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Abstract 

Dietary protein is a vital nutritional component in beef production 

due to its essential contribution to optimal reproductive efficiency, 

neonatal and post-pubertal growth rates. Cattle have had a declining 

fertility rate for several decades and previous literature has indicated a 

possible interaction with the high dietary protein levels. The two most 

critical structures influencing pregnancy are the ovary and placenta, 

therefore this study consisted of two experiments. Experiment 1 

investigated the influence of changing dietary protein during the peri- and 

post-conception period on these structures. Experiment 2 investigated 

the effect of dietary protein in the non-pregnant beef heifer on a 

commercial farm setting. The hypothesis underpinning this study is that 

optimal dietary protein levels are required for maximal placental and 

ovarian function. To test this hypothesis two experiments were 

conducted. 

In experiment 1, Australian nulliparous Bos indicus: Bos taurus 

cross heifers were fed isocaloric high (14%) or low (7%) crude protein 

diets (individually) from -60 days post-conception (dpc) to 23 dpc. 

Between 23dpc and 98dpc two groups then were fed either high or low 

crude protein diet which established four treatment groups. Treatments 

were assessed after the first trimester (98dpc) in order to investigate 

acute effects and at term in order to determine effects at parturition. 

 At 98dpc, 46 heifers were slaughtered and adult ovaries, 

placental tissue and fetal tissues were collected. The remaining 56 

heifers were maintained on the same diet at recommended NRC 

recommended protein levels until calving. Immediately post-partum 

placentomes (3-5) were collected and characteristics of parturition (e.g. 

length, difficulty) recorded. Histological techniques were used to visualise 

the cellular composition of the placental structure and to determine the 

level of vascularisation within the placenta. Deep sequencing of the 

global gene expression of the placenta was determined using the Illumina 

platform and qRTPCR analysis. 
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At 98dpc the high dietary protein level stimulated the relative 

volume densities of the maternal tissue, in a sex specific manner, but had 

no effect on the fetal trophoblast cells. The LPERI diet increased the 

placental collagen proportion, which was also observed in the relative 

volume densities of the maternally derived collagen within the 

placentomes supporting female offspring. The HPERI diet also altered 

the vasculature by increasing the proportion of tissue occupied by blood 

vessels. Transcriptomic analyses of gene expression in the placentome 

showed the HPERI diet affected genes associated with inflammation and 

wound responses in the placentomes supporting male offspring. In the 

term placenta, the high protein diet increased the perimeter and area of 

blood vessels, but decreased proportion of tissue occupied by blood 

vessels. High protein also induced differential expression of genes 

associated with inflammation, a process integral to successful parturition. 

In experiment 2, British nulliparous Angus cross heifers received 

control (10.4%) or high (14.5%) crude protein isocaloric diets for >60 

days before slaughter, where ovaries and jugular blood were collected. 

Follicles were aspirated to remove follicular fluid (FF) and granulosa cells 

(GCs). Histological techniques were used to visualise the level of 

vascularisation in the corpus luteum (CL). Circulating serum metabolites 

and hormone levels were also determined by auto-analysis and ELISAs. 

Global gene expression of the ovarian granulosa cells (GCs) was 

determined using the Illumina platform and qRTPCR analysis. The high 

protein diet increased both the antral follicle count (AFC) and carcass 

quality, as measured by increased numbers of heifers falling into the 

higher grades.  Analysis of serum and follicular fluid identified differences 

in urea, albumin, and non-esterified fatty acid levels induced by high 

dietary protein. Transcriptomic analysis of GC cells from control and high 

protein diets identified differential expression of genes associated with 

increased proliferation in the high protein group.  

In conclusion, these studies showed that dietary protein level 

affected both placental and ovarian function. Furthermore, the dietary 

treatments impacted on gene expression associated with feto-placental 

growth and parturition. 
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Chapter 1. General Introduction and Literature review 

1.1.1. Nutrition in the livestock industry 

The primary goal of livestock production is to deliver sustainable food 

security. With a growing world population, there is an increasing need for 

better ways to provide food (McMichael, 2009, Tomlinson, 2013). Despite 

a large increase in food production in the last century, the increasing 

consumption of meat products has led to an increase in demand for beef 

cattle (McMichael et al., 2007). In 2015, industrialised countries 

consumed on average 95.7kg of bovine products per capita with an 

increasing trend for meat based diets over the last few decades (FAO, 

2016, McMichael et al., 2007). A more efficient production system is 

required to enable sustained and increased production to meet these 

demands (Pimentel and Pimentel, 2003). Not only is the increased 

demand for beef a consideration, but there is now also increasing interest 

in the nutritional quality of the meat that is commercially available 

(Scollan et al., 2006, Greenwood et al., 2006, Larson et al., 2009).  

Nutritional requirements are one of the most important and costly factors 

in the production of livestock (Hess et al., 2005). Feedstuffs provide both 

the nutrients necessary for optimal growth and determine the ultimate 

quality of the beef product at the end of the production process (Hess et 

al., 2005). Optimal nutrition is required for the animal to fulfil its genetic 

potential, however these requirements can vary for animals of different 

ages, sex or production traits (NRC, 2001, Scollan et al., 2006). For 

example, energy requirements are higher for a dairy cow producing milk, 

than for a growing beef cow (Malik, 1984, Lofgreen and Garrett, 1968, 

Montano-Bermudez et al., 1990, Freetly et al., 2011, Yan et al., 2006, 

Geay, 1984). A highly investigated topic is the negative energy balance 

in cattle, where energy intake is below that needed for optimal 

performance of production traits like muscle or milk (Lucy et al., 2009, 

Wiltbank et al., 2015, Yan et al., 2006, Butler, 2003). Bispham et al. 

(2003) found that a 50% reduction in maternal nutrition during pregnancy 

(as defined by the Nutrition Research Council, NRC) produced offspring 

with higher levels of fat than those fed the control diet. The period of 
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dietary restriction, however, is known to affect the result on production 

traits of the progeny. The Bispham study in sheep induced total nutrient 

restriction between the period of 28-80 days of gestation, (Bispham et al., 

2003). In beef heifers, Micke et al. (2011a) reported dietary protein 

restriction during the first trimester increased IGF1 (insulin like growth 

factor 1) and IGF1R (insulin like growth factor 1 receptor) expression in 

perirenal adipose tissue. This corresponded to altered fat deposition in 

the adults in a sex specific manner (Micke et al. 2011a). For example, the 

high protein diet in the first trimester increased rib depth in male offspring 

only (Micke et al. 2011a). This suggests an altered sensitivity to 

restriction in utero which could be manipulated to improve the lean:fat 

ratio (Geay, 1984, Larson et al., 2009, Greenwood et al., 2006).  

Dietary protein is vital for growth of beef cattle as it is the major input 

supporting muscle development and is often at insufficient levels in a 

forage diet. It is therefore often supplemented to meet nutritional 

requirements (Geay, 1984, Larson et al., 2009). Carcass composition is 

also influenced by nutrition. Micke et al. (2011b) investigated the effect 

of dietary protein on postnatal skeletal muscle growth. It was found that 

low dietary protein during the first trimester stimulated growth in the 

semitendinosus (ST) and longissimus dorsi (LD) muscles, however this 

was only in the male offspring (Micke et al., 2011b). Any reduction in 

growth or carcass quality has economic impacts to the producer 

(Greenwood et al., 2006, Larson et al., 2009). 

Fertility and reproductive efficiency are the most important driver to 

profitability in the livestock industry (Llewellyn et al., 2007, Nicholas et 

al., 2005). As already mentioned, in ruminants the partitioning of nutrients 

prioritises maintenance over production traits (Lucy et al., 2009, Wiltbank 

et al., 2015, Yan et al., 2006, Butler, 2003). In particular, dietary protein 

intake has been shown to positively correlate with reduced pregnancy 

rate in bovine studies, therefore a possible influence on the placenta and 

ovarian functions has long been recognised (Barton et al., 1996, Canfield 

et al., 1990).  
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1.1.2. The Developmental Origins of Health and Disease (DoHaD) 

Connections between conditions during gestation and developmental 

disorders later in life were first proposed by Barker and colleagues based 

on observations of human populations (Barker et al., 1989). This 

research investigated the connection between conditions during 

pregnancy and childhood, with subsequent incidence of adult disease 

(Barker and Osmond, 1986, Barker et al., 1989, Barker et al., 1990, 

Barker et al., 1993). In 1986 Barker and colleagues suggested a causal 

link between childhood respiratory infections and diseases such as 

bronchitis and stomach cancer later in life (Barker and Osmond, 1986). 

Subsequently, Barker observed that geographical areas where increased 

rates of adult diseases occurred correlated to high infant mortality (Barker 

and Osmond, 1986, Gardner et al., 1969, Barker et al., 1989). Weight at 

birth was used as a predictor of infant mortality, due to the assumption 

that any organ structural changes that occurred during gestation would 

be reflected in weight differences and these could affect life after birth 

(Barker et al., 1989). Barker et al. (1989) observed that lower weight at 

one year old was also correlated with increased incidence of ischaemic 

heart disease in adulthood. Although low birth weight was matched with 

a high incidence of ischaemic heart disease and cancer later in life, the 

trend between decreasing birth weight was not significant (Barker et al., 

1989).  

To investigate birth weight in more detail, Barker et al. (1990) followed up 

people in their middle ages and those that had detailed records taken at 

birth. Not only was birth-weight associated with hypertension during 

adulthood, the fetal:placental weight ratio was also correlated (Barker et 

al., 1990). This study was the first indication that placental weight could 

affect fetal development sufficiently to influence adult disease risk 

(Barker et al., 1990). 

1.1.3. Birth weight  

Birth weight is influenced by maternal dietary nutrition, although the 

period and duration of intervention is important in the level of response 

observed (Cuco et al., 2006, Micke et al., 2010b, Larson et al., 2009, 
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Godfrey et al., 1996). The majority of fetal growth occurs during the latter 

part of gestation (the second and third trimesters), thus most studies find 

an increase in birth weight when nutrition is increased during these 

periods (Micke et al., 2010a, Belkacemi et al., 2009). For instance, Micke 

et al. (2010a) investigated the effect of dietary protein with adequate 

energy on birth weight in cattle. The second trimester high protein 

intervention showed a significantly increased birth weight in the offspring, 

but first trimester high protein diet influenced thoracic development 

(Micke et al., 2010a). Similarly, Micke et al. (2011b) found a stimulatory 

fetal growth affect in the first trimester, however this occurred in the low 

protein diet. 

Although birth weight is often used to reflect the consequence of 

nutritional levels in utero, the composition of nutrients in the diet is also 

important (Micke et al., 2010c, Godfrey et al., 1996). In a human study by 

Cuco et al. (2006) it was found that dietary protein had the greatest effect 

upon birth weight out of all macronutrients measured, even when nutrition 

was adequate.  

Development rate and birth weight varies depending on offspring sex 

(Brinks et al., 1961, Gotsch et al., 2010). Thus, it is not surprising that 

several studies have observed differential effects between male or 

female offspring when a dietary intervention is introduced (Micke et al., 

2010a, Copping et al., 2014). The IGF-axis has shown key differences in 

sensitivities between the sexes as shown in several studies (Gotsch et 

al., 2010, Micke et al., 2010a, Micke et al., 2010b, Sullivan et al., 2009c). 

For instance, Copping et al. (2014) found that increasing the amount of 

protein during the peri-conception period increased the crown-rump 

length in both sexes, but by the end of the first trimester the differences 

in the females became non-significant. This supports an increased 

sensitivity to growth stimuli in males in early pregnancy.  

1.2. Dietary effect on ovarian development and potential in cattle 

The ovary is one of main determinants of fertility. The ovarian follicle 

plays essential role in oocyte maturation and estrogen production. The 
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follicle-derived corpus luteum (CL) produces progesterone (Webb et al., 

1994). During bovine fetal development, the primordial gonad develops 

as early as 30 days post-conception (dpc), however the ovary only begins 

to form distinguishable cortical or medullary areas, as well as oogonial 

extensive mitosis, at around day 50-75 dpc (Erickson, 1966, Konishi et 

al., 1986). At 150-170 dpc the number of oocytes is at its maximum, 

which in cattle can be as great as 2 million per ovary (Erickson, 1966, 

Konishi et al., 1986). After this period the ovigerous cords become 

disrupted, (which determines the organisational structure for the follicles), 

oocyte mitosis ceases and those oocytes capable of survival recruit a 

layer of follicular cells to establish the pool of primordial follicles 

(Erickson, 1966, Sawyer et al., 2002). These remain arrested in prophase 

stage of meiosis till puberty (Erickson, 1966, Konishi et al., 1986). 

Puberty in female cattle is normally reached between 6-12 months of age 

when adequate body weight has been achieved (Freetly et al., 2011). 

The co-ordinated hormonal changes that mature cattle undergo form 

estrous cycles between 18-24 days long. These hormonal cycles 

stimulate normal ovarian function, which mainly consists of developing 

follicles to support the oocyte ready for ovulation and conception 

(Erickson and Danforth, 1995). The most important hormones in this 

process are luteinising hormone, follicle stimulating hormone (FSH), 

estradiol and progesterone (Erickson and Danforth, 1995). As onset of 

puberty is related to body condition it is likely that nutrition could affect 

ovulation or estrous, yet the studies investigating this have had 

inconsistent results (Barton et al., 1996, Jordan and Swanson, 1979, 

Canfield et al., 1990, Schillo et al., 1992). These differing results may be 

due to breed differences and health status of the animals. For instance, 

Barton et al. (1996) found no effect from diet only, but found high dietary 

protein delayed first ovulation if the health status of the animal was also 

affected.  

1.2.1. Ovarian follicular development 

During the follicular phase the final maturation of the follicle is achieved 

whereby sufficient estradiol levels induce a luteinising hormone surge 
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that stimulates ovulation. The remaining follicular cells luteinise and 

become the CL which synthesises the progesterone needed to maintain 

pregnancy Evans and Canty (2004). 

Female adult cattle undergo coordinated hormonal changes throughout 

the estrous cycle, coordinated by hormones from the pituitary gland, 

ovary and hypothalamus (Crowe and Mullen, 2013, Chasombat et al., 

2013). These hormonal cycles are often synchronised prior to artificial 

insemination (AI) procedures and are sometimes altered by the use 

exogenous hormones with the aim of reducing the period between 

calving and conception (Crowe and Mullen, 2013).  Optimal conditions, 

(body weight, nutrition) are required to maximise response to these 

hormonal interventions in AI (Mikkola et al., 2005). 

In cattle, antral follicular development occurs in waves from which one 

dominant follicle is produced that is capable of ovulation (Evans, 2003, 

Evans and Canty, 2004). Typically, beef cattle have 2-3 follicular waves 

during the estrous cycle (Evans, 2003, Evans and Canty, 2004). As the 

follicle develops, the number of granulosa cell layers increase, which is 

associated with increased estradiol-producing capacity (Evans and 

Canty, 2004). The timing of whether the follicle ovulates or becomes 

atretic depends on the underlying progesterone concentrations. 

