061 B 272 0.07 0.88 0.52 0.48 

A 1487 -0.95 0.013 0.41 0.026 B 276 0.14 0.74 0.64 0.70 

A 1251 -0.95 0.015 0.13 0.010 B 1572 0.03 0.94 0.41 0.33 

A 672 -0.95 0.015 0.77 0.94 B 747 -0.19 0.68 0.42 0.62 

A 957 0.89 0.017 0.66 0.38 NA NA NA NA NA 

A 694 0.92 0.027 0.91 0.27 NA NA NA NA NA 

A 1071 0.96 0.037 0.34 0.11 B 1290 0.37 0.37 0.41 0.61 

A 677 -0.90 0.038 0.98 0.63 B 766 -0.36 0.39 0.91 0.78 

A 946 0.88 0.051 0.21 0.032 NA NA NA NA NA 

A 1166 0.40 0.50  0.019  0.055 NA NA NA NA NA 

A 1172 0.30 0.63  0.067 0.030 B 2281 0.07 0.87 0.27 0.39 

A 1160 0.22 0.73  0.0093 0.0042 B 1417 0.73 0.040 0.46 0.16 

A 1284 -0.04 0.96  0.012 0.53 B 1611 -0.57 0.14 0.043 0.055 
 
Table 5-13. Spots from DIGE experiment A that correlate with days to prolapse. 

Data is shown for spots from DIGE experiment A that correlate with days to prolapse (p<0.05) along 

with student’s t-test results for all control vs bearing samples (i.e. samples from ewes that prolapsed 

from days 10 – 21) and control vs samples from ewes that prolapsed early i.e. days 10-12. Results 

are in order of correlation p value, spots below the thick line have correlation p values greater than 

0.05, but have control values that fit the correlation as shown in Figure 5-22 and Figure 5-24. Linear 

normalised data used (all spots). Note NA indicates spots not found in DIGE experiment B. Correl. = 

correlation. 
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Figure 5-25. Days to prolapse vs abundance and control boxplots for FDR spots, DIGE B. 

Log(2) spot volume versus days to prolapse and control boxplots for the five spots found to be 

significant after FDR testing (after using the moderate t-test) for DIGE experiment B. Fitted lines are 

shown as a red dotted line. Note that none of the correlations with days had statistical significance 

at the 0.05 level, see Table 5-14 for details. 
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Figure 5-26. Days to prolapse vs abundance and control boxplots for correlated spots, DIGE B. 

Spots from DIGE experiment B that correlate with days to prolapse (p < 0.01) along with box plots 

for control values.  

 

 
Figure 5-27. Days to prolapse vs abundance and control boxplots for correlated spots, DIGE B. 

Spots from DIGE experiment B that correlate with days to prolapse (p < 0.05) and that have control 

box plots that approximated the 3 week sample values.  
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Figure 5-28. Days to prolapse vs abundance and control boxplots for correlated spots, DIGE B. 

Spots from DIGE B that had a significant difference between controls and the samples from sheep 

that prolapsed from days 10-12 (p<0.05) and had control boxplots similar to the ewes that prolapsed 

later.  

  
Figure 5-29. Days to prolapse vs abundance and control boxplots for correlated spots, DIGE B. 

Spots from DIGE experiment B with p values (prolapse vs control) less than 0.05 but with poor fit of 

control to days to prolapse correlation. 
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In order to aid the search for spots that correlate with days to prolapse and also fit with control 

values, samples were searched for a statistically significant difference (p<0.05) between samples 

that prolapsed first and control values. Positive results are shown in Figure 5-28. 

 

Spots that had a statistically significant difference between all prolapse samples and controls but 

which did not have control values that fit with a correlation with time to prolapse are shown for 

completeness in Figure 5-29. 

 

Spot ID Correl. Correl.  
p value 

T-test p 
value 
(days 10-
21) 

T-test p 
value 
(days 10-
12) 

Matched 
ID 

Correl. Correl. 
p value 

T-test p 
value 
(days 10-
21) 

T-test p 
value 
(days 10-
12) 

B 2349 0.96 0.001 0.99 0.23 NA NA NA NA NA 

B 2335 -0.94 0.006 0.89 0.19 NA NA NA NA NA 

B 2296 -0.89 0.007 0.89 0.32 NA NA NA NA NA 

B 2302 0.84 0.009 0.62 0.81 NA NA NA NA NA 
B 991 0.83 0.011 0.26 0.12 A 852 0.72 0.17 0.39 0.14 

B 760 0.82 0.013 0.24 0.02 A 668 0.12 0.92 0.86 0.92 

B 1586 -0.81 0.014 0.15 0.05 NA NA NA NA NA 

B 2348 0.81 0.015 0.58 0.52 NA NA NA NA NA 

B 446 0.85 0.015 0.33 0.60 A 427 0.73 0.27 0.94 0.66 
B 2334 -0.89 0.019 0.72 0.35 NA NA NA NA NA 

B 56 0.82 0.024 0.71 0.22 NA NA NA NA NA 

B 2301 -0.81 0.029 0.79 0.51 NA NA NA NA NA 

B 950 0.76 0.029 0.59 0.23 A 822 -0.40 0.43 0.88 0.75 

B 1629 -0.76 0.030 0.04 0.01 NA NA NA NA NA 

B 986 0.75 0.032 0.34 0.16 A 848 0.84 0.16 0.80 0.35 
B 773 0.75 0.033 0.17 0.04 A 681 -0.002 1.0 0.91 0.93 

B 60 0.74 0.034 0.78 0.27 NA NA NA NA NA 

B 59 0.74 0.036 0.73 0.24 NA NA NA NA NA 

B 992 0.74 0.037 0.25 0.10 A 861 0.62 0.26 0.81 0.41 

B 2337 -0.78 0.038 1.00 0.35 NA NA NA NA NA 
B 2297 -0.73 0.040 0.90 0.50 NA NA NA NA NA 

B 1417 0.73 0.040 0.46 0.16 A 1160 0.22 0.72 0.0042 0.0093 

B 2317 -0.77 0.042 0.72 0.62 NA NA NA NA NA 

B 1183 -0.72 0.044 0.80 0.67 NA NA NA NA NA 

B 746 0.66 0.075 0.0055 0.012 NA NA NA NA NA 

B 789 0.65 0.08 0.035 0.062 NA NA NA NA NA 

B 1611 -0.57 0.14 0.043 0.055 A 1284 -0.04 0.96 0.53 0.12 
B 765 0.49 0.22 0.026 0.054 A 660 0.78 0.43 0.86 0.80 

B 2366 -0.50 0.25 0.0009 0.0016 A 1209 0.30 0.70 0.37 0.45 

B 2338 -0.27 0.56 0.055 0.047 NA NA NA NA NA 

B 1588 0.19 0.65 0.12 0.032 A 1490 0.14 0.78 0.50 0.46 

B 2373 0.16 0.71 0.113 0.098 A 1493 -0.10 0.88 0.57 0.16 
B 1577 -0.12 0.78 0.028 0.034 A 1268 0.10 0.87 0.20 0.37 
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Table 5-14. Spots from DIGE experiment B that correlate with days to prolapse. 

Spots from DIGE experiment B that correlate with days to prolapse (p<0.05) along with student’s t-

test p value results for all control vs bearing samples (i.e. that prolapsed from days 10 – 21) and 

control vs samples that prolapsed early i.e. days 10-12. Results are in order of correlation p value, 

spots below the thick line have correlation p values greater than 0.05, but have control values that 

fit the correlation as shown in Figure 5-25 and Figure 5-28. Linear normalized data was used (all 

spots). Highlighted in bold are spots with both statistically significant correlations for correlation 

with time to prolapse and for t-test p values for early prolapsed samples (days 10-12 vs controls), 

p<0.05. Correl. = correlation. As in the plotted charts linear normalised data was used (all spots). 

 

Spots of interest from DIGE A and matched spots in DIGE B 

Levels of abundance and days to prolapse for spots of interest from DIGE A and matching spots from 

DIGE B are shown in Figure 5-30. Only one of the two spots that passed the ‘prot2D’ FDR test is 

shown (A 1284) as the other spot (A 1166) was not present in either DIGE B or the MS prep gels. A 

spot from DIGE A that had a p value less than 0.05 and with the lowest p value in DIGE B is shown 

(A 1172) as well as three other spots where control values may correlate with days to prolapse as 

shown in Figure 5-23 and Figure 5-24. The spot with the lowest p value in DIGE A (A 1160) was faintly 

present in DIGE B (B 1417) but was not visible on MS prep gels and is shown here for completeness. 

The spot abundance levels for spots shown in Figure 5-30 are similar between the two sets of data, 

with most control and trend data broadly following the same pattern between the DIGE 

experiments. Note it was initially thought that spot (B 891) may constitute a spot of interest as it 

appeared in both experiments after DIA normalisation although the p value was not less than 0.05 

and had a positive result with quantile normalisation by volume (see Table 5-9). It was decided, 

however, that quantile normalisation by volume alone did not justify its inclusion (see chapter 4). 

 

 



132 
 

 
Figure 5-30. Days to prolapse vs abundance and control boxplots for matching spots.  