Specifically, if progesterone levels are too high, then GnRH 

(gonadotrophin releasing hormone) and Luteinising hormone secretion 

are suppressed (Evans and Canty, 2004). Many factors are involved in 

follicle growth that allows it to become Luteinising hormone-dependent 

sooner to survive the decline in FSH, with the main contributors being 

TGF-ɓs (transforming growth factor beta) and IGFs (Evans and Canty, 

2004). Nutrients have been shown to interfere with follicle growth and 

development (Ciccioli et al., 2003, Lents et al., 2008). For instance, the 

granulosa cells and theca cells that support the follicle undergo 

vascularisation and synthesise hormone processes which all require 

nutrients and energy (Rodgers et al., 2001). These nutrients can 

accumulate within in the follicular fluid, which also contains growth factors 

and steroids produced by the follicular cells (Irving-Rodgers and 
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Rodgers, 2005, Wathes et al., 2003). This indicates that dietary nutrients 

may affect the composition of the follicular fluid and thus affect oocyte 

development (Irving-Rodgers and Rodgers, 2005, Wathes et al., 2003).      

Negative energy balance has been documented to influence many 

aspects of fertility in the dairy cow (Boland et al., 2001, Wathes et al., 

2003). This is consistent with high energy requirements needed to 

support the development of a calf and lactation. Indeed, studies have 

reported an effect on follicle growth related to dietary energy supply. For 

instance, Sosa et al. (2010) found acute dietary energy restriction 

increased the proportion of small sized follicles in ewes and many 

became static in their growth (Sosa et al., 2010). Armstrong et al. (2001) 

similarly found that high protein diets resulting in high blood urea nitrogen 

(BUN) levels (6.4-7.3 mmol/L) reduced follicle growth and negatively 

affected oocyte quality (Armstrong et al., 2001). The authors concluded 

that follicle growth may not protect the oocyte from the negative impacts 

of increased BUN (Armstrong et al., 2001).  

Much research has been carried out on influences of dietary energy on 

hormone production (Roberts et al., 2005, Samadi et al., 2013). Under-

nutrition and low dietary energy have been shown to prolong the post-

partum return to cyclicity in beef cattle (Roberts et al., 1997, Berardinelli 

et al., 2001). As noted above, BUN levels have been associated with the 

amount of dietary crude protein intake and more importantly have been 

shown to have a number of negative effects on various fertility 

parameters (Butler et al., 1996, Hammon et al., 2005, Rhoads et al., 

2006). Jordan and Swanson (1979) demonstrated that the lower levels 

of crude protein (12.9%) fed to dairy cows resulted in decreased serum 

levels of LH through a reduction in response to GnRH, but increased 

serum progesterone levels. Conversely, a more recent study by Alves et 

al. (2010) found no affect in beef cattle at the dietary protein levels 12% 

and 14.6%.  
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1.2.1.1. Follicle size and number 

It is conventionally believed that the number of primordial follicles is 

established before birth and is not replenished during the animalôs lifetime 

(Erickson, 1966). It is therefore important to maintain optimal conditions 

during the highest level of mitotic activity during fetal development (Evans 

et al., 2012, Ireland et al., 2008, Mossa et al., 2013). Several sheep 

studies have investigated the effect of nutrient restriction during fetal 

ovarian development stages and the effects on the number of follicles at 

birth (da Silva et al., 2002, da Silva et al., 2003, Mossa et al., 2013, Rae 

et al., 2001): Rae et al. (2001) restricted nutrients by 50% of NRC 

recommendations during ovine gestation period and found that 

decreasing total nutrients increased the number of primordial follicles but 

decreased the number of primary follicles. The most severe effects were 

seen when the restriction occurred between days 31-65 gestation (Rae 

et al., 2001). This suggested the follicular formation is one of the key 

processes most sensitive to adequate energy being available through the 

maternal diet (Sawyer et al., 2002). Nutrient restriction during the 

maternal peri-conception period has also been shown to impact on the 

fetal follicular reserve (Sullivan et al. 2009a). This suggests mechanisms 

during embryonic development may be affected by nutritional 

perturbation resulting in altered follicle development later in gestation.  

In the adult, optimal follicle size required for ovulation is >10-14mm in 

diameter (Perry et al., 2007, Perry et al., 2005, Lonergan et al., 1994, 

Vasconcelos et al., 2001, Wiltbank et al., 2002).  It is believed that the 

follicle must achieve a sufficient size to provide sufficient estrogen to 

prevent atresia (Perry et al., 2007, Perry et al., 2005, Lonergan et al., 

1994, Vasconcelos et al., 2001, Wiltbank et al., 2002). The increased 

growth requirements of the maturing follicle prior to ovulation are derived 

from nutrients provided by the follicular fluid (Rodgers et al., 2001, van 

Wezel and Rodgers, 1996, Tabatabaei et al., 2011, Bender et al., 2010). 

Tabatabaei et al. (2011) found that when a follicle grows the levels of 

triglycerides, albumin and cholesterol decrease as the levels of estradiol 

increase in the follicular fluid. This also illustrates the vital contribution of 
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nutrition in determining follicle size. Consistent with this finding, both 

Sosa et al. (2010) and Armstrong et al. (2001) observed reduced follicle 

growth subsequent to periods of reduced maternal energy supply. 

1.2.2. Oocyte development 

During oocyte maturation, signals induced by the LH surge compel the 

oocyte to complete meiosis I (Fair et al., 2001, Fair, 2009). One way to 

assess oocyte quality is by visual assessment (Hazeleger et al., 1995). 

Such assessments tend to be based on compaction of cumulus cell 

layers and uniformity of ooplasm (Hazeleger et al., 1995). The second 

method for assessing oocyte quality is its ability to move into metaphase 

2 phase of the cell cycle during maturation. The third method for 

assessing oocyte quality is its ability to form a zygote, which is termed 

developmental competence (Bilodeau-Goeseels and Panich, 2002, 

Blondin and Sirard, 1995). Small oocytes or immature oocytes have been 

shown to be less successful during embryo development (Obata et al., 

2011).  

Dietary energy has also been identified as an important factor in follicle 

growth and oocyte maturation, with energy factors particularly studied 

due to the importance of negative energy balance in the post-partum 

dairy cow (Dominguez, 1995, Adamiak et al., 2005, Llewellyn et al., 

2007).  Leroy et al. (2005) found that increased levels of non-essential 

fatty acids (NEFAs), during oocyte development (released when dietary 

energy is low) slowed the growth of the resulting embryo. This problem 

was improved by Fouladi-Nashta et al. (2007), which used a fat 

supplement to offset the energy imbalance to improve the blastocyst 

development. Obesity also has been shown in both humans and cattle to 

affect oocyte quality and slow development of the blastocyst 

(Dominguez, 1995, Adamiak et al., 2005).  

There have been relatively few studies on the effects of protein on the 

maturation of oocytes. In vitro studies have revealed some negative 

impacts of biologically high concentrations of urea which were shown to 

be carried through to the embryonic stages (Ocon and Hansen, 2003).  
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Both Papadopoulos et al. (2001) and de Wit et al. (2001) showed that 

urea treatment (6mM) slowed ruminant oocyte maturation and affected 

subsequent embryo development. Conversely, Ocon and Hansen (2003) 

reported that similar effects were only found at concentrations greater 

than 7mM. Interestingly, these effects were reversed by the addition of 

potassium and a pH imbalance involvement, which was specifically 

mentioned in the study (Ocon and Hansen, 2003) 

1.3. Embryo development 

1.3.1. Early embryo development  

The conception rate is normally considered as the proportion of cowôs 

pregnancies achieved per bull or AI (artificial insemination) service, not 

the number of zygotes formed from fertilised oocytes as this would be 

difficult to assess in vivo. Pregnancy diagnosis in cattle occurs from 

around 26dpc by which time the embryo is easily detected. Overall, 

conception rates range from 40% in dairy cows via AI and 70% with dairy 

heifers, however in beef cattle higher rates of 80-90% are achievable 

particularly with natural mating (Ball and Peters, 2004, Wathes et al., 

2003, Osoro and Wright, 1992). Maternal diet may impact early embryo 

loss due to the dependence of the early embryo upon hormonal signals 

which are themselves altered by the nutritional status of the mother (Ball 

and Peters, 2004, Hayashi et al., 2010, Lonergan et al., 1994). Although 

little information has been reported on the effects of dietary protein on 

fertilisation rates, there have been suggestions that it has no significant 

impact (Butler et al., 1996, řeh§k et al., 2009, Lonergan et al., 1994). 

When considered in terms of first service after parturition, an increased 

conception rate was found when dietary protein was considered (Butler 

et al., 1996, řeh§k et al., 2009). More recently, Gath et al. (2012) 

reported that dietary urea supplementation impacted in fertilisation rates 

of beef heifers, using in vitro urea treatment of bovine blastocysts which 

were then transferred to heifers placed on either high (5kg concentrates) 

or low energy diets with 250g supplemented urea (Gath et al., 2012). 

Fertilisation rate was found to be affected, with the urea supplemented 

heifers showing greater fertilisation rates compared to the controls. Yet, 
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variations in embryo recovery rate could have affected the results of the 

statistical analysis (Gath et al., 2012).  By the morula stage the early 

embryo has undergone cell cleavage over 16 times and is normally in the 

isthmus portion of the oviduct (Gilbert, 2010).  

Dietary protein also has been reported to impact negatively on embryonic 

survival (Berardinelli et al., 2001). This may be due to an alteration in 

cleavage rate, as an increased number of cells were observed in 

embryos treated with urea (Berardinelli et al., 2001). Table 1.1 

summarises the studies that discuss cleavage rate and/or blastocyst 

hatching and from this table it seems the cleavage rate is unaffected if 

urea is supplemented in the diet or the embryos are treated in vitro. The 

in vitro experiments have suggested that these effects may be due to 

increased ammonium levels causing excess apoptosis rather than 

reduced proliferation caused by dietary urea (Lane and Gardner, 2003, 

Thompson, 2000).  

The differences between the studies may be due to levels of dietary 

energy provided in the treatments, as Papadopoulos et al. (2001) found 

differing responses when energy was altered. Yet, several studies that 

did find differences in embryonic development carried out the urea 

treatment directly on oocytes in vitro (de Wit et al., 2001, Ocon and 

Hansen, 2003). Therefore, it may be that the urea impacts at an earlier 

stage of development than during embryogenesis and energy levels are 

more influential at embryonic stages than protein levels singly.  
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Table 1.1: Summary of studies relating urea treatment to cleavage rate 
and blastocyst hatching. NR: not reported. 

 

  

Dietary 

treatment 
Species 

Effect 

Reference cleavage 

rate 

blastocyst 

hatching 

Dietary urea 

supplementation 
Ovine No effect NR Bishonga et al. (1996) 

Dietary urea 

supplementation 
Ovine No effect No effect McEvoy et al. (1997) 

Dietary urea 

supplementation 
Ovine Reduction NR Papadopoulos et al. (2001) 

Dietary urea 

supplementation 
Ovine Reduction NR Fahey et al. (2001) 

In vitro urea 

treatment 
Bovine No effect Reduction Ferreira et al. (2011) 

In vitro urea 

treatment 
Bovine No effect NR Gath et al. (2012) 

In vitro urea 

treatment of 

oocyte 

Bovine Reduced NR de Wit et al. (2001) 

In vitro urea 

treatment of 

oocyte 

Bovine No effect 
NR (survival 

reduced) 
Ocon and Hansen (2003) 
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1.3.2. Inner cell mass (ICM) formation 

As the embryo develops, the blastocyst forms several different cell types 

which give rise to the fetal or placental cells. The inner cell mass (ICM) is 

formed during the morula stage, where cells are directed to become 

either trophoblast (placental cells) or ICM that form the embryo proper 

(Gilbert, 2010). The ability of these cells to form the fetal structures is vital 

for offspring development and could potentially influence the later 

phenotypes, such as birth weight (Rooke et al., 2007). 

Adverse effects of low dietary protein (6% casein) on cellular proliferation 

in the ICM have been observed by Kwong et al. (2000), who suggested 

that a metabolic stress mechanism is involved in this response. 

Conversely, Mitchell et al. (2009) found metabolic stress mechanisms 

were stimulated by high dietary protein (21.7%) during conception, but 

ICM proliferation was also reduced in low protein (8.4% casein) (Mitchell 

et al., 2009). Watkins et al. (2007) found that different protein sources in 

the culture of mouse embryos affected the trophoblast epithelium or ICM 

lineage, with more trophoblast cells appearing in vitro when bovine serum 

albumin (BSA) was not present. Contrary to some studies, higher dietary 

energy has been found to have no effect on the ICM (Bermejo-Alvarez et 

al., 2012). There is currently limited evidence into how dietary protein 

influences the expression of key genes associated with cell lineage 

determination. Though there are reports of both increased and 

decreased cell proliferation in the ICM following increased/restricted 

dietary protein levels (Kwong et al., 2000). This suggests that this 

developmental window is sensitive to fetal programming via nutritional 

perturbation.  

1.3.3. Gene expression 

Growth-promoting genes are key regulators of embryonic development 

and may affect survival. Kwong et al. (2000) investigated the effect of 

protein restriction during the pre-implantation period in mice and found a 

reduction in growth and proliferation in blastocysts, however no effect on 

IGFI/IGFII gene expression was observed at the blastocyst stage. 

Interestingly, Powell et al. (2006) reported a reduction in IGFII and 
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increased IGF2R expression in ovine embryos treated with urea. Further 

to this, Kwong et al. (2007) found fetal hepatic genes were affected by 

dietary protein. In females, 11ɓ-hydroxysteroid dehydrogenase gene 

expression was increased by 17%, suggesting this is inducing a stress 

response that would result in cortisol production for energy utilisation 

(Kwong et al., 2007). While, in male mice, there was a decreased 

expression of phosphoenolpyruvate carboxykinase, (a key regulatory 

protein controlling glycolysis) indicating a switch from glucose to the use 

of other substrates (Kwong et al., 2007). This suggests the embryo can 

experience short- and longer term adaptations to dietary conditions which 

may affect fetal development.  

1.3.4. Embryonic adaptations 

Many effects observed in the nutrient challenged embryo are related to 

evolutionary adaptations to poor nutrient availability in order to maximise 

survival. These typically relate to nutrient metabolism pathways, in 

particular in amino acid transport and glucose metabolism (O'Connell et 

al., 2011). This concept is known as the óthrifty phenotypeô (Hanbauer et 

al., 2009, Barker et al., 1990). Many studies have revealed epigenetic 

modifications in mice embryos relating to such a predictive adaption 

(Fleming et al., 2011), however Freret et al. (2006) also found embryonic 

adaptations in heifer embryos where reducing the high protein diet of the 

heifers increased the embryo quality and survival rates (Freret et al., 

2006).   

Adaptations by the embryo to reduction in protein levels have also been 

shown in mouse models by Watkins et al. (2008), Kwong et al. (2006) 

and Mitchell et al. (2009). Mitochondrial function was reduced in embryos 

derived from mice dams fed low protein (8.4% casein) diets during 

conception, but embryos from dams on high protein diets showed signs 

of metabolic stress (Mitchell et al., 2009). Similarly, the 30% reduction in 

expression of H19 imprinted genes found by Kwong et al. (2006) was 

also reduced to insignificance once the period of protein restriction (9% 

casein) was extended beyond the implantation period.   
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There is compelling evidence that distinct dietary conditions can bias the 

anticipated sex ratio of the resultant offspring (Rosenfeld et al., 2003, 

Rosenfeld and Roberts, 2004, Alexenko et al., 2007, Rosenfeld, 2011). 