Spot abundance for spots of interest found in DIGE A in comparison to the levels found for matched 

spots in DIGE B. On the left are DIGE A spots and on the right are the matching spots from DIGE B. 
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Figure 5-31. Days to prolapse vs abundance and control boxplots for matching spots. 
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Spot abundance for spots of interest found in DIGE B in comparison to the levels found for matched 

spots in DIGE A. On the left are DIGE A spots and on the right are the matching spots from DIGE B. 

 

Spots of interest from DIGE B and matched spots in DIGE A 

Levels of abundance and days to prolapse for spots of interest from DIGE B and matching spots from 

DIGE A are shown in Figure 5-31 Note that only spots of interest from DIGE B with matches to spots 

in DIGE A are shown. One matched spot is repeated from Figure 5-30 (B 1611) as it is a spot of 

interest in both experiments. Spots shown in Figure 5-26 (spots in DIGE B that correlate with days 

to prolapse with p < 0.01) were not included as the control values did not fit into an extension of 

the correlation. 

 

Spots of interest for identification by mass spectrometry 

 

Spot ID 
(DIGE B) 

FDR p < 0.01 0.01 > p < 0.05 Control fits 
correlation 
with days 

Spot of 
interest 
in DIGE A 

Ratio 
(linear 
norm.) 

B 746 √ VSN, Q DIA, Lin,  Al adj, CV adj, 
L adj 

√  -1.5 

B 760    √  -1.2 
B 765   Al adj, CV adj √  -1.5 
B 773    √  -1.2 
B 1071   DIA, VSN, Al adj, L adj   1.2 
B 1417     √ -1.1 
B 1577 √  DIA, Lin, VSN, Q, Al adj, 

L adj 
√  2.7 

B 1588 √  DIA, Lin, VSN, Q, Al adj, 
CV adj, L adj 

  3.4 

B 1611   DIA, Al adj, L adj √ √ 1.4 
B 1629   DIA, Lin, VSN, Al adj, L 

adj 
√  1.3 

B 1635   DIA, Lin, VSN, Q   -1.5 
B 2338   Lin, VSN, Q, Al adj, L adj √  1.7 
B 2366 √ DIA, Lin, 

VSN, Q, 
Al adj, 
CV adj, L 
adj 

 √  3.6 

B 2373 √     3.4 
 
 
Table 5-15. Spots of interest. 
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Spots of interest for identification by mass spectrometry and reasons for inclusion. Acceptance that 

the control fits with correlation with days does not imply that the correlation had a particular 

significance level as a fit with control values was also required (see Table 5-14 for details). DIA = 

normalisation in DeCyder 7.0 prior to manual spot exclusion, Lin = linear normalisation by all spots, 

VSN = variance stabilising normalisation, Q = quantile normalisation of log(2) data, Al adj = linear 

adjustment after albumin data removal, CV adj = adjustment by spots with the lowest 10% of CVs 

after linear normalisation, L adj = a loading adjustment that replaces missing values with adjusted 

values. Ratio data is also included and was calculated using linear normalisation from all spots. 

 
 

 

Figure 5-32. The master gel from DIGE B showing positions of the spots of interest. 

These spots are listed in Table 5-15 . Note B891 was removed as a spot of interest after 

renormalisation. 
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Figure 5-33. Spots of interest in 3D view. 

Images were taken from the 3D viewer in the BVA module of DeCyder 7.0, DIGE B, where the vertical 

dimension reflects stain intensity. The 3D view is orientated to facilitate viewing spots of interest. 

Note the pink banner indicates which gel the image is taken from, in this case the master gel, as well 

as helping to indicate the degree of horizontal rotation used for the 3D image. 
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Mass spectrometry (MS) 

Spots were picked from the colloidal Coomassie stained gels (Figure 5-41) with a Proteome Works 

Plus spot cutter (Bio-Rad) that was set up within a fluorescent enclosure. The spot cutter was 

calibrated according to the manufacturer’s instructions and fitted with a 14 gauge cutting tip. The 

cutting area had a cutting mat and a clean cutting sheet inserted. Gels were placed on the cutting 

sheet along with two stainless steel holding bars to ensure it did not move during cutting. Once in 

place the gel was liberally covered with MQ water to assist spot pick up. Gels were imaged and spots 

of interest marked for picking. The spot cutter removed the required spots and placed them into 

water filled wells of a 96 well plate.  

 

The gel spots were then transferred into 0.5 mL protein LoBind tubes (Eppendorf) and destained 

with several 200 µL washes of 50% methanol, 5% acetic acid. The strongly stained spots were 

sonicated in a sonicating water bath and heated at 370C for 30 minutes to assist the destaining 

process. Once destained, the gel pieces were dehydrated by the addition of 200 µL acetonitrile and 

after 5 minutes incubation, the solution was carefully removed with a pipette. They were then dried 

in a Savant DNA110 SpeedVac for 5 minutes before being rehydrated in 200 µL of digest buffer (50 

mM ammonium bicarbonate, 1 mM calcium chloride) for 10 minutes. Trypsin was prepared by 

dissolving 20 µg trypsin (Sigma) in 100 µL of 1mM HCl to make a stock solution containing 200 ng/µL 

trypsin. The trypsin stock solution was diluted 10x in digest buffer to make up a working solution of 

20 ng/µL trypsin. Spots were dehydrated as before and then 30µL of the trypsin working solution 

(containing 600 ng trypsin) was added and the sample placed on ice for 10 minutes for rehydration, 

before being incubated overnight at 370C. 

 

In order to extract peptides from the gel spots 30 µL of extraction buffer (50% acetonitrile, 5% formic 

acid and 45% distilled water) was added to each tube then incubated for 10 minutes at room 

temperature with occasional vortexing. The supernatants were transferred into new 0.5 mL LoBind 

tubes (Eppendorf) and another 30 µL of extraction buffer was added to each gel spot then incubated 

for a further 10 minutes (with vortexing). The volume in each peptide extraction mix was reduced 

to approximately 20 µL in a SpeedVac. The samples were then centrifuged at 14,000 g for 15 

minutes, to pellet any insoluble material, and the supernatants transferred to 0.1 mL glass micro 

inserts, which were then placed into 2 mL glass vials with ultraclean caps (with rubber centre holes) 

ready for mass spectrometry.  
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Samples were analysed by the Massey University Mass spectrometry Centre on a Thermo Scientific 

Q Exactive PlusTM Hybrid Quadrupole-OrbitrapTM mass spectrometer coupled to a nanoflow capillary 

peptide HPLC. Samples passed through a reversed phase peptide trap for desalting before being 

separated on a 50 cm C18 Acclaim reversed phase column. This was coupled to an on-line Q Exactive 

Plus mass spectrometer equipped with higher-energy collisional dissociation (HCD), an Orbitrap 

mass analyser and a Nano Flex ion source (ThermoFisher Scientific, Waltham, MA USA).  

 

Samples were run using data dependent acquisition for tandem MS data. MS1 scans were collected 

over a mass range of 375-1,600 m/z at a resolution of 70,000 and MS2 data collected with a 

resolution of 17,500. Fragment ion data was taken with a resolution setting of 17,500. The top ten 

most abundant ions were selected for fragmentation and fragment ion spectra were detected at 1.4 

m/z ion width (Appendix ‘24 - LCMS description for Stuart Brown.docx’). 

 

A pecora (even toed ruminants) protein database was generated and downloaded from the NCBI 

database on the 23/8/2018. A contaminant database was obtained from WEHI (Walter + Eliza Hall 

Institute of Medical Research). Both databases were searched with Proteome Discoverer 2.20.388 

(Thermo Fisher Scientific) with the following amino acid modifications. A fixed modification on 

cysteine of +105.058 Da (alkylation with 4-vinylpyridine). Variable modifications were methionine 

+15.995 Da (oxidation), asparagine and glutamine +0.984 Da (deamidation), histidine, serine, 

threonine and tyrosine +79.966 Da (phosphorylation) and N-terminal acetylation +42.011 Da. The 

search was done using trypsin as the enzyme allowing for 2 missed cleavages, a minimum peptide 

length of 7 residues, a maximum of 144 residues, a precursor mass tolerance of 10 ppm and a 

fragment mass tolerance of 0.02 Da. A decoy database search (using reverse sequences) was done 

with the false discovery rate set to 1% or less. Protein IDs from the PD Sequest HT search (with hits 

in Ovis aries and a minimum of two distinct peptides) are shown in Table 5-16 to Table 5-20 (for 

coverage see Appendix folder ‘25 - MS data using Proteome Disccoverer 2.2’). 

 

MS results were also analysed using the TPP search engine [275]. An Ovis aries protein database was 

generated and downloaded from the NCBI database on the 21/5/2018. The resultant Ovis aries 

database, along with a previously generated contaminant database was searched using a LabKey 

file:///D:/24%20-%20LCMS%20description%20for%20Stuart%20Brown.docx
file:///D:/25%20-%20MS%20data%20using%20Proteome%20Disccoverer%202.2
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server and the TPP search engine with the same amino acid modifications used for the Proteome 

Discoverer search.  

In LabKey Peptide Prophet was used to determine sensitivity from the minimum probability of error. 

A minimum error probability of 0.05 was chosen and the sensitivity estimated from the Peptide 

Prophet score for each sample. This sensitivity was copied into the peptide filter with a filter type of 

‘greater than or equal to’. With peptides thus filtered the protein (legacy) report was used to 

determine which proteins matched the MS data. Samples of the peptide spectral matches (PSM) 

were examined to ensure they reflected the peptides belonging to the specified protein. As an 

example, the spectrum from peak m/z 674.1074 originating from spot B 2373 is shown in Figure 

5-34. Most peaks are covered by peptides found in the sequence. Also note there are more peaks 

found that are +1 ions, less +2 ions and only one +3 ion was seen. A summary of LabKey results can 

be seen in Appendix folder ‘26 - MS data using labkey’ and are almost identical to those found using 

PD, with only the percentage coverage and number of distinct peptides being different. Note that 

in Peptide Prophet the terms peptides and unique peptides correspond to PSMs (peptide spectrum 

matches, which includes redundant peptides) and distinct peptides respectively in PD.  

file:///D:/26%20-%20MS%20data%20using%20labkey
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Figure 5-34. Example MSMS spectrum. 

This MSMS spectrum of m/z 674.1074 was obtained from the tryptic digest of spot B 2373. B ions 

are highlighted (in the spectra as well as the sequence) in dark blue and y ions in dark red. 
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Unidentified ions are grey. As well as the modifications noted at the bottom of the table and covered 

in the text, a neutral loss of NH3 is marked with *. 

 

Protein Cal. 
Mass 
(kDa) 

Cal. 
PI 

Distinct 
peptides 

AA 
coverage 

PSM’s Sum 
PEP 
score 

Score 
Sequest 
HT 

Description 

MS spot 1 
P14639.1 69.1 6.15 45 68% 2053 439.9 4112 Albumin 

(Ovis aries) 
MS spot 2 
P14639.1 69.1 6.15 44 67% 2733 NA 5320 Albumin 

(Ovis aries) 
MS spot 3 
P14639.1 69.1 6.15 62 76% 3801 896.7 9461 Albumin 

(Ovis aries) 
MS spot 4 
P14639.1 69.1 6.15 47 69% 2844 648.2 5537 Albumin 

(Ovis aries) 
MS spot 5 
P14639.1 69.1 6.15 41 64% 1717 NA 3163 Albumin 

(Ovis aries) 
 
Table 5-16. Protein IDs for spots 1-5.  

See Figure 5-35 for locations of spots. Cal. Mass = calculated mass, Cal. PI = calculated isoelectric 

point, Distinct peptides = unique peptides, PSM’s = number of peptide spectrum matches, Sum PEP 

score = sum posterior error probability (only available for some results), Score Sequest HT = sum of 

the Xcorr peptide scores from the Sequest HT search. 

 

Protein Cal. 
Mass 
(kDa) 

Cal. 
PI 

Distinct 
peptides 

AA 
coverage 

PSM’s Sum 
PEP 
score 

Score 
Sequest 
HT 

Description 

Spot B 765  (MS spot 6) 
XP_01495
5832.1 

44.1 6.92 19 48% 750 175.1 1789 Predicted: Low 
quality protein: 
alpha-1B-
glycoprotein X1 
(Ovis aries) 

P14639.1 69.1 6.15 22 45% 316 117.6 607 Albumin (Ovis 
aries) 

MS Spot 7 
XP_01495
5832.1 

44.1 6.92 19 48% 746 NA 1804 Predicted: Low 
quality protein: 
alpha-1B-

https://www.uniprot.org/uniprot/P14639
https://www.uniprot.org/uniprot/P14639
https://www.uniprot.org/uniprot/P14639
https://www.uniprot.org/uniprot/P14639
https://www.uniprot.org/uniprot/P14639
https://www.ncbi.nlm.nih.gov/protein/XP_014955832.1
https://www.ncbi.nlm.nih.gov/protein/XP_014955832.1
https://www.uniprot.org/uniprot/P14639
https://www.ncbi.nlm.nih.gov/protein/XP_014955832.1
https://www.ncbi.nlm.nih.gov/protein/XP_014955832.1
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glycoprotein X1 
(Ovis aries) 

P14639.1 69.1 6.15 17 40% 185 NA 331 Albumin (Ovis 
aries) 

MS spot 8 
XP_01495
5832.1 

44.1 6.92 19 48% 782 205.5 1877 Predicted: Low 
quality protein: 
alpha-1B-
glycoprotein X1 
(Ovis aries) 

P14639.1 69.1 6.15 18 40% 195 98.8 350 Albumin (Ovis 
aries) 

 
Table 5-17. Protein IDs for spots close to and including B 765. 

See Figure 5-35 for locations of spots and Table 5-16 for abbreviations. 

 

Protein Cal. 
Mass 
(kDa) 

Cal. 
PI 

Distinct 
peptides 

AA 
coverage 

PSM’s Sum 
PEP 
score 

Score 
Sequest 
HT 

Description 

MS spot 9 
P29701.1 45.4 5.38 12 43% 522 NA 1364 Alpha-2-HS-

glycoprotein 
(Ovis aries) 

P14639.1 69.1 6.15 2 4% 5 NA 4 Albumin 
(Ovis aries) 

MS spot 10 
P29701.1 45.4 5.38 11 43% 416 58.6 1234 Alpha-2-HS-

glycoprotein 
(Ovis aries) 

P14639.1 69.1 6.15 2 4% 5 3.3 8 Albumin 
(Ovis aries) 

MS spot 11 
P29701.1 45.4 5.38 11 43% 315 NA 790 Alpha-2-HS-

glycoprotein 
(Ovis aries) 

XP_011954394.1 46.6 5.73 7 29% 19 NA 22 Predicted: 
Serpin A3-8 
isoform X1 
(Ovis aries) 

MS spot 12 
P29701.1 45.4 5.38 12 43% 437 NA 1138 Alpha-2-HS-

glycoprotein 
(Ovis aries) 

XP_011954394.1 46.6 5.73 11 42% 53 NA 81 Predicted: 
Serpin A3-8 
isoform X1 
(Ovis aries) 

https://www.uniprot.org/uniprot/P14639
https://www.ncbi.nlm.nih.gov/protein/XP_014955832.1
https://www.ncbi.nlm.nih.gov/protein/XP_014955832.1
https://www.uniprot.org/uniprot/P14639
https://www.uniprot.org/uniprot/P29701
https://www.uniprot.org/uniprot/P14639
https://www.uniprot.org/uniprot/P29701
https://www.uniprot.org/uniprot/P14639
https://www.uniprot.org/uniprot/P29701
https://www.ncbi.nlm.nih.gov/protein/XP_011954394.1/
https://www.uniprot.org/uniprot/P29701
https://www.ncbi.nlm.nih.gov/protein/XP_011954394.1/


144 
 

P14639.1 69.1 6.15 2 4% 4 NA 2 Albumin 
(Ovis aries) 

MS spot 13 
P29701.1 45.4 5.38 11 43% 207 NA 484 Alpha-2-HS-

glycoprotein 
(Ovis aries) 

XP_011954394.1 46.6 5.73 9 28% 35 NA  Predicted: 
Serpin A3-8 
isoform X1 
(Ovis aries) 

Spot B 1071 (MS spot 14) 
XP_011954394.1 46.6 5.73 16 57% 76 NA 147 Predicted: 

Serpin A3-8 
isoform X1 
(Ovis aries) 

P29701.1 45.4 5.38 11 43% 162 NA 415 Alpha-2-HS-
glycoprotein 
(Ovis aries) 

 
Table 5-18. Protein IDs for spots close to and including B 1071.  

See Figure 5-35 for locations of spots and Table 5-16 for abbreviations. 
 

Protein Cal.. 
Mass 
(kDa) 

Cal. 
PI 

Distinct 
peptides 

AA 
coverage 

PSM’s Sum 
PEP 
score 

Score 
Sequest 
HT 

Description 

Spot B 2373 (MS spot 15) 
XP_011966076.1 46.2 7.74 16 49% 526 NA 1384 Predicted: 

haptoglobin 
(Ovis aries 
musimon) 

P14639.1 69.1 6.15 2 4% 7 NA 9 Albumin 
(Ovis aries) 

Spot B 1588 (MS spot 16) 
XP_011966076.1 46.2 7.74 19 51% 911 NA 2275 Predicted: 

haptoglobin 
(Ovis aries 
musimon) 

P14639.1 69.1 6.15 2 4% 8 NA 7 Albumin 
(Ovis aries) 

Spot B 1577 (MS spot 17) 
XP_011966076.1 46.2 7.74 19 51% 317 67.1 892 Predicted: 

haptoglobin 
(Ovis aries 
musimon) 

 
Table 5-19. Protein IDs for protein spots B 2373, B 1588 and B 1577.  