Nevertheless, it has been reported that no difference occurs in 

fertilisation rate cleavage rate or blastocyst yield between X/Y sperm, 

which suggests the karyotype by itself does not affect gender ratio at 

fertilisation (Bermejo-Alvarez et al., 2010a). Mouse studies generally 

show an increase in energy content, through dietary fat given to the dam, 

promotes a gender bias towards males (Alexenko et al., 2007, Rosenfeld, 

2011). Bermejo-Alvarez et al. (2011) examined X and Y-linked genes for 

a mechanistic basis for a potential sex disparity in cattle. The X-linked 

gene glucose-6-phophate dehydrogenase (G6PD) the first enzyme in the 

pentose-phosphate pathway, was significantly up-regulated in females, 

while genes related to protein metabolism was over represented in males 

(Bermejo-Alvarez et al., 2010b). This suggests there may be a difference 

in substrate preference and protein turnover between male versus female 

bovine embryos (Bermejo-Alvarez et al., 2011). I 

1.3.5. Sex differences 

Studies have revealed different sex specific responses to nutrients during 

embryo development (Rosenfeld et al., 2003, Rosenfeld and Roberts, 

2004, Alexenko et al., 2007, Rosenfeld, 2011, Bermejo-Alvarez et al., 

2011, Kwong et al., 2000, Kwong et al., 2006, Gray et al., 2013). This 

raises the possibility of response variation due to the sex of the embryo 

rather than a common response to the dietary treatment. There are 

several potential causes for these sex-specific differences, however as 

hormone levels are one of the most distinct differences between the 

sexes, this may likely underpin many of these sex-specific effects.  

1.3.5.1. Hormonal 

Glucocorticoids affect the expression of many metabolic genes including 

those involved in glucose metabolism and amino acid transport (Le et al., 

2005). Many studies have shown that the response/sensitivity to these 

hormones is different between the sexes and furthermore, plasma 

glucocorticoid levels are increased during nutrient restriction which 
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makes it a likely factor in the responses to nutrition (Jones et al., 2006a, 

McNeil et al., 2007, O'Connell et al., 2011, Belkacemi et al., 2011, Miller 

et al., 2012). Indeed, in sheep studies glucocorticoid levels were 

negatively correlated with birth weight, but with sex-specific differences 

(Miller et al., 2012). Moreover, both sexes become growth restricted 

following treatment with a synthetic cortisol during pregnancy (Hodyl et 

al., 2010). Intriguingly however, females had a greater reduction in 

growth relative to the controls, whilst male progeny developed 

hypertension in adult life (McMullen and Langley-Evans, 2005, Hodyl et 

al., 2010, Miller et al., 2012).  

Other evidence indicates that males are more sensitive to growth 

promoting hormones in utero than females. In a human study maternal 

weight had a bigger impact on males than females, with male offspring 

of low weight mothers 93g heavier at birth than females from the same 

maternal weight group, after taking into account sex differences in birth 

weight (Gotsch et al., 2010). This may suggest males may prioritize 

growth mechanisms above organogenesis, which may explain the higher 

incidence of hypertension in the adult life of the investigated males 

(McMullen and Langley-Evans, 2005).  As discussed (Section 1.3.4) the 

duration and timing of exposure may create different responses between 

genders, with corresponding differences in timing of the manifestations 

and mechanisms by which phenotypes occur (McMullen and Langley-

Evans, 2005, O'Connell et al., 2011). Zambrano et al. (2005) investigated 

the effects of different levels of protein (10% vs. 20% casein) during 

gestation and/or lactation on F1 and F2 offspring of rats. F1 female 

progeny on reduced protein during lactation had reduced birth weight and 

F2 females had a higher baseline glucose levels when restriction was 

limited to gestation (Zambrano et al., 2005).  

Another feature of cortisol treatment that may be considered is the effect 

on placental cells. In placental (human BeWo) and uterine (rat) cells the 

expression of amino acid transporter system A, (particularly, the transport 

protein SLC38) was dose dependently increased with cortisol treatment 

(Jones et al., 2006b, Jones et al., 2006a, Belkacemi et al., 2011). This 
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raises the exciting possibility that the maternal cells may alter the 

transport of amino acids to the fetus, and induce a protein restrictive 

environment without the dietary protein supply being altered.  

1.4. Placenta 

1.4.1. Development and basic structure 

In placental mammals the placenta provides critical support for the 

offspring during gestation. This is effectively the area of exchange 

between fetal and maternal tissues which regulates transfer of nutrients 

and waste gasses (McKeown and Record, 1953, Torpin, 1971, Enders, 

1965).  

The mammalian placenta structures vary in shape and maternal/fetal 

tissue contact between species (Hradecký et al., 1988). These 

differences could broadly be classified into four categories based on 

shape; 1) diffuse (pig, horse), 2) zonary (cat, dog), 3) discoid (human, rat) 

and 4) cotyledonary (ruminants) (Hradecký et al., 1988, Kaufmann and 

Burton, 1994). Another method for categorising the differences are by the 

contact between maternal and fetal tissue layers, which is termed the 

Grosserôs classification: 1) epitheliochorial, 2) syndesmochorial, 3) 

endotheliochorial and 4) Hemochorial (Hradecký et al., 1988, Kaufmann 

and Burton, 1994). 

The bovine placenta is cotyledonary, which consists of discreet areas of 

attachment for the areas of maternal and fetal tissue to come in contact 

(Reynolds et al., 1990, Hradecký et al., 1988).  The maternal tissue is 

termed the caruncle and the fetal is termed the cotyledon (shown in Fig. 

1.1) where the maternal caruncle and fetal cotyledon are collectively 

called a placentome. The growth of these placentomes is greatest during 

the first two thirds of pregnancy; therefore, this period is most vulnerable 

to perturbation (Pfarrer et al., 2001, Reynolds et al., 1990, Adeyinka, 

2012, Redmer et al., 2004). 
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Figure 1.1: Representation of the bovine placentome morphology  
(adapted from Davies et al. (2000)).   

1.4.2. Placental cell functions 

There are several cell types within the placental tissue, categorised by 

the number of nuclei. Mononucleate cells (MNC) form most of the tissue 

mass and are involved in structure and nutrient exchange (Schlafer et al., 

2000, Williams et al., 1987, Wimsatt, 1951, Wooding, 1992). Binucleate 

cells (BNC) in sheep and cattle are formed by nuclei mitosis of 

mononucleate cells ~16-17 days after fertilisation (Klisch et al., 2006, 

Klisch et al., 1999a, Klisch and Leiser, 2003, Klisch et al., 1999b). These 

BNC form approximately 20% of the placental tissue and are responsible 

for synthesising placental hormones such as estrone sulphate (ES) and 

bovine placental lactogen (bPL) (Wooding, 1992, Wooding, 1980, 

Munson et al., 1989). These hormones are critical to feto-placental 

development and as such are also used as a measure of placental 

function (Hirako et al., 2002). 

As the site of nutrient exchange, the placenta is vital in maintaining a 

constant supply of nutrients to the fetus in order to support growth 

(Greenwood et al., 2006, Godfrey et al., 1996). Yet, the placenta itself 

can be affected by nutrition and thus can influence fetal development 

(Barker et al., 1990, Roseboom et al., 2001). Belkacemi et al. (2011) 

showed that a reduction in dietary energy (50%) in pregnant rats 

decreased the placental weight and reduced fetal growth. Several studies 
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in sheep have suggested effects on the placenta with no impact on fetal 

weight, although fetal development was altered (McCrabb et al., 1992, 

McCrabb et al., 1991, Heasman et al., 1998, Heasman et al., 1999). For 

instance, Heasman et al. (1998) investigated 50% nutrient restriction 

compared to maintenance levels at 28 and 77dpc in the sheep. At term, 

there was no effect on fetal weight, but body conformation was affected 

(Heasman et al., 1998). 

Protein restriction has been shown to enhance placental growth and thus 

affect birth weight (Langley-Evans et al., 1996, Sullivan et al., 2009b). 

Placental hormones such as ES, bPL and bovine pregnancy associated 

glycoprotein (bPAG) were increased following protein restriction during 

the first trimester (Sullivan et al., 2009a, Micke et al., 2015).  

1.4.3. Placental blood vessels 

The placenta weight and size is associated with fetal development 

(Harper et al., 2015, Woodall et al., 1996, Malandro et al., 1996, Sibley 

et al., 1997, Lunney, 1998). Yet, the placenta grows most rapidly in the 

first half of gestation and by late pregnancy fetal growth comparatively 

exceeds that of the placenta. The rate of blood flow to the uterine 

environment increases with fetal growth, which suggests the size of the 

placenta is not the only important factor involved in fetal growth regulation 

(Reynolds and Ferrell, 1987, Reynolds et al., 1985). The vascularity of 

the placentome may be a more accurate determination of placental 

function (Arnold et al., 2001).  

Nutrition has been shown to affect vascular development in the placenta 

(Eifert et al., 2015, Redmer et al., 2004, Redmer et al., 2005, Rutland et 

al., 2007, Sousa et al., 2012, Vonnahme et al., 2007). Vonnahme et al. 

(2007) suggested that the increased apoptosis may be involved in 

nutritionally related altered blood vessel density, which may explain the 

relationship to weight seen in some studies. The rate of blood flow to the 

uterine environment increases with fetal growth, which suggests the size 

of the placenta is not the only important factor involved in fetal growth 

regulation (Reynolds and Ferrell, 1987, Reynolds et al., 1985). The 
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vascularity of the placentome may be a more accurate determination of 

placental function (Arnold et al., 2001). Hernandez-Medrano et al. (2015) 

recently showed that mid uterine artery blood flow to the placenta varies 

with sex of the offspring, using the same cohort of heifers investigated in 

the subsequent studies in this thesis. This may effectively mediate 

nutritional differences; as nutritional interventions may be exacerbated by 

differential rates of blood flow to the placenta.  

The placenta has also been shown not to just facilitate passive diffusion, 

but is also involved in active transport of nutrients thereby being a conduit 

to nutritional perturbations of the fetus. Studies which examine this 

relationship include Jones et al. (2006b), who found that protein 

restriction altered the amino acid transport systems, and O'Connell et al. 

(2011) who found glucocorticoid exposure altered the placental 

expression of nutrient transportor genes in the mouse.  

1.4.4. Placental disorders 

Placental disorders affect the survival of both offspring and the mother 

and can be related to development, blood flow or adhesion of membranes 

(Reynolds et al., 2006, Van Werven et al., 1992, Fox, 1968). A retained 

placenta is estimated to occur in 3-6% of cattle pregnancies and can be 

life threatening (Esslemont and Kossaibati, 1996). This condition occurs 

when the fetal membranes do not fully separate from the maternal tissue, 

which may cause infection, haemorrhage (due to the uterus being unable 

to contract), or reduce the essential blood flow post-partum (Esslemont 

and Kossaibati, 1996). Gene expression changes within the placenta 

towards the end of gestation allow separation of membranes (Kamemori 

et al., 2011, Kankofer et al., 2014). These have been reported to involve 

apoptosis and matrix metalloproteinases (MMPs) or tissue inhibitors of 

matrix metalloproteinases (TIMPs) (Walter and Boos, 2001, Streyl et al., 

2012). Collagen has also been investigated as being important in the 

retention of fetal membranes (Eiler and Hopkins, 1992, Kamemori et al., 

2011, Kankofer et al., 2014, Sharpe et al., 1989, Sharpe et al., 1990). 
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1.5. Hypothesis  

Collectively, these studies indicate maternal nutrition, and in particular 

dietary protein levels, during the peri- and post- conceptual periods affect 

cattle reproductive efficiency. This has led to the hypothesis that maternal 

dietary protein concentration influences placental and ovarian gene 

expression and function. To test this hypothesis histological, 

immunohistochemical and next generation transcriptomic approaches 

were used to analyse ovarian and placental tissue specimens from 

nulliparous beef heifers after exposure to high and low protein diet trials. 
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Chapter 2. The effect of dietary protein level on the bovine 

placenta morphology at 98 days post conception (98dpc) 

2.1. Introduction  

2.1.1. The structure of the bovine placenta 

A function of the mammalian placenta is to facilitate the exchange of 

nutrients and oxygen to the fetus during pregnancy (McKeown and 

Record, 1953, Lackman et al., 2001). In cattle and sheep, the placenta is 

cotyledonary with discrete areas of attachment between the maternal 

caruncle and fetal cotyledon components (Schlafer et al., 2000). The 

initial bovine placenta development occurs around 19dpc, where the 

trophoblastic layers of the embryo begin to make contact with specific 

caruncular areas of uterine epithelial cells (Hradecký et al., 1988, 

Guillomot and Guay, 1982, Aires et al., 2014). During this period, the 

trophoblastic layers of the fetal cotyledon form chorioallantoic villi which 

contain allantoic blood vessels and can extend into the crypts forming in 

the maternal caruncle tissue (Hradecký et al., 1988). These villi extend 

until the endometrium is reached but without invading it, at which point 

branching and widening occurs to maximise the surface area for 

exchange (Pfarrer et al., 2001, Hradecký et al., 1988, Aires et al., 2014). 

The placenta has been reported to adapt in response to adverse 

circumstances to maintain optimal support to the fetus (Belkacemi et al., 

2010). The most notable stimulus for altered growth is nutrition (Sullivan 

et al., 2009b, Barker et al., 1989). While maternal dietary effects on 

placental function has been extensively studied (as described in Chapter 

1: Introduction and Literature review), the primary focus of this 

dissertation relates to the effect of maternal dietary protein levels during 

the pre- and peri-conception periods. Perry et al. (1999) found that 

cotyledon growth was stimulated by a low protein diet during the first 

trimester followed by high protein in the second trimester. More recently, 

Sullivan et al. (2009a) found a stimulation of growth and function when 

protein levels were restricted during the first trimester, with an increased 

level of serum estrone sulphate (ES). 
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There are several structures and tissue types that coordinate and create 

the functions of the placentome. Therefore, the composition and function 

of placentome structure must be considered to determine any dietary 

impacts on these structures. The aim of this chapter is to investigate 

whether altering protein levels peri- and post-conception, alter the 

structure and components of the bovine placenta at 98dpc. 

2.1.2. The functions of placental collagen 

During placentome development, the main function of collagen is to 

provide structural strength (Sharpe et al., 1989, Piamya et al., 2015). 

Distinct collagen fibre types also have specialized functions, including 

cell motility and formation of the basement membrane which play 

important roles in placental growth (Abedin et al., 1982, Hashizume, 

2007, Kuo et al., 2001, Marneros and Olsen, 2001). In addition, there is 

evidence that certain collagen fibres may possess endostatin-binding, 

anti-angiogenic activity (Marneros and Olsen, 2001, O'Reilly et al., 1997). 

Therefore, changes in the proportion of collagen, induced by maternal 

dietary changes, could impact on the functions of other tissues (Kuo et 

al., 2001, Sharpe et al., 1989, Sharpe et al., 1990).  

Secondly, collagenolysis is an important event in parturition and the 

successful release of fetal membranes and thus alterations in the amount 

of collagen could impact on the ease of the birth (Fourichon et al., 1999). 