See Figure 5-35 for locations of spots and Table 5-16 for abbreviations. 

https://www.uniprot.org/uniprot/P14639
https://www.uniprot.org/uniprot/P29701
https://www.ncbi.nlm.nih.gov/protein/XP_011954394.1/
https://www.ncbi.nlm.nih.gov/protein/XP_011954394.1/
https://www.uniprot.org/uniprot/P29701
https://www.ncbi.nlm.nih.gov/protein/XP_011966076.1
https://www.uniprot.org/uniprot/P14639
https://www.ncbi.nlm.nih.gov/protein/XP_011966076.1
https://www.uniprot.org/uniprot/P14639
https://www.ncbi.nlm.nih.gov/protein/XP_011966076.1


145 
 

 

Protein Cal. 
Mass 
(kDa) 

Cal. 
PI 

Distinct 
peptides 

AA 
coverage 

 PSM’s Sum 
PEP 
score 

Score 
Sequest 
HT 

Description 

 Spot B 891 (MS spot 18) 
XP_004017
232.2 

91.8 6.14 28 30%  1059 215.1 2077 Predicted: 
fibrinogen 
alpha chain 
isoform X1 
(Ovis aries) 

P14639.1 69.1 6.15 2 4%  5 5.2 7 Albumin 
(Ovis aries) 

 
Table 5-20. Protein IDs for protein spot B 891.  

See Figure 5-35 for locations of spots and Table 5-16 for abbreviations. 

 

The protein spots identified by mass spectrometry were also found on the published sheep serum 

2D map [170], and were in good agreement in terms of location with respect to isoelectric point and 

molecular weight (Figure 5-36 and Figure 5-37). 

 

  
Figure 5-35. Locations of spots extracted for mass spectrometry.  

https://www.ncbi.nlm.nih.gov/protein/XP_004017232.2
https://www.ncbi.nlm.nih.gov/protein/XP_004017232.2
https://www.uniprot.org/uniprot/P14639
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Figure 5-36. 2D reference map of sheep serum proteins, pH 4-7 [170]. 

Proteins of interest from the present study are labelled. 
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Figure 5-37. 2D reference map of sheep serum proteins, pH 3-10 [170]. 

Proteins of interest from the present study are labelled.  

 

Combined spots results 

As the spots identified by MS that appear to be differentially regulated have isoforms, trends across 

groups were examined and combined results (i.e. within groups) were calculated. The three groups 

of interest were alpha-1B-glycoprotein, fetuin (otherwise known as alpha-2-HS-glocoprotein) and 

haptoglobin. The fibrinogen group data wasn’t examined as it was not clear that this was 
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differentially regulated as discussed earlier. The positions of the globally quantified spots are shown 

in Figure 5-38. 

 

 

Figure 5-38. Spot positions and 3D views for globally quantified proteins. 

For student t-test p values see Table 5-21, Table 5-22 and Table 5-23. 

 

Spot ID T-test 
p value 

Av. Ratio 
(bearing/control) 

 B 1577 0.035 2.7 

B 2366 0.0016 3.8 

B 1588 0.031 3.5 

B 2368 0.052 3.5 

B 2373 0.097 3.5 

B 1621 0.13 3.0 

Combined: 0.044 3.2 
 
Table 5-21. Haptoglobin spot changes, individual and combined results. 
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Linear normalised data are shown. Student’s t-test results are based on log(2) spot volume. 

Combined results are based on the log(2) of combined spot volumes prior to t-test. (Appendix ‘27 - 

Haptoglobin spots combined.xlsx’). 

 

Spot ID 
(upper row) 

T-test 
p value 

Av. Ratio 
(bearing/control) 

Spot ID 
(lower row) 

T-test 
p value 

Av. Ratio 
(bearing/control) 

B 2273 0.91 1.01 B 1071 0.031 1.23 
B 2270 0.23 -1.14 B 1078 0.057 1.19 
B 2272 0.23 -1.14 B 1086 0.077 1.20 
B 2267 0.22 -1.13 B 1099 0.204 1.15 
B 2268 0.088 -1.19 B 1112 0.272 1.14 
B 2271 0.090 -1.21 B 1113 0.371 1.11 
B 963 0.26 -1.15 B 1122 0.569 1.06 
Combined: 0.27 -1.16 Combined: 0.24 1.14 
Rows combined: 0.52 -1.05  

 
Table 5-22. Two rows of fetuin spots and combined results (linear normalised).  

Student’s t-test results are based on log(2) spot volume. Combined results are based on spot 

volumes added together then log transformed prior to t-test. (Appendix ‘28 - Fetuin spots.xlsx’). 

 

Spot ID T-test 
p value 

Av.  Ratio 
(bearing/control) 

B 746 0.013 -1.56 
B 765 0.044 -1.51 
B 760 0.23 -1.19 
B 773 0.16 -1.24 
B 764 0.87 1.01 
B 759 0.70 1.08 
Combined: 0.14 -1.14 

 
Table 5-23. Alpha-1B-glycoprotein spot changes, individual and combined results. 

Linear normalised data is shown. Student’s t-test results are based on log(2) spot volume. Combined 

results are based on spot volumes added together then log transformed prior to a t-test analysis 

(Appendix ‘29 - Alpha-1B-glycoprotein spots.xlsx’). 

 

Both the haptoglobin (Table 5-21) and alpha-1B-glycoprotein (Table 5-24 and Figure 5-39) spots 

appear to exhibit global regulation  i.e. all spots in the group appear to be similarly regulated prior 

to prolapse, rather than just one or a few isoforms [276]. A haptoglobin assay was obtained from 

Tridelta Development Ltd, Maynooth, Ireland [277]. Unfortunately the purchase of an alpha-1B-

glycoprotein quantitative assay was not possible due to limitations of both time and budget. 

 

 

file:///D:/27%20-%20Haptoglobin%20spots%20combined.xlsx
file:///D:/27%20-%20Haptoglobin%20spots%20combined.xlsx
file:///D:/28%20-%20Fetuin%20spots.xlsx
file:///D:/29%20-%20Alpha-1B-glycoprotein%20spots.xlsx
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Spot ID Correl. Correl. p 
value 

T-test p 
value 
(days 
10-12) 

Ratio 
(bearing 
days 10-
12/control) 

Matched 
spot ID 

Correl. Correl. p 
value 

T-test p 
value 
(days 10-
12) 

Ratio 
(bearing 
Days 10-
12/control) 

B 746 0.67 0.075 0.012 -3.7 NA     

B 765 0.55 0.22 0.054 -3.7 A 660 0.78 0.43 0.80 -1.6 

B 760 0.82 0.013 0.018 -3.2 A 668 0.12 0.92 092 -1.5 
B 773 0.79 0.033 0.040 -3.1 A 681 -0.002 1.0 0.93 -1.6 

B 764 0.31 0.43 0.93 -2.0 A 680 0.73 0.48 0.47 -1.7 

B 759 0.26 0.60 0.98 -2.0 A 679 -0.78 0.43 0.66 -1.4 

Combined: 0.84 0.0086 0.0079 -2.6 Combined: 0.20 0.87 0.77 -1.6 
 
Table 5-24. Correlation between alpha-1B-glycoprotein and days to prolapse.  

Linear normalised data was used. Student’s t-test results are based on log(2) spot volume from 

samples ewes that prolapsed within 12 days of sampling compared to controls. At the bottom are 

combined results for each DIGE experiment separately. 

 

 
Figure 5-39. Combined alpha-1B-glycoprotein spots, days to prolapse and control boxplot. 

DIGE B alpha-1B-glycoprotein log(2) combined spot volume versus days to prolapse and control data 

distribution (linear normalised). The red dotted line is a fitted line.  

 

Preparatory gels used for spot identification 

Samples for mass spectrometry preparatory gels were prepared using the improved method  as 

outlined in chapter 3 except that samples were not depleted and an increased volume of plasma 

was used in order to increases the intensities of the spots. Duplicate samples were prepared by 

mixing 30 µL plasma with 1470 µL TBS.  Each of these plasma/TBS samples was added to separate 
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15 mL Nunc tubes containing 7.2 mg TCEP, 19.7 mg Tris, 1.2 g urea and 100 mg Triton X-100 resulting 

in final concentrations of 10 mM TCEP, 65 mM Tris, 8 M urea, 4% Triton X-100 and a pH of around 

8.5. The tubes were mixed end-over-end for approximately 30 minutes to ensure the buffer solids 

had completely dissolved. Then 125 µL 25% 4-vinylpyridine (in water) was added to each tube to 

alkylate all cysteine residues. After mixing by inversion, insoluble material and foam was removed 

by centrifugation at 3000 g for 30 seconds before each tube was flushed with N2 and incubated for 

2 hours in the dark at room temperature. Approximately 26 µL 6 M HCl was then added to each tube 

to lower the pH to approximately 2.9. Acetone was added to 15 mL (to get 90% acetone) and the 

samples incubated overnight at -200C.  

 

After acetone precipitation, tubes were centrifuged (3000 g for 10 minutes) and the supernatant 

drained off and discarded. To precipitate the protein, 10 mL 90% ice cold acetone was added to each 

tube, then vortexed before incubation for a minimum of two hours at -200C.  The spinning/washing 

process was repeated twice before the pellets were lyophilised overnight. Pellets were resuspended 

in 250 µL of a solution containing 7 M urea, 2 M thiourea, 2% CHAPS (Bio-Rad), and 30 mM Tris (TR 

buffer) by repeated flicking (but were not vortexed). The samples were combined and the protein 

concentration obtained using an Invitrogen EZQ protein quantitation kit was 15 mg/mL.  

 

The IPG strips (24 cm, pH 4-7 and pH 6-9, GE Healthcare) were rehydrated overnight at room 

temperature in disposable GE Healthcare IPG trays, inside an IPG rehydration box. Each strip was 

rehydrated in 450 µL TR buffer containing 0.5 % IPG buffer (pH 4-7 or pH 6-11, GE Healthcare) evenly 

distributed in a single channel. The IPG strips were placed into the appropriate channel and carefully 

moved up and down in order to evenly distribute the buffer under each strip. 

 

In order to load a high protein load onto the IPG strips, cathodic paper bridge loading was used. 50 

µL of sample (containing 750 µg protein) was mixed with 50 µL TR buffer containing 40 mM DTT and 

4% IPG buffer. The final concentration of DTT and IPG buffer on the paper bridge was 20 mM and 

2% respectively, along with 750 µg protein in each 100 µL applied per paper bridge. The relative 

position of the paper bridge to the IPG strip and electrodes is shown in Figure 5-40. 
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Figure 5-40. Schematic showing the location of the paper bridge, IPG strip and electrode wick. 

 

Gels were cast, loaded and run as described in chapter 3 after which they were stained using 

colloidal Coomassie G250 according to the protocol of Simpson 2003 [195]. Two individual 

preparatory gels are shown in Figure 5-41. A combined image generated from the gels shown in  

Figure 5-41 was matched to the DIGE B master gel, to show the positions of spots of interest (Figure 

5-42). Unfortunately several low abundance spots of interest did not show up in the preparatory 

gels. 

 

  
Figure 5-41. Preparatory 2D PAGE gels for mass spectrometry.  

Both gels were cathodic paper bridge loaded with 750 µg non-depleted sheep plasma with 2% IPG 

buffer (ampholytes) added to the electrode wicks. After electrophoresis the gels were stained with 

colloidal Coomassie G250 and then scanned on a Typhoon FLA 9000 scanner at 532nm with a 

fluorescent plate overlaying the gels. 
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Figure 5-42. Combined preparatory gel images. 

The gel images shown in Figure 5-41 were combined and labelled with the spots of interest that 

could be matched from DIGE B.  

 

Haptoglobin assay 

This assay is based on the principle that free haemoglobin has peroxidase activity which is inhibited 

at low pH. If haptoglobin is present in the given sample then it binds free haemoglobin and preserves 

its peroxidase activity at low pH. The assay is carried out at low pH in the presence of an oxidisable 

chromogen which changes colour as it is oxidised, and so can be measured spectrophotometrically 

[278]. 

 

Bearing samples and controls were assayed in duplicate along with standards and external controls. 

Samples were initially diluted 2x (in the supplied dilution buffer). Those that required further 

dilution in order to lie within the linear portion of the standard curve were diluted 5x or 10x as 

appropriate. A standard curve was computed and haptoglobin concentration determined (Appendix 

‘30 - Haptoglobin assay.xlsx’, ‘2x dilution’ and ‘5x and 10x dil’ tabs). 

  

Figure 5-44 shows haptoglobin concentrations from the same samples used in DIGE experiment B. 

The difference between numerically matched controls and bearing samples was just above 

statistical significance at the p < 0.05 level (p = 0.057). The average haptoglobin concentration in 

bearing samples was approximately twice (2.15x) the level of that in matched controls. When all 

controls (n = 27) were used there was no statistically significant difference between samples that 

file:///D:/30%20-%20Haptoglobin%20assay.xlsx
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prolapse from days 10 – 21 and controls or between all prolapse samples and all controls (Appendix 

‘30 - Haptoglobin assay.xlsx’, ‘Combined’ tab). 

 

The correlation coefficient between the assayed log(2) transformed haptoglobin concentrations and 

that of combined haptoglobin spots determined in DIGE B was 0.95 (p < 0.001) with an r2 of 0.91 see 

Figure 5-43 (Appendix ‘30 - Haptoglobin assay.xlsx’, ‘Correlation with spot volume’ tab, normalised 

with all spots). 

 

  
Figure 5-43. Correlation of combined haptoglobin spot volume with haptoglobin assay. 

Correlation plots show; A, untransformed data (volume vs concentration) and B, log transformed 

data (log(2) volume vs log(2) concentration). R2 values are shown. 

  
Figure 5-44. Haptoglobin assay, same samples as DIGE B, correlation with days and boxplots. 

Haptoglobin concentration versus days to prolapse and quartile distribution boxplots showing 

control and bearing samples for samples used in DIGE B along with all controls. The weak negative 

correlation of haptoglobin concentration with days to prolapse was not statistically significant. 

 

Figure 5-45 shows the haptoglobin concentration for all samples along with controls. There was no 

statistically significant difference between pre-prolapse samples and control samples although 

average pre-prolapse concentrations were higher than those from control animals. 

file:///D:/30%20-%20Haptoglobin%20assay.xlsx
file:///D:/30%20-%20Haptoglobin%20assay.xlsx
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Figure 5-45. Haptoglobin assay, all pre-prolapse samples, correlation with days and boxplots. 

Haptoglobin concentration versus days to prolapse and quartile distribution boxplots showing 

control and bearing samples for all samples.  

 

Phosphate assay 

An epidemiological study reported in 2002 that serum phosphate concentrations were different in 

bearing samples and controls [4]. Sample collection dates are not provided but were collected in 

the year 2000 prior to lambing. Analysis was undertaken by the AgriQuality Animal Health 

Laboratory in Palmerston North. See Figure 5-46 for results.  
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Figure 5-46. Box and whisker plot of serum phosphate levels as found by Hilson et al. [4]. 

Box and whisker plot of serum phosphate concentrations from 976 control samples (non-case) and 

18 bearing samples (case) collected for an epidemiological study into pre-partum vaginal prolapse 

(reproduced with permission) [4]. 

 

An inorganic plasma phosphate test was undertaken by the Nutrition Laboratory, Massey University 

(Figure 5-47). 

 
Figure 5-47. Plasma phosphate, days to prolapse and boxplots. 

After undertaking the inorganic plasma phosphate test (Figure 5-47) it was subsequently 

determined that ethylenediaminetetraacetic acid (EDTA) used in the sample collection tubes 

interferes with the widely used ammonium molybdate assay used to determine inorganic plasma 

phosphate levels [279] and so the accuracy of these results is in doubt. 

 

Cortisol assay 

Plasma cortisol concentration was determined in duplicate by coated tube radioimmunoassay by 

the Massey University Institute of Food Nutrition and Human Health. Two sets of samples were run 

as it was not possible to fit all 27 samples in duplicate plus controls and standards on one 96 well 

test plate. For samples that were repeated an average of both sets of duplicates was taken 

(Appendix folder ‘31 - Cortisol’). 

 

Boxplots showing the quartile distribution of the cortisol data are shown in Figure 5-48. 

 

file:///D:/31%20-%20Cortisol
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Figure 5-48. Plasma cortisol boxplots, all pre-prolapse samples, 1st 3 weeks and control. 

Distribution boxplots are shown depicting plasma cortisol levels in samples taken from all ewes that 

prolapsed, in samples taken from ewes that prolapsed within three weeks of sampling, in samples 

taken from ewes that prolapsed after this time (i.e. samples from ewes that prolapsed from days 

22-47) and control samples. Differences between all prolapsed samples and controls were not 

statistically significant, but there was a significant difference between samples collected from ewes 

that prolapsed within three weeks of sampling and controls (p < 0.01). 

 

It was found there was no significant difference when all the prolapsed samples were compared to 

controls, however for ewes that prolapsed within three weeks of sampling there was a significant 

difference (p < 0.01). There was some concern that the data appeared to be not normally distributed 

(Appendix ‘32 - Cortisol results ordered by days.xlsx’, dist tab) so a log(2) transformation was done. 

The results were very similar except that the p value for the difference between samples from ewes 

that prolapsed within 3 weeks of sampling and controls was greater but still statistically significant 

at the 0.05 level (Figure 5-49). 

 

It was found that there was a negative correlation between cortisol concentration and days to 

prolapse from sampling, r2 = 0.36 (r = -0.6), p < 0.01 (Figure 5-50). As normality of data distribution 

is not a requirement for correlation, the data was not transformed. The proportion of variability in 

cortisol values that can be explained by days to prolapse (i.e. r2) was found to be 0.36, although this 

does not include control values which roughly approximate the prolapsed sample values furthest 

from sampling and so are in agreement with the correlation. 

 

file:///D:/32%20-%20Cortisol%20results%20ordered%20by%20days.xlsx
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Figure 5-49. Log(2) transformed plasma cortisol, 1st 3  weeks and controls. 

Boxplots showing data distribution of the same dataset as shown in Figure 5-48, except that in this 

figure, the data was subjected to a log(2) transformation in order to address possible issues of non-

normal data distribution. Again differences between all prolapsed samples and controls were not 

statistically significant, but there was a significant difference between samples that prolapsed within 

three weeks of sampling and controls (p < 0.05). 