To investigate the role of collagen in retained fetal membranes, Sharpe 

et al. (1989) determined the volumes of maternal or fetal collagen during 

gestation. It was found that both maternal and fetal collagen sources 

increased between gestational days 90 and 150, however the maternal 

collagen proportion of the placentome was lower during late gestation 

(days 210-250), whereas fetal collagen continued to increase during this 

time period (Sharpe et al., 1989). This suggests fetal and maternal 

collagens have differing growth rates during the second trimester and 

thus, in the context of the current study, this could suggest differential 

effects of maternal diet during these periods of gestation. Yet to date, the 

influence of maternal nutrition on the formation of collagen in the bovine 

placentome has not been extensively studied. Although several studies 
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have shown dietary effects on placental weight (Perry et al., 1999, 

Sullivan et al., 2009b) which may indicate maternal diet can alter 

placental collagen, since it is abundant. 

2.1.3. Binucleate cells in the ruminant placentome 

Mononucleate cells form the greater part of the placental tissue mass and 

are primarily involved in placentome nutrient exchange (Schlafer et al., 

2000, Wimsatt, 1951, Williams et al., 1987). Within the fetal tissue there 

are also binucleate cells, which arise from the incomplete mitosis of the 

mononucleate cells and are first detected 16-17dpc (Klisch et al., 1999a, 

Klisch et al., 1999b). These cell types are characterised by granular 

cytoplasm and double nuclei, shown in Fig. 2.1 (Wooding, 1980, Wango 

et al., 1992, Wimsatt, 1951, Williams et al., 1987). Binucleate cells 

constitute ~20% of the tissue and are responsible for the synthesis of 

hormones, such as estrone sulphate (ES) and bovine placental lactogen 

(bPL) (Munson et al., 1989, Wooding, 1992). These cells then migrate 

towards the maternal epithelium where they can fuse with maternal 

mononucleate cells to form tri-nucleate cells, and in so doing transfer the 

hormones they produced (Wooding, 1982). Other than their hormone 

synthesis functions, binucleate cells have also been implicated in the 

retention of the placenta after birth (Klisch et al., 2006). The cytoplasmic 

glycoprotein granules in binucleate cells suggest that they may function 

to maintain the glycoprotein layer between fetal and maternal tissue 

(Adeyinka et al., 2012). In mice, the phenotype of these cells were altered 

by low protein (Watkins et al., 2015) which suggests investigation in cattle 

is warranted. 
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Figure 2.1: Photomicrographs of trophoblast cell types from bovine 
placenta A) Mononucleate cell types, B) Binucleate cell type, C) 
Binucleate with DBA staining. Black arrows indicate cell of interest. 

2.1.4. Nutritional effects on blood vessel functions in the bovine 

placenta 

The growth of the placenta is dependent on the supply of nutrients and 

hormonal signals provided by adequate vascularisation (Reynolds and 

Redmer, 1995, Rutland et al., 2007). Despite most of the placental growth 

occurring during the first half of gestation, uterine blood-flow still 

increases ~four fold during the second half of gestation (Reynolds et al., 

1990, Reynolds et al., 1986, Reynolds and Ferrell, 1987). In sheep, it has 

been suggested that rather than the placental weight, the placental 

vasculature is a more important determinant of fetal development (Arnold 

et al., 2001). Thus it could be argued that blood vessels are a 

measurement of placental function (Reynolds and Redmer, 1995).  

Indeed, nutrition not only impacts on fetal development directly by 

affecting blood vessel transport, but also impacts on the growth of blood 

vessels themselves (Redmer et al., 2004, Redmer et al., 2005, 

Vonnahme et al., 2007). The bovine study by Vonnahme et al. (2007) 

investigated under-nutrition (68% of maintenance energy and 87% of 

metabolisable protein of the NRC requirement (2000)) during the first 125 

days of gestation. They discovered no effect on the capillary area or 

number in the fetal cotyledon (at day 125), however the number and 

density of the capillaries in the maternal caruncle was reduced at day 250 

of gestation (Vonnahme et al., 2007).  
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Nutrient restriction has previously been reported to affect placental cell 

proliferation in the rat (Belkacemi et al., 2011). Such remodelling would 

also affect the density of blood vessels and interfere with the exchange 

area between the fetal and maternal tissue (Vonnahme et al., 2007). A 

recent study by Hernandez-Medrano et al. (2015) showed dietary protein 

can influence the perfusion of blood between the fetal and placenta 

tissues in cattle. For this investigation, the blood-flow characteristics of 

the maternal uterine artery were assessed using transrectal pulsed B 

mode Doppler sonography and calculations for the perfusion indices 

previously described by Herzog and Bollwein (2007). These results were 

affected by sex of offspring, with males receiving higher blood-flow 

throughout gestation and becoming more vulnerable to the low protein 

diet during peri-conception (Hernandez-Medrano et al., 2015). These sex 

differences suggest the vascular demands of males differ during 

gestation and may indicate that any dietary effects on the placenta blood 

vessel formation may also differ between offspring sex. 

2.1.5. The impact of the maternal:fetal tissue relationship in the 

bovine placenta 

One important determinant of placentome function is the origin of the 

tissue, as structures can arise from either maternal uterine epithelial cells 

or fetal trophoblast cells (Pfarrer et al., 2001, Hradecký et al., 1988, Aires 

et al., 2014). The maternal:fetal tissue ratio is key to the function of the 

placentome, as it creates the optimal exchange surface area for transfer 

of nutrients to the fetus (Pfarrer et al., 2001, Leiser et al., 1998, 

Kannekens et al., 2006). Any factors that influence this could affect the 

growth of the fetus and thus it has been proposed as a possible cause of 

the altered fetal development in somatic cell nuclear transfer pregnancies 

(Constant et al., 2006). The placentome grows throughout gestation with 

the maternal:fetal proportion changing over time (Reynolds et al., 1990). 

In cattle, the maternal caruncle increases in weight ~24 fold, while the 

fetal cotyledon increases 10 fold during gestation. Therefore, the period 

of vulnerability for influences in tissue growth is potentially quite broad 

(Pfarrer et al., 2001, Reynolds et al., 1990, Adeyinka, 2012). Yet, several 
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studies have characterised the normal range of maternal:fetal tissue 

proportions at various stages of gestation which provides a base for 

comparison (Pfarrer et al., 2001, Reynolds et al., 1990, Adeyinka, 2012). 

In the study by Sharpe et al. (1989) on the bovine placentome, differential 

growth of maternal or fetal collagen was found over gestation, which 

suggests altered growth rates between tissue sources. Perry et al. (1999) 

found that dietary protein increased the dry weight of the fetal portion of 

the placentome at term. Few other studies have investigated the 

influence of diet on the maternal or fetal tissue layers in cattle, but many 

have investigated nutrient restriction in the ewe (Redmer et al., 2004, 

Eifert et al., 2015). For example, 15% nutrient restriction in ewes 

increased the fetal portion of the placentome without affecting the fetal 

weight or development at day 130 of gestation (Steyn et al., 2001). Other 

studies have similarly found no effect on the fetal weight despite effects 

on the placenta when nutrition is restricted, although fetal body 

composition showed several differences depending on when the 

restriction occurred (McCrabb et al., 1992, McCrabb et al., 1991, 

Heasman et al., 1999). This suggests it is possible that the placentome 

can adapt/change differentially under differing or adverse circumstances 

to provide the most optimal fetal outcome, however the timing of the 

nutritional intervention is crucial. 

2.1.6. Placental quantification methods 

Stereology is a reproducible method for assessing the relative volumes 

of components in tissues, including the placentome (Kannekens et al., 

2006, Mayhew, 1991, Perry et al., 1999, Mayhew, 2006). As the 

placentome does not have a homogenous structure, a section or several 

sections of the tissue can be taken at random to allow every component 

an equal probability of being represented (Fig. 2.2A) (Mayhew, 2008). 

Alternatively, images can be taken in a systematic manner, which allows 

equal representation of the entire section of tissue without inclusion of 

clusters of sampling (Mayhew, 2008). These concepts are illustrated in 

Fig. 2.2B (Mayhew, 2008). 
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Figure 2.2: Concept of simple random sampling verses systematic 
uniform random sampling (Adapted from Mayhew (2008)).  

Several previous studies have used a separation technique to estimate 

the ratio between maternal and fetal tissue (Reynolds et al., 1990, Laven 

and Peters, 2001). This latter technique showed that some inaccuracies 

relating to the maintenance of fetal tissue within the maternal crypts after 

manual separation (Laven and Peters, 2001, Reynolds et al., 1990).  

Stereology can also be used to estimate tissue types without manually 

separating the tissue (Howard and Reed, 2004, Laven and Peters, 2001, 

Mayhew, 2008). This creates an unbiased sampling technique and allows 

assessment of structures in the real life connections between tissues 

(Howard and Reed, 2004, Laven and Peters, 2001, Mayhew, 2006, 

Mayhew, 2008). This method also utilises the volume of the placentome, 

instead of the weight, which provides an alternative indication of capacity 

(Laven and Peters, 2001, Reynolds et al., 1990). 

Immunohistochemistry was the method chosen in this current study to 

characterise specific cell types and thus determine location and quantity 

of these cells. Biotinylated lectins (such as DBA) are well established as 

a method of identifying binucleate cells due to their ability to bind to 

specific binucleate cell glycoproteins (Klisch et al., 2006, Klisch and 

Leiser, 2003, Munson et al., 1989, Jones et al., 1994).  
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Histological assessment using the Massonôs trichrome technique, utilises 

a three differential stain protocol for nuclei, plasma and fibrils (Bancroft 

and Gamble, 2008). Due to the cationic charge in most collagens the acid 

dyes stain the fibrils clearly (Bancroft and Gamble, 2008). This technique 

has been used to stain the structural components of a variety of organs 

(Maurer et al., 2013, Wendel et al., 2014) including the development of 

the placenta in humans (Ohmaru et al., 2015), mouse (Singh et al., 2015) 

and cattle (Perry et al., 1999, Kannekens et al., 2006).  

A combination of these well-established techniques 

(immunohistochemistry alongside systematic random sampling and 

stereology) would accurately characterise any effect on the placenta 

morphology instigated by dietary protein. 

2.1.7. Hypothesis and aims 

The structure of the placenta during early gestation is vital in the success 

of embryonic and fetal development. Therefore, this chapter will 

investigate the effect of maternal dietary protein level on the placentome 

volume, maternal:fetal tissue ratio, structural collagen abundance, 

proportion of binucleate cells and blood vessel abundance/parameters in 

order to determine whether dietary protein levels affect placentome 

development. 
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2.2. Method 

Project was carried out with the approval of the ethics committee at the 

University of South Australia (Appendix 4). 

2.2.1. Animals and feeding regime 

Trial was conducted by Dr. Viv Perry and Katrina Copping. A flow 

diagram of the experimental design is shown in section 2.2.3 and 2.2.11. 

Six-month old maiden nulliparous (Santa Gertrudis) heifers (N=360) were 

selected based on the weight and heifer age. The heifers were grazed on 

pasture for 5 months in Birdsville, Queensland, Australia prior to 

transportation then to shaded purpose built feedlot pens in Sedan, South 

Australia in November 2011. They were then fed straw and hay ad libitum 

in pens for 60 days, whilst being trained to eat the grain portion of their 

ration from individual stalls.   

Fig. 2.3 shows an overview and timeline of the study design. At 12 

months of age, 60 days before fixed time artificial insemination (AI), the 

heifers were allocated to groups based on weight, then randomly split 

into two dietary treatment groups that were fed either low crude protein 

(CP; 7%) or high CP (14%) ration based on the individually fed grain 

pellet and the ad libitum access to roughage (straw) in the pens 

throughout the trial. Rations were as isocaloric as possible (generated by 

additional wheat portion in the low protein ration) and supplemented with 

a vitamins and mineral commercial preparation (Ridley Agriproducts, 

Toowong, Qld) to balance these levels between the two dietary 

treatments (Table 2.1, Copping et al. (2014)). Ration formulation was 

based upon the component ingredients in the total diet determined by 

nutrient analysis, live weight and age of heifers at time of diet change 

with a mature weight target of 550kg. 

At 8 days before AI (day -8) heifers began an estrous cycle 

synchronization program (progesterone based). On Day 0, AI was carried 

out with semen from one bull. This bull was selected for estimated 

breeding (EBVs) for growth and birthweight. At day 23 to 98 days post 

conception (dpc) each group was further split into two groups and fed 
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either high or low protein diets which yielded four treatment groups 

(Low/Low, Low/High, High/Low and High/High) in a 2-way factorial 

design). All dietary acronyms are shown in Table 2.2. Transrectal 

ultrasound was used to determine pregnancy at 34dpc and sex of the 

fetus was determined at 60dpc.  

 

 

Figure 2.3: Diagrammatic representation of diet trial 2x2 factorial design 
(not to scale).
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Table 2.1: The nutrient content and ingredients in the heifer rations. 
Showing the ration for the induction period, peri-conception, post-
conception: days post-conception 23-98 and 2nd & 3rd trimester of 
gestation: days post-conception 98-term (Copping et al., 2014). 

  

Peri-

conception 

(-60-23dpc) 

Post-

conception 

(23-98dpc) 

2nd & 3rd 

Trimester 

(98-(270 to 

290) dpc Ration as fed Induction High Low High Low 

Wheat (kg) 0.66 0.48 1.81 0.56 2.12 0.60 

Canola meal (kg) 2.23 - - - - 0.89 

Soybean meal (kg) - 1.83 0.48 2.14 0.56 0.44 

Barley Straw (kg) 71 6.7 5.5 10.7 10.2 8.6 

Molasses (g) 90 72 72 84 84 60 

Biofos MDCP (g) - - 19 - 22 - 

Salt (g) 15 12 12 14 14 10 

Vitamin / trace mineral 

Premix (g) 
3 2 2 3 3 2 

Dry Matter (kg) 9.12 8.3 7.2 12.3 11.8 9.6 

Total energy (MJ ME) - 71 63 102 98 79 

% of energy 

requirements3 
- 96 85 142 136 125 

Total crude protein (kg) - 1.18 0.62 1.49 0.88 0.92 

% of protein 

requirements3 
- 127 67 123 72 88 

% CP (total diet) - 14.2 8.6 12.1 7.4 9.6 

Total calcium (g) - 26 22 38 37 33 

% of calcium 

requirements3 
- 130 110 190 185 132 

Total phosphorus (g) - 17 17 21 21 20 

% of phosphorus 

requirements3 
- 130 130 160 160 125 

1assumed value 

2predicted value 

3dietary requirements were calculated using Nutrient Requirements of Domesticated 

Ruminants (Freer, 2007). 
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Table 2.2: Dietary treatment groups and acronyms used throughout this 
study. PERI or POST groups are combined during analysis of whole diet 
treatment. 

Full dietary description (Peri-

conception diet/Post-

conception diet) 

Dietary group 

Acronym 

Peri-conception 

Acronym 

Post-conception 

Acronym 

High (14% crude protein) /High 

(14% crude protein) 
HH HPERI HPOST 

High (14% crude protein) /Low 

(7% crude protein) 
HL HPERI LPOST 

Low (7% crude protein) /High 

(14% crude protein) 
LH LPERI HPOST 

Low (7% crude protein) /Low 

(7% crude protein) 
LL LPERI LPOST 

 

2.2.2. Key assumptions 

The key assumptions in this dietary trial relate to the dietary component 

values and the heifer weight. During the PERI diet the calculations were 

based on a 340kg Santa Gertrudis heifer gaining 0.5kg/day. During the 

1st trimester (POST period) the diet calculations were based on a 400kg, 

60 days post-conception Santa Gertrudis heifer gaining 0.5kg/day. The 

2nd and 3rd trimester diets were calculated based upon a 480kg, 200 days 

post-conception Santa Gertrudis heifer gaining 0.5 kg/day. 