 

  
Figure 5-50. Plasma cortisol, days to prolapse vs abundance and control boxplot. 

Cortisol concentration plotted against days to prolapse, with trend line. Sampling was done at day 

0. An r2 value of 0.36 was found, however this doesn’t include control values. 



159 
 

Chapter 6. Discussion and conclusion 
 

Summary of analysis and results 

Because it was anticipated any predictive signal that was available in the days and weeks leading up 

to prolapse would relatively weak both 2D DIGE method development and data analysis 

methodology focused on identifying methods that would increase sensitivity. A large variety of 

methods for improving spot resolution in 2D gels were trialed. Similarly a variety of methods for 

preparing data for analysis were evaluated. The focus of this study was to identify any differences 

in abundance of plasma proteins in an attempt to link a biochemical process to the aetiology of 

prolapse. For this reason complex multivariate data analysis methods, such as principle component 

analysis (PCA) or decision trees, were not employed other than as a rudimentary test of sample ID 

mismatch as suggested in the DeCyder 7.0 software. 

 

Method development began with trialing albumin and IgG depletion methods. Cibacron Blue was 

not found to be an effective depletion method for albumin. Other methods were tested and it was 

found that an IgY albumin depletion method was effective. This combined with a protein G method, 

for IgG depletion, was used to deplete the sheep plasma samples. When depleted samples were run 

with standard 2D sample preparation and running conditions in DIGE experiments, resolution was 

very poor. An improved method was developed, evaluated and resulted in gels that had 

substantially more spots that could be quantified and lower CVs for standard spots that were 

matched between the experimental methods.  

 

A variety of normalisation methods were also evaluated. Apart from one method (quantile 

normalisation because it appeared to increase variation) normalisation methods were applied in an 

inclusive approach i.e. spots that passed more than one student’s t-test from any of the 

normalisation methods (apart from quantile normalisation by volume) were included as spots of 

interest. Spots that both correlated with days to prolapse (with a p value less than 0.05) and had a 

student’s t-test p value for samples that prolapsed the earliest (from days 10-12 after sampling) less 

than 0.05 were also of interest. The rationale for including these was that it allowed for the inclusion 

of spots which only changed in abundance close to prolapse occurring.  
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Spots of interest were determined by three methods. Firstly, by applying a student’s t-test, 

comparing prolapse samples with controls, to each of the normalisation methods and then sorting 

by p value to find spots with p values less than 0.05. Secondly, spots of interest were determined by 

correlation with days to prolapse along with an assessment of the relative distribution of control 

values. Thirdly, spots that passed a FDR test using a moderated t-test were included. 

 

Spots of interest that could be matched on preparative gels were excised and identified by MS. For 

sets of spots that had more than one spot with differential abundance (between bearing and 

control) and for which positional and/or MS data suggested they were isoforms of the same protein, 

spot volumes were added together, so that global abundance changes could be calculated. Two 

proteins identified by MS, alpha-1B-glycoprotein and haptoglobin, had global changes. The global 

alpha-1B-glycoprotein differences were confined to ewes that prolapsed within 15 days of sampling.  

 

The global haptoglobin differences calculated from the combined spots volume from DIGE B did not 

correlate with days to prolapse. The haptoglobin concentration assay correlated well with the 

combined haptoglobin spot volume however increasing the number of samples (n = 16 for DIGE 

experiment B, n = 54 for the haptoglobin assay) resulted in the statistical difference between 

prolapse samples and controls disappearing. The assay also failed to demonstrate a correlation 

between days to prolapse and haptoglobin concentration. What the assay could not validate (or 

otherwise) was the association of some isoforms of haptoglobin with prolapse. However the assay 

did demonstrate that the total haptoglobin spot volume calculations were in agreement with assay 

results suggesting that the DIGE B haptoglobin spot volumes were correct and that increases in the 

concentrations of isoforms of haptoglobin may be associated with pre-prolapse samples. 

 

There was one individual spot that was identified by MS and deemed to be a spot of interest, this 

was an isoform of fetuin (otherwise known as alpha-2-HS-glycoprotein).  

 

The only non-protein biomarker evaluated in this study was cortisol which was found to be 

upregulated in ewes close to prolapse. 
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Alpha-1B-glycoprotein 

Alpha-1B-glycoprotein (A1BG) was found to be decreased in abundance in ewes within 15 days of 

prolapse. The A1BG protein is thought to be secreted in the plasma of all mammalian species. 

Understood to be a member of the immunoglobulin superfamily of proteins [280] the function  of 

A1BG is not yet known, although it is known to bind another poorly understood protein, CRISP-3, in 

many mammalian species [281]. CRISP-3 is expressed in neutrophilic granulocytes and is thought to 

play a role in innate immunity with a positive local effect via release from neutrophilic granulocytes. 

As some CRISP proteins are neurotoxic it has been suggested that the binding of circulating CRISP-3 

by A1BG may play a protective role [282]. 

 

A1BG has been found to be upregulated in a number of human cancers [283, 284] as well as in 

human endometriosis [285]. Studies have also found changes in glycosylation of A1BG in association 

with cancer [286] along with shifts in isoelectric point [287] and the introduction of unusual 

glycosylation site [288]. 

 

A1BG has been shown to be down regulated in blood samples of at least two studies. It was shown 

to have lower concentrations in the plasma of farmers with musculoskeletal disorders [289] and in 

the plasma of rheumatoid arthritis patients [290]. Conversely another study found that A1BG was 

upregulated in the synovial fluid of rheumatoid arthritis sufferers and that antibodies to A1BG were 

also found in those patients i.e. A1BG was acting as an autoantigen [291]. In a rat model of 

rheumatoid arthritis it has also been found that A1GB is upregulated in synovial fluid [292]. 

 

Two studies have been reported in regard to A1BG levels in sheep disease. Firstly, A1BG was found 

to be down regulated in the gastric efferent lymph of immune 10 month old lambs that had been 

recently exposed to Teladorsagia circumcincta infective (L3) larvae [248]. It is not understood how 

this is related to nematode immunity or infection although it was noted that A1BG was unlikely to 

play a role in nematode immunity because the “immune exclusion of the worms had already 

occurred [by the time the change in A1BG levels had occurred]”. Another study found A1BG was 

upregulated in sheep suffering from rhino-tracheo bronchitis, a common respiratory infection in 

sheep [170]. 
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A genome wide search for associations between SNPs and cardiovascular outcomes found a SNP in 

the A1BG gene that was associated with increased risk of cardiovascular disease [293]. While no 

clear mechanisms of action were identified in this study it was of interest that all SNPs found were 

in genetic regions associated with immune function. 

 

In summary, changes in A1BG plasma concentration are known to be associated with some diseases, 

and particularly some cancers where it is upregulated. It is only down regulated in blood for a small 

number of diseases, notably in rheumatoid arthritis in humans and in the gastric lymph of immune 

lambs after exposure to infective worm larvae. On the basis of these observations it is difficult to 

determine a physiological connection between these diseases and the finding that A1BG was 

lowered close to prolapse. 

 

Haptoglobin 

DIGE experiment B found that global plasma haptoglobin levels were increased in ewes prior to 

prolapse. When the same samples were analysed by a haptoglobin activity assay there was a good 

correlation between the global levels found by DIGE experiment B and those found using the 

haptoglobin activity assay. When all available samples were analysed (using the activity assay) the 

difference in total haptoglobin level between pre-prolapse samples and controls reduced, and 

although haptoglobin levels remained higher in pre-prolapse samples compared to controls it was 

no longer statistically significant. However, the finding that the more acidic isoforms of haptoglobin 

are upregulated prior to prolapse remains valid. 

 

In humans circulating haptoglobin is made up of two subunits linked by disulfide bonds. The subunits 

are encoded by one gene and are post translationally modified by proteolytic cleavage to form a 

disulfide bridge linked protein prior to release into circulation [294]. Sample preparation for 2D 

electrophoresis involves the use of reducing agents so that disulfide linked proteins can be 

separated. From the MS results in this study it appears that the haptoglobin gel spots identified 

represent the beta subunit of haptoglobin (Appendix folder ‘25 - MS data using Proteome 

Disccoverer 2.2’ and [295]). The authors of the published 2D sheep map [170] did not comment on 

which subunit was found but given that the spot positions on their 2D gels approximated the 

positions of those in the present study it seems likely that the haptoglobin on the published map 

was also the beta subunit. While the haptoglobin subunits have not been reported to date in sheep, 

file:///D:/25%20-%20MS%20data%20using%20Proteome%20Disccoverer%202.2
file:///D:/25%20-%20MS%20data%20using%20Proteome%20Disccoverer%202.2
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in cattle (as in humans) circulating haptoglobin is made up of two polypeptide chains linked by 

disulfide bonds [294] and is also present as polymers associated with albumin [296]. While albumin 

associated proteins may be removed during depletion, any haptoglobin removal in this study was 

at least proportional to that which remained as verified by the correlation of haptoglobin spot 

volume to the haptoglobin assay, for which albumin depletion was not performed. 