The calculations also use the formulated values for the pellet portion of 

the diet but the actual values for the straw portion of the diet. 
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2.2.3. Flow diagram of the experimental design  

The flow diagram shows the Australian cattle experiment with the numbers of heifers at each stage. High protein = 14%, Low protein 

= 7%. HH = High protein/High protein, LL = Low protein/Low protein, HL = High protein/Low protein, LH = Low protein/High protein. 

LPERI = Low peri-conception, HPERI = High peri-conception, LPOST = Low post-conception, HPOST = High post-conception. 
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2.2.4. Sample acquisition at 98 days post conception (98dpc) 

Sample acquisition was carried out by Katrina Copping and sample 

processing was carried out by Dr. Katja Hummitzsch, under the 

supervision of Dr. Viv Perry. The placentae weight and volume were 

incorporated into Katrina Copping PhD thesis. The data we presented in 

this thesis to provide context for the subsequent analysis.  

Heifers (n=46) were slaughtered in a commercial abattoir for human 

consumption at 98dpc and tissues harvested immediately from the kill 

floor. Reproductive tract tissues were immediately collected from the 

uterus and fetus from the kill floor. The placenta was weighed before five 

placentomes of differing sizes were removed from a transection of the 

placenta and weighed. All the placentomes were dissected out of each 

placenta and an emersion method was used to determine the total 

volume of all placentomes.  

Individual bovine placentome samples were fixed in 4% formaldehyde in 

0.1M PBS overnight with a 1:5 tissue to fixative ratio. The placentomes 

were washed 3 times in PBS (0.14M NaCL, 0.03M NaH2PO4, 0.05M 

NaH2PO4) and then transferred to histology cassettes (ProSciTech, 

Thuringowa, QLD, Australia). The dehydrating process was carried out 

using increasing ethanol concentrations from 70% to 100% with a final 

dehydration using two xylene washes (1 hour each) before two transfers 

to molten paraffin (Leica TP1020, Automatic Tissue Processor; 

Nussloch, Germany) for 1 hour each prior to being orientated and 

embedded in paraffin (Paraffin Embedding Station; Nussloch, Germany). 

Each sample was labelled with identifying numbers but no information 

about sample treatment, therefore the histological studies were 

conducted here in an unbiased manner. Three placentomes per heifer 

were randomly chosen for sectioning, ensuring analysis from throughout 

each placenta. 

2.2.5. Sectioning 

Serial sections (10µm thick) were cut by Aziza Alibhai and the candidate 

using an automated rotary microtome (Leica RM2255, Germany). 
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Consecutive sections (4-6) were placed onto polysine microscope 

adhesion slides (Thermo Scientific), 30 slides per placentome were 

created. Consecutive slides were labelled with sample number only (no 

treatment information).   

2.2.6. Isolectin (DBA) histochemical protocol 

Two placentomes were selected from each animal, yielding the following 

numbers per treatment group; N= HH x 6, HL x 7, LH x 7, LL x 7. Every 

8th slide was stained with isolectin dolichos biflorus agglutinin (DBA) to 

identify binucleate cells. This technique ensured that three slides plus a 

negative control (no isolectin) per placentome were analysed. Previous 

samples with successful staining were used as a positive control.  

Sample slides were deparaffinised in xylene for 4 minutes and rehydrated 

using graduation of ethanol: 100%, 90% and 70% (v/v) made with distilled 

H2O, for 4 minutes per solution. Samples were rinsed in dH2O and 

washed twice in 1xPBS for 5 minutes. Parafilm was used throughout the 

staining technique from this point onwards to ensure that tissue sections 

did not dry out.  Peroxidases were blocked by placing the samples in 5% 

(v/v) H2O2 in methanol for 10 minutes and proteins were blocked using 

5% normal goat serum (NGS) in 1xPBS for 30 minutes. The isolectin 

(biotinylated Dolichos biflorus agglutinin (DBA, Vector Laboratories, 

Peterborough, UK) was diluted to 5µg/mL, and 150µl placed on each 

slide at room temperature (RT) for 1 hour. Negative controls received 5% 

(v/v) NGS in 1xPBS instead of the isolectin. 

Following isolectin incubation, the samples were washed twice in 1xPBS 

for 5 minutes and 150µl of AB complex (Vectastain kit, Vector 

Laboratories, Peterborough, UK) was added to each slide for 30 minutes. 

Following two washes in 1xPBS for 5 minutes, DAB was added to the 

tissue for 5 minutes in order to visualise isolectin DBA location.  Following 

washes in dH2O, samples were counterstained in haematoxylin for 3 

seconds before tissue dehydration in ethanol (70, 90 and 100%) for 4 

minutes each. The final dehydration step involved placing the samples in 

xylene for 4 minutes and mounted with a coverslip using DPX mountant.   
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2.2.7. Von Willebrand Factor (VWF) histochemical protocol 

Staining work for this section was carried out by Aziza Alibhai, however 

analysis was carried out by the candidate.  

Placentomes (n=1-2) were selected from each animal. Every tenth slide 

was stained to identify blood vessels, this amounted to 2 slides plus a 

negative control (no primary antibody) slide per placentome. 

Deparaffinisation of the sample was carried out using xylene and tissue 

was rehydrated using three graduations of ethanol between 100% and 

70% (v/v) made with dH2O, 5 minutes per solution. Samples were then 

rinsed in dH2O for 5 minutes. Antigen retrieval was carried out with 5 

minutes of heating in a microwave in 10mM sodium citrate buffer pH 6.0. 

Slides were left to cool for 20 minutes and then washed twice in distilled 

H2O for 5 minutes.  Peroxidases were blocked for 5 minutes using 3 drops 

per slide of peroxidase block (RE7101, Novocastra, Leica, UK).  Slides 

were then washed in 1xPBS buffer for 5 minutes. A volume of 100µl fetal 

calf serum (5% FCS) was added to each slide for 1 hour to reduce 

background non-specific protein staining. The primary antibody (rabbit 

anti-human von Willebrand Factor (VWF, ABCAM, Cambridge UK)) was 

diluted 1/100 in 5% (v/v) FCS (v/v) and 200µl was placed on the slides 

for 1 hour before washing twice in 1xPBS buffer for 5 minutes. Three 

drops per slide of Novocastra post-primary block (Rabbit anti-mouse IgG, 

Novocastra, UK) was added to samples for 30 minutes. After two 5 

minute washes in 1xPBS, DAB was added for 2 minutes then slides were 

washed in dH2O and counter stained in haematoxylin (to indicate nuclei) 

for 3 seconds, prior to tissue dehydration in ethanol (70, 90 and 100%) 

for 5 minutes per graduation before placing the samples in xylene for 5 

minutes and mounting with a coverslip using DPX mountant.   

2.2.8. Massonôs trichrome protocol 

Two placentomes were selected from each animal. Every tenth slide was 

stained to show collagen totalling 2 slides per placentome with the 

following N number per treatment group: HH x 11, HL x 11, LH x 9, LL x 

9.    
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The protocol used a Massonôs trichrome kit (Polysciences Inc., UK). The 

protocol was optimised using the manufacturerôs guidelines as a 

baseline. Sample slides were deparaffinised in xylene for 4 minutes and 

rehydrated using a graduation of ethanol concentrations: 100%, 90% and 

70% (v/v) made with distilled H2O, 4 minutes per solution. Samples were 

washed in 1xPBS for 5 minutes using a trough. The slides underwent a 

mordant in Bouins solution (Polysciences Inc., UK) for 60 minutes at 

60OC. After washing in running tap water for 5 minutes to remove the 

remaining picric acid, the slides were rinsed in dH2O. The slides were 

then placed in a humidified tray and 200µl of haematoxylin (Polysciences 

Inc., UK) was placed over each slide and left for 2 minutes in order to 

stain the nuclei. Slides were then washed in running tap H2O for 5 

minutes and rinsed in dH2O. Slides were incubated with 25% Biebrich 

Scarlet in dH2O (v/v) (Polysciences Inc., UK) for 30 seconds before 

rinsing in dH2O twice. Slides were treated with 5% phoshotungstic acid 

in dH2O (v/v) for 10 minutes to remove the red colouring from the collagen 

and treated directly with 200µl of Light Green (Polysciences Inc., UK) for 

15 minutes. The slides were then rinsed in dH2O before treating with 1% 

acetic acid for 1 minute and rinsing with dH2O.  

The samples were then dehydrated in graduations of alcohol (70%, 90% 

and 100%) for 4 minutes each step. The final dehydration step involved 

placing the samples in xylene for 4 minutes and mounting with a coverslip 

using DPX mountant.   

2.2.9. Image analysis 

Photomicrographs of sections were taken using a DM5000B microscope 

(Leica, Germany) using bright field settings with a 10x magnification 

eyepiece and lens magnifications as stated below.  

Binucleate cells were photographed at 40x magnification and recorded 

using Leica suite imaging software (Application Suite, Leica, Germany). 

Binucleate and mononucleate cells were manually counted and marked 

by a circle in Microsoft Paint programme (Microsoft, UK), to ensure that 

every cell had been counted. Three photomicrographs were analysed per 
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slide; two slides were chosen per placentome (see Fig. 2.4). Proportion 

of cell types were then calculated by dividing by the total number cells 

counted. The estimated proportion of weight for each cell type was 

calculated by multiplying the weight by the proportion of cells. 

Blood vessel slides were initially photographed by Holly Graham 

(undergraduate project student) at 10x magnification and 

photomicrographs taken using an imaging programme (Application Suite, 

Leica, Germany). Blood vessels were measured by manually drawing 

around visible structures using Image Pro software (Media Cybernetics 

Inc., USA) which provided data on perimeter, area and count of blood 

vessels which was be exported to Microsoft Excel programme. All data 

were then checked by the candidate and analysis undertaken.  

Massonôs trichrome photomicrographs were taken at 20x magnification 

with 6 photomicrographs analysed per placentome. Collagen was 

quantified manually with semi-automative detection of colour proportion 

using colormetric application in Image Pro plus software (Media 

Cybernetics Inc., USA). In addition, volume proportions were manually 

determined using a 96 point grid (Fig. 2.5) and identifying 9 categories of 

tissue types. MT (Maternal tissue), FT (Fetal trophoblast), MC (Maternal 

collagen), FC (Fetal collagen), MBV (Maternal blood vessel), FBV (Fetal 

blood vessel), FBN (Fetal binucleate cell), V (Villi), NC (Non-count).  

Total maternal or fetal tissue, as welll as the maternal:fetal tissue ratio 

were also calculated by adding the maternal or fetal components 

together.  



40 
 

 

Figure 2.4: Example of binucleate cell counting A) Original 
photomicrograph showing isolectin Dolichos biflorus agglutinin 
immunohistochemistry and B) Negative control C) Photomicrograph 
following manual classification and cell counts, assisted by Paint 
software. Yellow = binucleate cell, Green = mononucleate cell.  
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Figure 2.5: Massonôs trichrome example photomicrographs in the bovine 
98dpc placentome, showing A) Massonôs trichrome staining, B) example 
of Image Pro analysis of highlighting the area of collagen staining (yellow) 
and C) the 96 point grid counting method. MT (Maternal tissue), FT (Fetal 
trophoblast), MC (Maternal collagen), FC (Fetal collagen), MBV 
(Maternal blood vessel), FBV (Fetal blood vessel), FBC (Fetal binucleate 
cell), V (Villi), NC (Non-count).   
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2.2.10. Tissue density and volume calculations 

To calculate the volume of individual placentomes, equation 2.1 was 

used to calculate the placentome tissue density. No significant 

differences in tissue density were found between dietary groups, sex or 

PERI/POST periods (P>0.05). Overall tissue density average was 

1.084g/mL, therefore tissue density averages were used for sex and 

dietary groups. Equation 2.1 was used to calculate the individual volumes 

using the sex and diet group tissue density averages and the placentome 

weight. 

  

  

Placentome density (g/mL) = Placenta weight (g) / Placenta volume (mL) 

 

Equation 2.1: Equation relating tissue density, volume and weight. 
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2.2.11.  Flow diagram showing numbers of hefiers in each analysis 

This flow diagram shows the histological analysis of placentomes at 98 

days post conception, showing the number of heifers in each analysis 

and diet group. Dpc = days post conception. High protein = 14%, Low 

protein = 7%. HH = High protein/High protein, LL = Low protein/Low 

protein, HL = High protein/Low protein, LH = Low protein/High protein. 

LPERI = Low peri-conception, HPERI = High peri-conception, LPOST = 

Low post-conception, HPOST = High post-conception. M = male, F = 

female. 

 

 

2.2.12. Statistical analysis 

Statistical analysis was carried out using one-way and two-way analysis 

of variance tests (ANOVA) for diet group, PERI/POST period of dietary 

treatment and offspring sex as appropriate. Statistical analysis with 

blocking for animal ID was considered but not chosen for final analyses. 

P values of less than 0.05 were considered significant. Post-hoc analysis 

(Bonferroni) was carried out to determine where differences lay. Bartlett's 

test for homogeneity of variances was carried out to confirm equal 
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variance across the group. While qladder plots using STATA (version 14, 

StataCorp, Texas) were carried out to determine normality. 

Data that was not normally distributed was transformed by STATA 

(version 14, StataCorp, Texas) as appropriate. Placentome volume (mL) 

was not normally distributed within the sexes, however transformation of 

the data did not affect the significance level already calculated. Blood 

vessel area, perimeter and count were not normally distributed, however 

transforming by logging the data did not affect the significance level 

statistical tests were applied. Statistical analyses carried out using 

Genstat software (version 17, VSN International Ltd., UK) and plotted 

using Prism software (Prism 6, GraphPad, USA). 

2.3. Results 

2.3.1. The effect of diet on placenta weight, volume and density 

At collection, the placentae were weighed and wet weight was obtained 

by Katrina Copping. This placentome weight and volume data forms part 

of her thesis and this is acknowledged here. The data are included for 

use in the incorporation of the other placentome charcteristics quantified 

in this study.  

The placentomes that were removed from each placenta were also 

weighed (wet weight only) and processed for histology/frozen for 

molecular analysis. Combining both the placenta weight plus the weights 

of the removed placentomes yielded the total weight of the placenta (Fig. 

2.6C). Maternal dietary protein levels did not affect total placenta wet 

weights from diet within either of the sexes or individual dietary groups 

(P>0.05), however the HPOST diet was associated with a modest 

increase in placental weight (P=0.032, Fig. 2.6).  

The total volume of the placentomes are shown in Fig. 2.7. Although 

there was an increase in placental volume in the HH diet group relative 

to the other treatment groups this did not reach significance (P=0.053; 

Fig. 2.7A) with no interaction with sex (P>0.05; Fig. 2.7B), and PERI and 

POST diets showed no significant difference when separated by sex or 

not separated (P>0.05, Fig. 2.7C-D). Data assessed by Katrina Copping. 

A 

B 

C 
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Placentome wet weight is shown in Fig. 2.8 and was significantly 

increased in the HH group compared to the HL diet (P<0.05). HPOST 

group also showed a significant increase in placental weight compared 

to LPOST (P=0.023). There was no interaction with fetal sex and whole 

diet, PERI or POST period (P>0.05). 
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Figure 2.6: The effect of dietary protein level (High = 14% or Low = 7% crude protein) on 98 dpc placental weight. A) 
Weight by whole dietary treatment, B) Weight by whole dietary treatment and offspring sex C) Weight by peri- or post-
conception dietary period, D) Weight by peri- or post-conception dietary period and offspring sex. HH = High protein/High 
protein, LL = Low protein/Low protein, HL = High protein/Low protein, LH = Low protein/High protein. LPERI = Low peri-
conception, HPERI = High peri-conception, LPOST= Low post-conception, HPOST= High post-conception. Data values 
represent mean±SEM. (ANOVA, * represents P<0.05). Data was collected by Katrina Copping.
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Figure 2.7: The effect of dietary protein level (High = 14% or Low = 7% crude protein) on 98 dpc total placentome 
volume. A) Volume by whole dietary treatment, B) Volume by whole dietary treatment and offspring sex, C) Volume by 
peri- or post-conception dietary period, D) Volume by peri- or post-conception dietary period and offspring sex. HH = 
High protein/High protein, LL = Low protein/Low protein, HL = High protein/Low protein, LH = Low protein/High protein. 
LPERI = Low peri-conception, HPERI = High peri-conception, LPOST = Low post-conception, HPOST = High post-
conception. Data values are mean±SEM (ANOVA P>0.05). Data was collected by Katrina Copping.
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Figure 2.8: The effect of dietary protein level (High = 14% or Low = 7% crude protein) on 98 dpc placentome weight. A) 
weight by whole dietary treatment, B) weight by whole dietary treatment and offspring sex, C) weight by peri- or post-
conception dietary period, D) weight by peri- or post-conception dietary period and offspring sex. HH = High protein/High 
protein, LL = Low protein/Low protein, HL = High protein/Low protein, LH = Low protein/High protein. LPERI = Low peri-
conception, HPERI = High peri-conception, LPOST = Low post-conception, HPOST = High post-conception. Data values 
represent mean±SEM. (ANOVA, * represents P<0.05, ** represents P<0.01). Data was collected by Katrina Copping.
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2.3.2. The effect of diet on placental collagen 

There were no observed effects of individual dietary treatments upon the 

proportion of collagen within placentomes when the sexes were 

considered together, or when sexes were separated (P>0.05; Fig. 2.9A 

and B). The LPERI diet significantly increased the proportion of collagen 

in placentomes compared to the HPERI (P=0.044, Fig. 2.9C) but no 

effect when sexes were separated (P>0.05, Fig. 2.9D). No significant 

effects were found for diet, sex or PERI/POST period in the proportion of 

placentome weight that is collagen (P>0.05; Fig. 2.10).  
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Figure 2.9: The proportion of collagen in placentomes taken from heifers fed on either High = 14% or Low = 7% crude 
protein diet peri- or post-conception.  HH = High protein/High protein (N=6), LL = Low protein/Low protein (N=7), HL = 
High protein/Low protein (N=8), LH = Low protein/High protein (N=7). LPERI = Low peri-conception (N=15), HPERI = 
High peri-conception (N=13), LPOST = Low post-conception (N=14), HPOST = High post-conception (N=14). A) Both 
male and female placentomes compared by whole dietary period. B) Separated male and female placentomes by whole 
dietary treatment. C) Both male and female placentomes separated by peri- or post-conceptual dietary periods, D) 
Separated male and female placentomes in peri- or post-conceptual dietary periods. Data values are mean±SEM. 
(ANOVA, * represents P<0.05).
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Figure 2.10: The estimated weight of collagen in placentomes taken from heifers fed on either High = 14% or Low = 7% 
crude protein diet peri- or post-conception. HH = High protein/High protein (N=6), LL = Low protein/Low protein (N=7), 
HL = High protein/Low protein (N=8), LH = Low protein/High protein (N=7). LPERI = Low peri-conception (N=15), HPERI 
= High peri-conception (N=13), LPOST = Low post-conception (N=14), HPOST = High post-conception (N=14). A) Both 
male and female offspring placentomes compared by whole dietary period. B) Separated male and female offspring 
placentomes by whole dietary treatment. C) Both male and female offspring placentomes separated by peri- or post-
conception dietary periods. D) Separated male and female offspring placentomes in peri- or post-conception dietary 
periods. Data values are mean±SEM (ANOVA, P>0.05).
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2.3.3. The effect of diet on the placental binucleate cells 

Binucleate and mononucleate cell proportion was not normally distributed 

within the sexes, so the Box-Cox transformation was used to improve the 

normality for statistical analysis (Box and Cox, 1964, Osborne, 2010). 

Untransformed data are plotted in Fig. 2.11. The results hereafter 

referring to the proportion of mononucleate and binucleate cells refer to 

that transformed by the Box-Cox equations (Box and Cox, 1964). Those 

results referring to the proportion of weight or volume refers to 

untransformed data. Dietary group and peri- or post-conception had no 

effect on the proportion of binucleate cells (P>0.05, Fig. 2.11). The 

estimated binucleate cell proportion of weight was greater in the HH diet 

compared to the LL and HL diets, as shown in Fig. 2.11 (P=0.030). 

HPOST diet similarly increased binucleate cell weight of the placentome 

(P=0.012). Despite this, the HH dietary treatment increased the 

estimated mononucleate cell proportion of the placentome weight 

compared to the HL diet (P=0.029). This was also shown in the HPOST 

group compared to the LPOST group (P=0.010, Fig. 2.13). Estimated 

mononucleate cell volume was greater in the HH compared to the LL diet 

group (Fig. 2.13, P<0.01) but HPOST mononulceate cell volume only 

inceased in female offspring (Fig. 2.13F). Combined sexes showed 

increased HPOST cell volumes in both binucleate and mononucleate 

cells (Fig. 2.13).  
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Figure 2.11: The effect of dietary protein level on binucleate and mononucleate cell proportion or weight on day 98 of 
gestation from bovine placentomes. High = 14% or Low = 7% crude protein diet. HH = High protein/High protein (N=7), 
LL = Low protein/Low protein (N=6), HL = High protein/Low protein (N=7), LH = Low protein/High protein (N=7). The 
proportion of binucleate or mononucleate cells per dietary treatment from (A) both sexes; (B) with male offspring only 
and (C) with female offspring only. The weight of binucleate or mononucleate cells counted per dietary treatment from 
(D) both sexes; (E) with male offspring only and (F) with female offspring only. Data values are mean ± SEM (ANOVA, 
* represents P<0.05). 
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Figure 2.12: The effect of dietary protein level on binucleate and mononucleate cell proportion of placentome volume 
on 98 days post conception from bovine placentomes. High = 14% or Low = 7% crude protein diet. HH = High 
protein/High protein (N=7), LL = Low protein/Low protein (N=6), HL = High protein/Low protein (N=7), LH = Low 
protein/High protein (N=7). LPERI = Low peri-conception (N=13), HPERI = High peri-conception (N=14), LPOST = Low 
post-conception (N=13), HPOST = High post-conception (N=14). The proportion of volume of binucleate or 
mononucleate cells per dietary treatment from (A) both sexes; (B) with male offspring only and (C) with female offspring 
only. The volume of binucleate or mononucleate cells counted per peri-conception or post-conception period from (D) 
both sexes; (E) with male offspring only and (F) with female offspring only. Data values are mean ± SEM (ANOVA, * 
represents P<0.05, ** represents P<0.01). 
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Figure 2.13: The effect of dietary protein level on binucleate and mononucleate cell proportion or weight on day 98 of 
gestation from bovine placentomes. High =14% or Low = 7% crude protein diet. LPERI = Low peri-conception (N=13), 
HPERI = High peri-conception (N=14), LPOST = Low post-conception (N=13), HPOST = High post-conception (N=14). 
A) Proportion of binucleate or mononucleate cells per peri- or post-conception dietary treatment. B) Proportion of 
binucleate or mononucleate cells counted per peri- or post-conception dietary treatment within placentomes from male 
offspring. C) Proportion of binucleate or mononucleate cells counted per peri- or post-conception dietary treatment within 
placentomes from female offspring. D) Estimated weight of binucleate or mononucleate cells counted per peri- or post-
conception dietary treatment. E) Estimated weight of binucleate or mononucleate cells counted per peri- or post-
conception dietary period within placentomes from male offspring. F) Estimated weight of binucleate or mononucleate 
cells counted per peri- or post-conception dietary period within placentomes from female offspring. Data values are 
mean ± SEM (ANOVA, * represents P<0.05). 
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2.3.4. The effect of diet on the placental blood vessels 

Blood vessel analysis showed no significant difference in area, perimeter 

or count between different dietary groups or between the PERI/POST 

periods diet (Fig. 2.14). When offspring sexes were separately analysed 

the data similarly showed no significant effect from dietary treatment.   

In contrast, the HPERI diet (in comparison to the LPERI diet) increased 

the proportion of placentome tissue occupied by blood vessels and the 

sum of blood vessel area, (Fig. 2.15, P<0.05). But when the offspring 

sexes were separated there was no effect of diet on the proportion of 

blood vessels (P>0.05). 
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Figure 2.14: Blood vessel analysis in 98 dpc bovine placentomes under different dietary protein levels. Low = 7% crude 
protein, High = 14% crude protein. HH = High protein/High protein (N=11), LL = Low protein/Low protein (N=9), HL = 
High protein/Low protein (N=11), LH = Low protein/High protein (N=9). Peri = peri-conception Post = post-conception. 
A) Average blood vessel perimeter per dietary treatment. B) Average blood vessel area per dietary treatment C) Average 
sum of blood vessel area per dietary treatment. D) Average blood vessel count per dietary treatment. E) Average 
proportion of blood vessels per dietary treatment. Data values are mean ±SEM (ANOVA, P>0.05).
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Figure 2.15: Blood vessel analysis in 98 dpc bovine placentomes under different dietary protein levels.  Low = 7% crude 
protein, High = 14% crude protein. Peri = peri-conception Post = post-conception. LPERI = Low protein peri-conception 
(N=18), HPERI = High peri-conception (N=22), LPOST = Low post-conception (N=20), HPOST = High post-conception 
(N=20).  A) Average blood vessel perimeter per dietary treatment. B) Average blood vessel area per dietary treatment 
C) Average sum of blood vessel area per dietary treatment. D) Average blood vessel count per dietary treatment. E) 
Average proportion of blood vessels per dietary treatment. Data values are mean ±SEM (ANOVA, P>0.05). Data values 
are mean±SEM (ANOVA, * represents P<0.05).
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2.3.5. The effect of diet on the proportion of maternal or fetal 

tissue 

The 96 point counts per photomicrograph were added together and the 

proportion of each component calculated per placentome. Whole diet 

effects are shown in Fig. 2.16 and separated values for either male or 

female fetuses are shown in Fig. 2.17 and Fig. 2.18. Placentome volumes 

(mL) are shown for each component in Table 2.3-2.11. There was no 

effect of diet on maternal tissue (MT) relative volume density (P>0.05, 

Fig. 2.16) but there was an interaction between diet and sex (P=0.043, 

Fig. 2.17A and Fig. 2.18A). There was no observed effect of PERI/POST 

dietary treatment on the MT relative volume density (P>0.05, Fig. 2.16B), 

however there was an interaction with sex and PERI diet (P=0.025, Fig. 

2.17A and Fig. 2.18A). MT volume (mL) showed a dietary effect 

(P=0.019, Table 2.3) but no interactions with sex (P>0.05, Table 2.3). 

HPOST diet showed a significant increase in volume (P=0.014, Table 

2.3), although no interactions with sex (P>0.05, Table 2.3).  

No effect of whole dietary protein treatment was observed on MC 

(maternal collagen) relative volume density (Pa/Pt) (P>0.05, Fig. 2.16), 

but there was a significant effect of PERI/POST period dietary treatment 

(P=0.031, Fig. 2.16B) and an interaction with sex (P=0.033, Fig. 2.17, 

Fig. 2.18). In contrast, no effect was observed on the MC volume (mL) 

from the whole dietary treatment or PERI/POST dietary treatment period 

(P>0.05, Table 2.4). 

Dietary treatment did not affect fetal trophoblast (FT) relative volume-

density (Pa/Pt) (P>0.05, Fig. 2.16) when considered by group or dietary 

period. FT volume (mL) showed a significant effect of diet (P=0.009, 

Table 2.5), with HH diet showing a greater volume than HL, LH or LL. 

HPOST diet showed a significant increase in the FT volume compared to 

the low protein diet (P=0.024, Table 2.5).  

There was no effect of diet or sex upon fetal collagen (FC) relative volume 

density (Pa/Pt) (P>0.05). FC volume (mL) similarly showed no effect from 

diet or sex (P>0.05, Table 2.6). 
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There was no effect of dietary period (PERI/POST) or dietary treatment 

group upon fetal connective tissue (FCT) relative volume-density 

(P>0.05, Fig. 2.16). FCT volume (mL) was not normally distributed and 

was improved by log transformation. This transformed volume was 

significantly increased from the dietary treatment (P=0.038) and in the 

HPOST diet increased the volume compared to the LPOST (P=0.037, 

Table 2.7). There was no effect of diet upon fetal binucleate cells (FBN) 

relative volume-density (Pa/Pt), however there was a significant 

interaction between diet and sex (P=0.01). The dietary periods peri- or 

post-conception period had no effect upon FBN volume (mL) (P>0.05, 

Table 2.8). There was no effect of diet or sex upon fetal blood vessel 

(FBV) relative volume-density (Pa/Pt) and volume (mL) (P>0.05, Table 

2.9).  There was no effect of dietary treatment upon maternal blood vessel 

(MBV) relative volume density (Pa/Pt) or MBV volume (Table 2.10). 