 

Haptoglobin was discovered to be a haemoglobin binding protein in 1938 [297], and this protein-

protein interaction is one of the strongest known [298]. Free circulating haemoglobin is a damage 

associated molecular pattern molecule (DAMP) and in humans can be increased due to a range of 

clinical syndromes such as burns, trauma or infection [299]. Haptoglobin binds free haemoglobin 

and forms a complex that is too large to pass through the kidneys. The stable complex is then taken 

up by monocytes or macrophages. The benefit of this is that the organism is protected from 

oxidative damage by free haemoglobin and access to free iron is restricted away from iron 

dependent bacteria. Haptoglobin has other anti-inflammatory roles such as monocyte and 

macrophage binding as well the suppression of T cell proliferation. Haptoglobin is also known to 

have angiogenesis effects and acts as an extracellular chaperone [300]. 

  

A number of studies have looked at haptoglobin levels in ruminants in relation to a variety of disease 

states as haptoglobin (along with serum amyloid A) is described as one of the two most important 

acute phase proteins in these animals [110]. Levels of haptoglobin can be elevated 100 times normal 

levels in cattle [301] whereas in humans, there may only a 2-4% increase in circulating haptoglobin 

associated with inflammatory conditions [302]. In ruminants elevated levels of haptoglobin have 

been found to be associated with: mastitis in dairy cows [303], mycoplasma bovis infection in calves 

[304], post-partum uterine inflammation (both endometritis and metritis) in dairy cows [305, 306], 

dystocia in sheep [307, 308] and dairy cows [309], placental retention in dairy cows [309], traumatic 

reticuloperitonitis in cows [310], inflammation around the heart in cows (both pericarditis and 

endocarditis) [311], hoof disorders in dairy cows [110, 312], ketosis in sheep [313] goats [314] and 

dairy cows [315], during transport stress in sheep [316], heat stress in goats [317], corynebacterium 

pseudotuberculosis infection in sheep [318], gastro intestinal parasite infection in lambs [319] and 

goats [320], coccidiosis infection in goats [321], rhino-tracheo-bronchitis in sheep [170] and acidosis 

in goats [322]. Haptoglobin has also been found to be upregulated close to lambing [170]. 
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Few studies have assessed variations in the concentration of isoforms due to the difficulties 

associated with it, although they do hold promise as disease biomarkers [323]. There is, however, 

an increasing interest in this area due to a growing awareness of the effects of post-translation 

modification such as glycosylation of proteins [324]. Most of the studies looking at the regulation of 

isoforms of haptoglobin are limited to humans however a study looking into haemolytic anaemia in 

dogs using isoelectric focusing found a change in the levels of isoforms of haptoglobin compared to 

controls. The shift in PI was attributed to a reduction in the sialic acid content of the oligosaccharides 

attached to haptoglobin [325].  

 

Aberrantly fucosylated and sialylated haptoglobin is known to be related to a number of different 

human diseases, particularly cancer [326]. By using a lectin-antibody enzyme linked immunosorbent 

assay system Takeda et al. [327] found that increased haptoglobin fucosylation levels in colorectal 

cancer patients was linked to poorer outcomes to treatment. Haptoglobin glycosylation levels in 

serum were investigated from patients with either chronic hepatitis C, hepatitis C induced liver 

cirrhosis or hepatocellular carcinoma. It was found that levels of haptoglobin sialylation were 

different between the diseases and that analysis of haptoglobin glycosylation could predict liver 

disease outcomes without the need for biopsy [328]. 

  

Another form of haptoglobin modification that affects the isoelectric point of haptoglobin is 

deamidation. Protein deamidation occurs when asparagine or glutamine amino acids are converted 

to either aspartic acid or glutamic acid respectively. This process is due to the loss of the amine 

group converting the amino acid to an acid, thus changing the PI of the protein, and generally 

reflects its molecular age [329]. Haptoglobin has been found to have differing levels of deamidated 

haptoglobin in association with small cell lung cancer [330] and in leprosy patients that are in 

treatment [331]. 

  

One study [295] has reported that variations in spot position of human haptoglobin in 2D gels has 

been found to be caused by three major allelic variants two of which have similar molecular weight 

but differ in their isoelectric point. The other allele differs in its molecular weight. They also found 

that that all alleles could change in their PI due to deamidation of an asparagine residue and by the 

retention of a (charged) C terminal arginine residue that is normally enzymatically removed [332]. 

It should be noted that the genetic variation that translated into differences in spot position in 2D 
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gels was found in the alpha subunit of haptoglobin, whereas the variation found in the present study 

appears to be in spots identified as being beta subunit spots. 

 

Fetuin A and Serpin 

Spot B 1071, which was found to be slightly up regulated, appears to represent two different 

proteins, fetuin A and serpin in approximately equal amounts, at least from the qualitative 

information available from MS. Fetuin A, otherwise known as alpha-2-HS-glycoprotein, is capable of 

carrying a wide range of different molecules including calcium phosphate and in humans appears to 

influence free plasma phosphate levels [333]. Increased plasma phosphate was found to be 

increased in association with prolapse in the Hilson et al. study [4]. Plasma phosphate could not be 

accurately evaluated in the present study as the samples were collected in EDTA tubes and 

unfortunately EDTA (ethylenediaminetetraacetic acid) interferes with the widely used ammonium 

molybdate assay used to determine inorganic plasma phosphate levels [279]. An alternative would 

be to use NMR spectroscopy to evaluate phosphate level as EDTA does not interfere with this 

approach [334]. 

  

Serpins are proteins found in all kingdoms of life and have protease inhibitor activity with more than 

3000 members [335]. There are a large number of different serpins which have been found to be 

involved in a range of biological functions including blood pressure regulation, sperm development 

and hormone transport [336]. Changes in circulating levels of serpins have not been reported for 

many conditions in sheep although they are associated with seasonal weight loss [337] and lactation 

[338]. In humans, changes in serpins have been found to be associated with obesity [339], 

Parkinson’s disease [340], cardio vascular disease [341] schistosomiasis [342], premature delivery 

[343], skin attributes [344], and a number of different cancers [345].  

 

Cortisol 

The statistically most significant finding of this study was that plasma cortisol was the highest in 

ewes that were closest to prolapse (i.e. a correlation between days to prolapse and plasma cortisol 

levels) and that control levels of cortisol approximated the levels of ewes that prolapsed the furthest 

from blood sampling. The reasoning for the claim that it is the statistically most significant finding is 

firstly, that the plasma cortisol test was not exposed to multiple hypothesis testing. Only one test of 

this kind was done and so there was no searching amongst variables for statistically significant 
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results meaning there is no need to consider adjusting the p value due to multiple hypothesis 

testing. Secondly, a greater number of samples were tested for this result, i.e. n = 54 as opposed to 

16 for the proteomic analysis. Higher sample numbers always gives more statistically reliable results. 

 

It should be noted that plasma cortisol levels fluctuate during the day [346] and fluctuate in 

response to acute stress, such as experienced by the ewes during blood sampling. Note that controls 

were matched to prolapsed ewes by the time of day of sampling. The time plasma cortisol takes to 

come down in response to acute stress is a matter of hours, at least in humans [347]. In the present 

study an association was found between ewes that had high cortisol and prolapsing within 3 weeks 

of that time, well after the time one would expect a cortisol response to sampling to fall. This could 

indicate one of several things. Firstly, the high plasma cortisol at sampling time was a marker of 

damage that was happening at the same time e.g. to tissue that retains the vagina in place such as 

the constrictor vestibuli muscle (the plain muscle that surrounds the vaginal opening). Secondly, the 

high plasma cortisol at sampling time could be associated with another unknown condition (as 

covered below), such as an infection, that is causative for prolapse via an unknown mechanism. 

Thirdly, the high plasma cortisol could be an indication of ongoing high cortisol, such as is suffered 

under chronic stress or anxiety, and prolapse could be a direct and current consequence of chronic 

stress via for example, raised intra-abdominal pressure. Fourthly, the cortisol result could be purely 

due to random chance, and not associated with prolapse at all. 

 

Assuming the cortisol result is real, a question that can be asked is; could the cortisol result be 

affected by the ewes being closer to lambing than the controls? Levels found in the 8 ewes that 

prolapsed within 3 weeks of blood sampling averaged 150 ± 63 nmol/L, which after applying a 

student’s t-test was found to statistically significantly different to the 27 controls evaluated (p < 

0.01) (Appendix ‘32 - Cortisol results ordered by days.xlsx’). Published cortisol levels from twinning 

ewes late in pregnancy have been found to average 87 ± 42 nmol/L [348], similar to the control 

levels found in this study which averaged 91 ± 48 nmol/L. The reference range for plasma cortisol in 

normal healthy non-pregnant sheep is 42-82 nmol/L. The reference range refers to the average ± 2 

standard deviations i.e. covering 95% of the data points in a normally distributed dataset. For sheep 

plasma, the average cortisol concentration has been found to be 62 ± 10 nmol/L [349]. This is slightly 

lower than that found in ewes in late pregnancy. However, a closer look at the published literature 

on the subject of cortisol during pregnancy reveals that cortisol is higher in early pregnancy, falls 

file:///D:/32%20-%20Cortisol%20results%20ordered%20by%20days.xlsx
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during pregnancy, and is at its lowest close to lambing [350]. It falls more in twinning ewes than 

singles [348]. This would indicate that pre-prolapse ewes that are higher in cortisol than controls 

are not simply closer to lambing. 