There was however a significant interaction between POST diet and sex 

upon MBV relative volume density (P=0.043). Villi relative volume density 

(Pa/Pt) showed a trend towards an effect from PERI diet (P=0.051), 

however no other significant results (P>0.05, Fig. 2.16). Villi volume (mL) 

similarly had no effect from diet or sex (P>0.05, Table 2.11).  
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Figure 2.16: Relative volume-densities (Pa/Pt) in 98 dpc bovine 
placentomes under different dietary protein levels. Low (L) = 7% crude 
protein, High (H) = 14% crude protein. HH = High protein/High protein 
(N=11), LL = Low protein/Low protein (N=9), HL = High protein/Low 
protein (N=11), LH = Low protein/High protein (N=9). Peri = peri-
conception Post = post-conception. LPERI = Low peri-conception 
(N=18), HPERI = High peri-conception (N=22), LPOST = Low post-
conception (N=20), HPOST = High post-conception (N=20). MT 
(Maternal tissue), FT (Fetal trophoblast), MC (Maternal collagen), FC 
(Fetal collagen), MBV (Maternal blood vessel), FBV (Fetal blood vessel), 
FBN (Fetal binucleate cell), V (Villi). A) Relative volume densities of 
placentome components by dietary protein treatment. B) Relative volume 
densities of placentome components by peri- or post-conception dietary 
protein treatment. Data values are mean±SEM (ANOVA, * represents 
P<0.05). 
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Figure 2.17: Relative volume densities (Pa/Pt) in 98 dpc bovine 
placentomes under different dietary protein levels and by sex of offspring. 
Low = 7% crude protein, High = 14% crude protein. HH = High 
protein/High protein (N=M:6, F:5), LL = Low protein/Low protein (N=M:3, 
F:6), HL = High protein/Low protein (N= M:6, F:5), LH = Low protein/High 
protein (N= M:5, F:4).  MT (Maternal tissue), FT (Fetal trophoblast), MC 
(Maternal collagen), FC (Fetal collagen), MBV (Maternal blood vessel), 
FBV (Fetal blood vessel), FBN (Fetal binucleate cell), V (Villi). A) Male 
relative volume densities of placentome components by dietary protein 
treatment. B) Female relative volume densities of placentome 
components by dietary protein treatment. Data values are mean±SEM 
(ANOVA, * represents P<0.05). 
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Figure 2.18: Relative volume densities (Pa/Pt) in 98 dpc bovine 
placentomes under different dietary protein levels during peri- or post-
conception period and by sex of offspring. Low = 7% crude protein, High 
= 14% crude protein. Peri = peri-conception Post = post-conception. 
LPERI = Low peri-conception (N=M:8, F:10), HPERI = High peri-
conception (N= M:12, F:10), LPOST = Low post-conception (N= M:9, 
F:11), HPOST = High post-conception (N= M:11, F:9). MT (Maternal 
tissue), FT (Fetal trophoblast), MC (Maternal collagen), FC (Fetal 
collagen), MBV (Maternal blood vessel), FBV (Fetal blood vessel), FBN 
(Fetal binucleate cell), V (Villi). A) Male relative volume densities of 
placentome components by peri- or post-conception dietary protein 
treatment. B) Female relative volume densities of placentome 
components by peri- or post-conception dietary protein treatment. Data 
values are mean±SEM (ANOVA, * represents P<0.05).
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Table 2.3: Table of means±SEM for Maternal Tissue (MT) volume 
combined diet and/or sex. 

 Diet/MT Volume (mL) 

Sex HH HL LH LL 

Combined 2.41±0.25a* 1.51±0.17b* 1.81±0.05b* 1.67±0.23b* 

Male 2.40±0.42 1.41±0.16 1.87±0.05 2.31±0.52 

Female 2.41±0.27 1.60±0.29 1.75±0.05 1.35±0.18 

 All diet groups 

Male 1.96±0.18 

Female 1.76±0.14 

 LPERI HPERI LPOST HPOST 

Combined 1.74±0.16 1.94±0.16 1.58±0.14a* 2.14±0.17b* 

Male 2.04±0.28 1.91±0.24 1.71±0.22 2.16±0.28 

Female 1.52±0.17 1.97±0.21 1.48±0.17 2.11±0.21 

Low = 7% crude protein, High = 14% crude protein. HH = High 
protein/High protein, LL = Low protein/Low protein, HL = High 
protein/Low protein, LH = Low protein/High protein. LPERI = Low protein 
peri-conception, HPERI = High peri-conception, LPOST = Low post-
conception, HPOST = High post-conception. Different letters indicate 
significance across rows. * indicates P<0.05, ** indicates P<0.01. 
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Table 2.4: Table of means±SEM for maternal collagen (MC) volume for 
overall diet and/or sex. 

 Diet/MC volume (mL) 

Sex HH HL LH LL 

Combined 0.73±0.12 0.53±0.06 0.70±0.07 0.69±0.13 

Male 0.79±0.20 0.54±0.10 0.70±0.11 0.95±0.29 

Female 0.66±0.14 0.52±0.09 0.71±0.08 0.55±0.14 

 All diet groups 

Male 0.72±0.08 

Female 0.60±0.06 

 LPERI HPERI LPOST HPOST 

Combined 0.69±0.07 0.59±0.07 0.72±0.07 0.60±0.07 

Male 0.79±0.13 0.66±0.11 0.74±0.12 0.68±0.12 

Female 0.62±0.09 0.59±0.08 0.68±0.08 0.54±0.08 

Low = 7% crude protein, High = 14% crude protein. HH = High 
protein/High protein, LL = Low protein/Low protein, HL = High 
protein/Low protein, LH = Low protein/High protein. LPERI = Low protein 
peri-conception, HPERI = High peri-conception, LPOST = Low post-
conception, HPOST = High post-conception. ANOVA, P>0.05. 
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Table 2.5: Table of means±SEM for Fetal Trophoblast (FT) volume for 
combined diet and/or sex. 

 Diet/FT Volume (mL) 

Sex HH HL LH LL 

Combined 1.40±0.16a** 0.85±0.14b** 0.86±0.10b** 0.81±0.16b** 

Male 1.67±0.25 0.73±0.12 0.78±0.14 1.20±0.43 

Female 1.11±0.16 0.96±0.24 0.94±0.15 0.61±0.09 

 All diet groups 

Male 1.09±0.13 

Female 0.90±0.09 

 LPERI HPERI LPOST HPOST 

Combined 0.83±0.09 1.11±0.11 0.79±0.10a* 1.15±0.11b* 

Male 0.94±0.18 1.20±0.17 0.89±0.17 1.26±0.18 

Female 0.75±0.09 1.11±0.15 0.83±0.13 1.03±0.11 

Low = 7% crude protein, High = 14% crude protein. HH = High 
protein/High protein, LL = Low protein/Low protein, HL = High 
protein/Low protein, LH = Low protein/High protein. LPERI = Low protein 
peri-conception, HPERI = High peri-conception, LPOST = Low post-
conception, HPOST = High post-conception. Different letters indicate 
significance across rows. * indicates P<0.05, ** indicates P<0.01. 
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Table 2.6: Table of means±SEM for Fetal Collagen (FC) volume for 
combined diet and/or sex. 

 Diet/FC Volume (mL) 

Sex HH HL LH LL 

Combined 0.11±0.02 0.07±0.01 0.08±0.02 0.07±0.02 

Male 0.14±0.02 0.06±0.01 0.09±0.02 0.11±0.04 

Female 0.08±0.03 0.07±0.02 0.07±0.02 0.05±0.01 

 All diet groups 

Male 0.10±0.01 

Female 0.07±0.01 

 LPERI HPERI LPOST HPOST 

Combined 0.08±0.011 0.09±0.01 0.07±0.01 0.10±0.01 

Male 0.10±0.019 0.10±0.01 0.08±0.02 0.12±0.02 

Female 0.06±0.011 0.07±0.02 0.06±0.01 0.07±0.02 

Low = 7% crude protein, High = 14% crude protein. HH = High 
protein/High protein, LL = Low protein/Low protein, HL = High 
protein/Low protein, LH = Low protein/High protein. LPERI = Low protein 
peri-conception, HPERI = High peri-conception, LPOST = Low post-
conception, HPOST = High post-conception. ANOVA, P>0.05.
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Table 2.7: Table of means±SEM for Fetal Connective tissue (FCT) 
volume for combined diet and/or sex. 

 Diet/FCT Volume (mL) 

Sex HH HL LH LL 

Combined 1.47±0.19a* 1.02±0.13b* 0.96±0.10 b* 0.94±0.15 b* 

Male 1.64±0.33 0.88±0.13 0.85±0.10 1.14±0.40 

Female 1.29±0.17 1.15±0.22 1.09±0.16 0.85±0.12 

 All diet groups 

Male 1.14±0.13 

Female 1.09±0.09 

 

Peri-

Conception 

Low 

Peri-

Conception 

High 

Post-

Conception 

Low 

Post-

Conception 

High 

Combined 0.95±0.09 1.23±0.12 0.99±0.10a* 1.24±0.12b* 

Male 0.96±0.16 1.26±0.19 0.96±0.16 1.28±0.2 

Female 0.95±0.10 1.21±0.14 1.00±0.13 1.20±0.12 

Low = 7% crude protein, High = 14% crude protein. HH = High 
protein/High protein, LL = Low protein/Low protein, HL = High 
protein/Low protein, LH = Low protein/High protein. LPERI = Low protein 
peri-conception, HPERI = High peri-conception, LPOST = Low post-
conception, HPOST = High post-conception. Different letters indicate 
significance across rows. * indicates P<0.05. 
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Table 2.8: Table of means±SEM for Fetal Binucleate cell (FBN) volume 
for combined diet and/or sex. 

 Diet/FBN Volume (mL) 

Sex HH HL LH LL 

Combined 0.15±0.02 0.11±0.01 0.11±0.02 0.11±003 

Male 0.18±0.03 0.12±0.02 0.09±0.04 0.14±0.07 

Female 0.12±0.02 0.10±0.01 0.14±0.02 0.10±0.02 

 All diet groups 

Male 0.13±0.02 

Female 0.11±0.01 

 LPERI HPERI LPOST HPOST 

Combined 0.11±0.02 0.13±0.01 0.11±0.01 0.13±0.01 

Male 0.11±0.03 0.15±0.02 0.13±0.03 0.14±0.03 

Female 0.12±0.02 0.11±0.01 0.10±0.01 0.13±0.02 

Low = 7% crude protein, High = 14% crude protein. HH = High 
protein/High protein, LL = Low protein/Low protein, HL = High 
protein/Low protein, LH = Low protein/High protein. LPERI = Low protein 
peri-conception, HPERI = High peri-conception, LPOST = Low post-
conception, HPOST = High post-conception. ANOVA, P>0.05. 
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Table 2.9: Table of means±SEM for Fetal Blood vessel (FBV) volume for 
combined diet and/or sex. 

 Diet/FBV Volume (mL) 

Sex HH HL LH LL 

Combined 0.03±0.01 0.02±0.01 0.01±0.00 0.02±0.01 

Male 0.03±0.01 0.02±0.01 0.01±0.01 0.02±0.01 

Female 0.03±0.01 0.03±0.01 0.02±0.01 0.02±0.01 

 All diet groups 

Male 0.02±0.00 

Female 0.03±0.01 

 LPERI HPERI LPOST HPOST 

Combined 0.02±0.00 0.03±0.00 0.02±0.00 0.02±0.00 

Male 0.01±0.00 0.02±0.00 0.02±0.00 0.02±0.00 

Female 0.02±0.01 0.03±0.01 0.02±0.01 0.03±001 

Low = 7% crude protein, High = 14% crude protein. HH = High protein/High 
protein, LL = Low protein/Low protein, HL = High protein/Low protein, LH = Low 
protein/High protein. LPERI = Low protein peri-conception, HPERI = High peri-
conception, LPOST = Low post-conception, HPOST = High post-conception. 
ANOVA, P>0.05.
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Table 2.10: Table of means±SEM for Maternal Blood vessel (MBV) 
volume for combined diet and/or sex. 

 Diet/MBV Volume (mL) 

Sex HH HL LH LL 

Combined 0.04±0.01 0.03±0.01 0.05±0.01 0.04±0.01 

Male 0.05±0.01 0.02±0.01 0.05±0.01 0.04±0.01 

Female 0.03±0.01 0.03±0.01 0.05±0.02 0.04±0.02 

 All diet groups 

Male 0.04±0.01 

Female 0.04±0.01 

 LPERI HPERI LPOST HPOST 

Combined 0.05±0.01 0.03±0.00 0.03±0.01 0.05±0.01 

Male 0.05±0.01 0.04±0.01 0.03±0.01a* 0.05±0.01b* 

Female 0.05±0.01 0.03±0.01 0.04±0.01 0.04±0.01 

Low = 7% crude protein, High = 14% crude protein. HH = High 
protein/High protein, LL = Low protein/Low protein, HL = High 
protein/Low protein, LH = Low protein/High protein. LPERI = Low protein 

peri-conception, HPERI = High peri-conception, LPOST = Low post-conception, 

HPOST = High post-conception. Different letters indicate significance 
across rows. * indicates P<0.05 
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Table 2.11: Table of means±SEM for Villi volumes for combined diet 
and/or sex. 

 Diet/Villi Volume (mL) 

Sex HH HL LH LL 

Combined 0.28±0.12 0.14±0.08 0.07±0.02 0.05±0.01 

Male 0.39±0.22 0.05±0.02 0.05±0.02 0.09±0.04 

Female 0.16±0.07 0.22±0.15 0.09±0.04 0.03±0.01 

 All diet groups 

Male 0.16±0.07 

Female 0.13±0.05 

 LPERI HPERI LPOST HPOST 

Combined 0.06±0.01 0.21±0.07 0.10±0.05 0.19±0.07 

Male 0.07±0.02 0.22±0.11 0.07±0.02 0.24±0.12 

Female 0.06±0.02 0.19±0.08 0.13±0.08 0.13±0.04 

Low = 7% crude protein, High = 14% crude protein. HH = High protein/High 
protein, LL = Low protein/Low protein, HL = High protein/Low protein, LH = Low 
protein/High protein. LPERI = Low protein peri-conception, HPERI = High peri-
conception, LPOST = Low post-conception, HPOST = High post-conception. 
ANOVA, P>0.05.
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To look at the overall proportions of maternal or fetal tissue, components 

were combined and shown in Fig. 2.19, Fig. 2.20, Fig. 2.21, Fig. 2.22. 

The dietary group, PERI/POST or offspring sex had no influence on the 

relative volume-density of connective tissue (P>0.05). There was a 

modest increase in connective tissue volume (mL) as a consequence of 

the HH diet (P=0.051). As before, connective tissue volume was not 

normally distributed, and the data was therefore log-transformed. This 

showed a significantly greater volume in the HH diet compared to the 

other groups (P=0.038). The HPOST group also showed a significantly 

greater volume compared to the LPOST (P=0.037). 

No effect was found on the relative volume density of maternal tissue 

from the whole diet group (P>0.05), however HPERI diet reduced the 

proportion of maternal tissue (P=0.045). Maternal volume (mL) was 

significantly increased in the HH dietary treatment group (P=0.048). The 

HPOST treatment similarly showed an increase in maternal volume 

compared to LPOST (P=0.020). 