 

Assuming the cortisol result represents a real difference between pre-prolapse samples and controls 

i.e. that ewes close to prolapse did have a higher level of cortisol, the next question is; what could 

this mean? Cortisol is a marker of stress, and in the present study was collected by jugular 

venipuncture, itself a stressful process. The response seen, if real, is that ewes that were closest to 

lambing had a larger cortisol response to blood sampling than controls. 

 

One possibility is that a disease or condition that the prolapsing ewes were suffering from could be 

causing the increased cortisol. Cortisol increases are associated with a large number of diseases. 

One of these is ketosis, a metabolic condition common in heavily pregnant ewes and one that is 

known to be associated with increased cortisol [351]. Ketosis, otherwise known as pregnancy 

toxaemia in sheep, leads to increased plasma β hydroxybutyrate [352] but as discussed in chapter 

1, is not thought to be causative of prolapse. Increased cortisol is also known to be associated with 

gastrointestinal parasitism [353], lameness [354], flystrike [355], bacterial infection [356] and 

increased methane production [357, 358] amongst other things.  

 

Gastrointestinal parasitism, lameness and flystrike are all things commonly dealt with on a day to 

day basis by sheep farmers and sheep research scientists alike. One would think that if there was an 

association if these diseases and prolapse then this would have been observed and reported. It 

remains possible that sub-clinical conditions of these diseases are associated with prolapse or that 

they are only partially associated with prolapse but at least superficially it seems unlikely or at most 

just weakly associated. Bacterial infection may be more difficult to detect by the casual observer 

and is discussed further below in the section entitled combined biomarker discussion. Increased 

methane production may be relevant in that it is associated with increased internal pressure in the 

fore stomach of sheep, although it is unclear if this would translate to increased pressure near the 

pelvis [359]. 

 

Another possibility is that the cortisol biomarker result reflects a stress condition that is associated 

with prolapse. Given that indications are that the elevated cortisol levels were present in the sheep 
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sampled up to 3 weeks prior to prolapse this is more likely to represent chronic stress rather than 

acute stress. The question then arises, how could chronic stress cause prolapse? 

 

One possibility is that chronic stress affects muscles or processes that function to retain the vaginal 

structure internally, such as weakening of the constrictor vestibuli muscle. Research on this 

condition in sheep is almost non-existent, although in humans there appears to be an association 

between environmental stressors and urinary control [360] as well as a defecation reflex in the 

presence of stress [361]. 

 

As discussed in the introduction, another mechanism for chronic stress to be involved in prolapse is 

that stress may raise intra-abdominal pressure, putting increased pressure on the internal end of 

the vagina. It was noted by the researchers in the 1950’s that intra-abdominal pressure in the 

standing relaxed ewe was negative and that upon physically restraining ewes for measurement it 

took several minutes for levels to fall to stable levels, suggesting that the psychological state of 

relaxation in the ewe affects IAP [15]. It was found that the IAP of ewes lying down was positive, 

and higher for ewes lying on a slope with buttocks downhill, leading to research in this area [16]. An 

interest in the association between farm topography and prolapse began which has persisted 

through much prolapse research [3, 31, 32]. However, no published studies have reported on the 

relative position ewes are actually in when prolapse occurs. It can be noted at this point that the 

author of this thesis has observed that ewes can prolapse whilst standing. Given that a relaxed 

standing ewe has negative intra-abdominal pressure, prolapsing whist standing could only occur if 

intra-abdominal pressure is positive, indicating that the ewes in question may not be relaxed. Over 

what time frame or to what degree, the psychological state of relaxation affects intra-abdominal 

pressure and thus prolapse is unknown, however it does appear to be a reasonable line of enquiry. 

 

The literature search suggests that predator stress could biochemically limit rates of reproduction 

in other species, notably the snowshoe hare [362]. If we accept that stress is a factor contributing 

to bearings in ewes and that while stress may not be affecting reproduction in the same way as it 

does with the snowshoe hare (as with bearing ewes both the mother and unborn fetuses die 

whereas in the case of the snowshoe hare fecundity is reduced) it does appear that in both cases 

reproductive gain is less than it could be due to stress. This raises a question about how such a stress 

response could arise from an evolutionary perspective. In the case of the snowshoe hare it has been 
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justified in terms of a survival advantage for offspring [363] however it is difficult to see an adaptive 

advantage in a system that results in both mother and offspring dying. Genetic selection for reduced 

cortisol has been attempted in the pig, however it was found that although cortisol levels were 

reduced, glucocorticoid receptors became hypersensitive in the low cortisol line [364] indicating 

that cortisol responsiveness is resistant to reduction. It can also be noted that the rate limiting step 

of cortisol production is undertaken in the mitochondria so that the regulation of cortisol production 

is not under simple genetic control [365]. Further, regulation of cortisol is clearly important in early 

mammalian development [366] and so is therefore likely to be difficult to genetically regulate 

without negatively affecting other aspects of reproduction. 

 

Future directions 

Assuming the samples used in the present study remain available it would be useful to validate the 

alpha-1B-glycoprotein result i.e. with a quantitative assay to check if the global differences detected 

with 2D DIGE can be repeated with an alternative method such as an ELISA assay. It may also be 

useful to examine plasma phosphate using a method that is not affected by EDTA, such as NMR 

spectroscopy, to see if the plasma phosphate levels in this study match the results of the Hilson et 

al. study [4]. A liquid based chromatography MS/MS method to look for protein markers of prolapse 

as liquid based methods can complement gel based methods [367, 368] without the need to 

depleting samples of abundant proteins. Note that the albumin depletion used in the present study 

is occasionally suspected of depleting associated proteins thus reducing biomarker availability and 

so it could be useful to use a non-depleted sample set in a liquid chromatography assay [152].  

 

Increasingly biochemists are interested in molecular markers other than proteins such as those 

sought in a metabolomics study [369]. Non-protein bio-markers such as lipid isomers or alternative 

glycan structures are increasingly being found to be associated with a huge range of diseases and 

conditions [370] and pursuit of such a search strategy could prove fruitful to further pursue an 

understanding of the etiology of prolapse. 

 

Lastly, in regards to the cortisol result, it would be useful to know if cortisol levels were associated 

with increased IAP. To investigate this a cortisol test that is less prone to variation might be used, 

such as with the testing of cortisol in wool [371], which could be tracked over time. It would also be 

useful to see if rates of prolapse are affected by the intensity and type of farm management 
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practices that may affect stress levels in pre-lamb ewes, such as the herding of sheep with dogs, 

pre-lamb vaccination or winter crutching. These practices could be tested to check for association 

with chronic stress, IAP, and rates of prolapse. If it was found that prolapse was associated with 

stress then this would trigger a raft of research into the mechanism of this process. Veterinary 

pathologists could examine ewes that had predictive biomarkers (e.g. elevated cortisol) to 

investigate what other changes were occurring in the sheep. Animal behaviourists would want to 

know what particular kind of stress was involved, is it a type of anxiety disorder? Does it resemble 

post-traumatic stress disorder? How is it triggered? Is it a model for human stress disorders? 

Farmers would want to know, what are the best management practices to avoid prolapse? Is stress 

causing other problems on the farm? 

 

Conclusion 

It is important to acknowledge the limitations of any study. In the present study proteomics is open 

to problems with statistics and in particular multiple hypothesis testing i.e. the findings could be due 

to searching through variables that are affected by random variation. Random variation could also 

have influenced the cortisol result even though it was not the result of a search through variables. 

Sample size was also limited, particularly with the DIGE experiments. A larger sample size along with 

replicates from different farms, different seasons and from different breeds would be necessary for 

results to be more widely applicable. However that said, there is information to be gleaned from 

this study. 

 

Many farmers and veterinarians think that affected ewes have simply eaten too much and so reduce 

feed allowance accordingly [372]. This study has found that there appear to be changes developing 

prior to prolapse occurring, i.e. isoform differences in haptoglobin, global differences in alpha-1B-

glycoprotein as well as an increase in cortisol levels close to prolapse and that the most statistically 

significant is an increase in cortisol response in the days before it happens.  This would indicate 

prolapse is probably not the result of a large gut fill immediately prior to prolapse and that some 

other factor is involved with causing prolapse. The cortisol finding alongside previous research that 

found that relaxed standing ewes are unlikely to prolapse (due to negative intra-abdominal pressure 

at the vagina) in conjunction with field observations that yarded standing ewes can prolapse, opens 

the possibility that increased cortisol may lead to increased intra-abdominal pressure and 

subsequent prolapse. The haptoglobin finding could be the result of some level of infection or injury 
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or it may rise as a result of high intra-abdominal pressure. It is unclear what the alpha-1B-

glycoprotein finding indicates. An alternative explanation would be that the ewes about to prolapse 

are suffering from another condition, for which the markers are also associated with, such as an 

undetected infection. Further research is necessary to follow up these leads.  
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