Fetal tissue relative volume density was unaffected by diet, sex or 

PERI/POST period (P>0.05). Yet, HH diet significantly increased the fetal 

volume (mL) (P=0.007). Both the HPERI (P=0.038) and HPOST 

(P=0.033) period increased fetal volume. 
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Figure 2.19: Combined maternal, fetal and connective tissue relative 
volume densities (Pa/Pt) in bovine 98 dpc placentomes under different 
dietary protein levels for both combined offspring sexes and separate 
offspring sexes. Low = 7% crude protein, High = 14% crude protein. HH 
= High protein/High protein, LL = Low protein/Low protein, HL = High 
protein/Low protein, LH = Low protein/High protein. A) Relative volume 
densities of both offspring sexes by dietary treatment. B) Relative volume 
densities of male offspring placentomes by dietary treatment. C) Relative 
volume densities of female offspring placentomes by dietary treatment. 
Data values are mean±SEM. 
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Figure 2.20: Combined maternal, fetal and connective tissue volumes 
(mL) in bovine 98 dpc placentomes under different dietary protein levels 
for both combined offspring sexes and separate offspring sexes. Low = 
7% crude protein, High = 14% crude protein. HH = High protein/High 
protein, LL = Low protein/Low protein, HL = High protein/Low protein, LH 
= Low protein/High protein. Peri = peri-conception Post = post-
conception. A) volumes (mL) of both offspring sexes by dietary treatment. 
B) volumes (mL) of male offspring placentomes by dietary treatment. C) 
volumes (mL) of female offspring placentomes by dietary treatment. Data 
values are mean±SEM. ANOVA, * represents P<0.05, ** represents 
P<0.01. 
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Figure 2.21: Combined maternal, fetal and connective tissue relative 
volume densities (Pa/Pt) in bovine 98 dpc placentomes under peri- or 
post-conception dietary protein levels for both combined offspring sexes 
and separate offspring sexes. Low = 7% crude protein, High = 14% crude 
protein. HH = High protein/High protein. Peri = peri-conception Post = 
post-conception. A) Relative volume densities of both offspring sexes by 
peri- or post-conception dietary treatment. B) Relative volume densities 
of male offspring placentomes by peri- or post-conception dietary 
treatment. C) Relative volume densities of female offspring placentomes 
by peri- or post-conception dietary treatment. Data values are 
mean±SEM. ANOVA, * represents P<0.05. 
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Figure 2.22: Combined maternal, fetal and connective tissue volumes 
(mL) in bovine 98 dpc placentomes under peri- or post-conception dietary 
protein levels for placentomes of both offspring sexes and separate 
offspring sexes. Low = 7% crude protein, High = 14% crude protein. HH 
= High protein/High protein, LL = Low protein/Low protein, HL = High 
protein/Low protein, LH = Low protein/High protein. Peri = peri-
conception Post = post-conception.  A) volumes (mL) of both offspring 
sexes by dietary treatment. B) volumes (mL) of male offspring 
placentomes by dietary treatment. C) volumes (mL) of female offspring 
placentomes by dietary treatment. Data values are mean±SEM. ANOVA, 
* represents P<0.05. 
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2.4. Discussion 

The bovine placenta is a critical component in fetal development and in 

ensuring the maintenance of a successful pregnancy (Aires et al., 2014, 

Chavatte-Palmer et al., 2012). The placenta has been shown to be 

adaptive in order to maintain a sufficient supply of nutrients to the fetus 

(Belkacemi et al., 2010). The present study investigated the influences of 

dietary protein level on the morphology of the placenta at 98 dpc, also 

taking into account the sex of the offspring and investigating both the 

maternal and fetal tissues. 

In this current study, the weights and placentome total volume was 

collected by Katrina Copping. The high dietary protein treatment had no 

effect on placenta weights when the data was analysed by group or by 

PERI/POST treatment period (P>0.05). The HPOST diet showed a 

greater placentome volume (mL) compared to the LPOST diet group 

(P=0.032), which was similarly shown in the HH dietary treatment 

(P=0.053). Although the volume was affected by diet in the first trimester 

(POST) in this current study, the lack of effect upon placental weight was 

dissimilar to the study by Sullivan et al. (2009b) which found that high 

dietary protein increased the placenta weight in the first trimester. The 

measurements by Sullivan et al. (2009b) were taken at term rather than 

at the end of the first trimester, as was the case in this current study. As 

the effects observed by Sullivan et al. (2009b) were therefore only 

observed in the fetal (cotyledon) component of the placentome the effects 

seen the whole placentome may have differed. The Sullivan et al. (2009b) 

study also used a high protein measurement of 250% NRC requirement 

and a low protein amounts of 75% NRC requirement during the first 

trimester treatment compared to the 123% versus 72% NRC used in this 

study (Sullivan et al., 2009b). This larger difference in protein levels could 

induce greater definitive growth differences. The difference in breed used 

in this study compared to that in the Sullivan study may also have 

influenced the results, as the two beef breeds chosen in the Sullivan 

study varied in response to the diet (Sullivan et al., 2009b). This 

discrepancy suggests that the effects of dietary protein in the first 
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trimester influence the growth of the placenta and that this may be carried 

through to term, but the volume may be seen to be affected earlier than 

the weight. These findings also suggest that the placental volume might 

be an early indicator of a functional effect and may be a more accurate 

placental measurement than weight. 

In this current study, the tissue density was calculated by the use of the 

total placentome volume (mL) and total placentome weight (g) and was 

found to be unaffected by the whole diet, or within sexes or PERI/POST 

periods (P>0.05). Few previous studies have stated the tissue density 

used in the calculations associated with volume analysis in the bovine 

placenta. Kannekens et al. (2006) chose an arbitrary value of 1.0 g/mL 

during the studyôs stereology calculations, however Adeyinka (2012) 

determined the density varied with gestational age between 1.0 and 1.2 

g/mL with a mean of 1.1 g/mL. The overall tissue density value in this 

current study was calculated to be 1.084 g/mL. This value differs from 

those published values (Kannekens et al., 2006, Adeyinka, 2012), 

however the suggestions of gestational day variation indicates that the 

calculated value in this study is accurate and within the values suggested 

by Adeyinka and colleagues. Some trends indicated in the data by 

Adeyinka (2012) suggested a different tissue density between the 

cotyledon and caruncle components of the placentome. If this is the case, 

the growth and development of the placentome structure as the 

proportion of the maternal and fetal components change would explain 

the variable published values. Yet, as only a subset of samples (between 

3-5 placentomes) was individually weighed, this could limit the results. 

From each placenta, placentomes were chosen to represent the different 

sizes found on the placenta, but the number of placentomes within each 

size category was not determined.   

The trophoblast cells were also stimulated by the dietary protein but in a 

sex dependent manner. The diet showed a sex specific effect on the 

relative volume density (Pa/Pt) of the maternal tissue (MT) (P=0.043). 

The MT relative volume density (Pa/Pt) in the male placentomes showed 

lower proportions in the HH diet compared to the LL and LH diets, 
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whereas in the female placentomes the HH diet showed an increase 

compared to the LL diet. This interaction with sex was also seen in the 

PERI period (P=0.025). This consisted of a higher relative volume density 

(Pa/Pt) in the LL and LH compared the HH in the males (Fig. 2.17A), 

whereas the females showed a higher Pa/Pt in the HH compared to the 

LH (Fig. 2.17B).  In contrast to this, the relative volume density of the fetal 

trophoblast (FT) showed no significant differences between the diets 

(P>0.05). As shown in Fig. 2.17, the FT relative volume densities (Pa/Pt) 

showed a visual difference in means but did not reach significance. This 

could be due to other components, such as the FCT, also showing 

variation without significance as the relative volume densities are based 

on proportions.   

The HH diet increased the volume (mL) of both the MT and FT compared 

to all other diets (P=0.019 and P=0.009 respectively). The HPOST dietary 

treatment similarly showed an increase in volume (MT; P=0.014, FT; 

P=0.024). The study by Sullivan et al. (2009b) similarly found an effect of 

dietary protein on the fetal portion of the placentome (cotyledons) at term. 

Yet, in this previous study, it was only the second trimester dietary 

treatment that had an impact on placentome development (Sullivan et al. 

2009b, whereas the current study found an effect in the first trimester 

(post-conception) treatment. This could be due to the measurement 

period, as the effects observed at the end of the first trimester period 

adapt by term but may also be detected earlier Sullivan et al. (2009b). A 

recent study by Harper et al. (2015) used a mouse model to determine if 

any genetic changes to the placenta could be reversed later in gestation. 

A 50% calorific restriction between day 1.5 and day 11.5 produced 

reduced placental weights and altered gene profiles (Harper et al., 2015). 

After ad-libitum feeding for the remainder of gestation, the weight and 

gene expression profiles were similar between the control and restricted 

feeding group (Harper et al., 2015). This finding conflicts with the 

hypothesis that the placenta should increase in size to compensate for a 

reduced nutritional intake (Belkacemi et al., 2010, Watkins et al., 2015, 

Lunney, 1998, Heasman et al., 1998). This theory has been challenged 
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in several studies (Pennington et al., 2012, Malandro et al., 1996). One 

reason for this may be that most studies on this phenomenon utilise a 

mouse model, therefore it is possible that the cattle placenta may adapt 

differently to the effects of dietary protein. The results of the study by 

Sullivan et al. (2009b) were also breed dependent which further suggests 

genetic influence.  

The proportion of collagen in the placentome was significantly greater in 

the animals fed the LPERI diet (P=0.044). When the weight of the 

placentome was multiplied by the proportion of collagen in order to 

estimate the proportion of collagen weight, there was no effect on the 

overall collagen levels between groups. Calculating the weight of 

collagen using the proportion of the overall placentome weight has the 

potential to be inaccurate, as different tissues have different weights. To 

convert 2D analysis into 3D a measurement of weight or volume is 

required and both these are commonly used (Mayhew, 2006). The 

alternative would be to extract and dissect each tissue type and 

individually weigh each component, which is time consuming and creates 

more probabilities for inaccuracies (Mayhew, 2006, Laven and Peters, 

2006). As the samples in this study have been treated consistently across 

diet groups the assumptions in the use of tissue weight could also 

become consistent and thus be comparable between treatments. 

The collagen component was separated by maternal (MC) or fetal (FC) 

origin but no effect of the diet was seen in the FC, however, the maternal 

collagen (MC) showed a decrease in relative volume density (Pa/Pt) in 

the HPERI female group (P=0.031). But the MC and FC volume (mL) 

showed no effect from whole diet group or PERI/POST period (P>0.05). 

Currently, no published studies have investigated the effect of diet on the 

proportion of collagen in the bovine placenta. A study by Sharpe et al. 

(1989), measured the level of collagen in the bovine cotyledon and the 

caruncle using stereology between 90dpc and term. At 90dpc the relative 

volume of collagen in the fetal cotyledon was 0.03 (Sharpe et al., 1989), 

similar to what was found in this current study (~0.02). The maternal 

collagen in this current study (0.14 relative volume) was very different to 
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that found in the study by Sharpe et al. (1989) (0.51 relative volume 

density). These differences could be due to the lower number of samples 

in the study by Sharpe et al. (1989), which collected placentomes from 8 

animals in total, whereas this study utilised between 9-11 animals per 

treatment group. From the work by Sharpe et al. (1989) and Sharpe et al. 

(1990), characterising the placentome fetal collagen development 

through gestation, we may conclude that the later development of the 

fetal proportion of collagen after our dietary treatments ceased may be 

the cause of the lack of effects in this current study (Sharpe et al., 1989, 

Sharpe et al., 1990).  

Together, these results suggest an increase in the collagen content 

caused by the low protein diets may influence placentome function by 

limiting growth of other structures, but are not responsible for the effects 

on placentome weight seen in other studies (Sullivan et al., 2009b). 

There was no effect of dietary protein upon the proportions of either 

binucleate cells or mononucleate cells whether analysed by PERI/POST 

period or diet group (P>0.05). The estimated proportion of weight 

contributed by the cell types was greater in the HH diet compared to the 

LL and HL for binucleate cells (P=0.030) and HL diet in mononucleate 

cells (P=0.029). The HPOST diet also had a significantly greater 

estimated proportion of placentome weight in both binucleate cells 

(P=0.012) and mononucleate cells (P=0.019). This was not maintained 

in the relative volume densities or the volume of the component FBN, 

none of which were effected by diet. The fetal binucleate cell (FBN) 

relative volume density (Pa/Pt) showed an interaction with sex (P=0.01). 

As shown in Fig. 2.18A, the HPERI group showed increased Pa/Pt of the 

FBN in the male placentomes. This result is not consistent with the results 

obtained by quantifying binucleate cells using lectin 

immunohistochemistry which found no effect of diet on the proportion of 

binucleate cells in the placentomes of male offspring (Fig. 2.11B). This 

discrepancy may be due to the limited number of cells counted using the 

stereology method. The LPERI period had a total of 171 cells counted in 

all photomicrographs analysed. The lectin immunohistochemistry method 
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might have provided a more detailed analysis for an individual cell type, 

as every cell was counted.  

Binucleate cells synthesise estrone sulphate (ES) and bovine placental 

lactagen (bPL), but these results do not explain the increased ES and 

bPL concentrations during the low protein diet in the study by Sullivan et 

al. (2009a). They are also not consistent with a mouse study by Watkins 

et al. (2015). This study utilised explants from the placental tissue at day 

8 of gestation and found that a low protein diet (9% casein) during the 

peri-conception period stimulated binucleate cell proliferation Watkins et 

al. (2015). These differences could be due to the different developmental 

stages investigated, as in the study by Sullivan et al. (2009a) in cattle and 

by Watkins et al. (2015) in mice did not consider the peri-conception 

period. The altered BNC proportion in this current study during the first 

trimester (post-conception in this current study) may influence the 

balance of hormone synthesis that may be seen later in gestation.  

Dietary group and PERI/POST dietary period did not affect the blood 

vessel area, perimeter or count either when sexes were separated or 

combined. This was consistent with the stereology method of 

assessment where whole diet group had no effect on fetal blood vessels 

(FBV), maternal blood vessel (MBV) relative volume density and tissue 

volume. However, the HPERI period increased the proportion of tissue 

occupied by blood vessels (P<0.05). Additionally, the HPOST period 

interacted with sex on the MBV relative volume densities (P=0.043) and 

the placentomes from female offspring showed a significantly increased 

Pa/Pt.  

This might suggest that the growth of the placentome and the proportion 

of other structures affected the vascular density, as was suggested in the 

study by Vonnahme et al. (2007). The interaction with sex is also 

consistent with studies on uterine blood flow, which observed sex specific 

differences (Hernandez-Medrano et al., 2015). 

When considering the effects of treatment upon the maternal and fetal 

portion of the placentome most effects were observed in the maternal 
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portion. The relative volume density of maternal tissue was reduced in 

the HPERI group (P=0.045). HPOST group however, increased maternal 

volume (P=0.020) which is consistent with the increase in the HH dietary 

group (P=0.048). This opposite trend seen in the relative volume 

densities and the calculated component volumes of the maternal tissue 

could indicate an alteration to the proportion of maternal tissue, and also 

a compensatory mechanism enabling an increase in overall size of the 

placentome. 

Fetal tissue relative volume density was unaffected by diet, however, the 

HH diet significantly increased the fetal volume (mL) of tissue (P=0.007). 

Both the HPERI (P=0.038) and HPOST (P=0.033) showed increased 

fetal tissue volume. This result further suggests a stimulatory effect on 

the fetal component can occur both during the first trimester (post-

conception) and the earlier peri-conception period. 

Together these results show that the high protein diet affects the growth 

of the placentome, with that affect being mainly observed in the maternal 

portion of tissue at the time point examined, 98dpc. The effect of fetal sex 

seen in this current study corresponds with those results previously 

reported in the human and mouse placenta, which suggests a difference 

in the structure and response to nutrients dependent upon the sex of the 

fetus (Grbesa and Durst-Zivkoviĺ, 1988, O'Connell et al., 2011). There is 

also evidence to suggest that the fetus responds to dietary interventions 

differently depending on sex (Hernandez-Medrano et al., 2015, Copping 

et al., 2014, Micke et al., 2015). For instance, Micke et al. (2015) found 

that fetal thyroxine levels were greater in the male offspring from heifers 

on low protein diets during the first trimester. This impacts on growth 

rates of male offspring effecting weight gain up to weaning age (Micke et 

al., 2015). Therefore, it is plausible that the placenta would have similar 

sex specific differences in response to maternal diet and this would likely 

be seen in the fetal placenta tissue. The villi measurement during the 

stereology calculations is a measurement of the fetal portions of tissue in 

transition as they grow, referred to as ómilky patchesô by Hradecký et al. 

(1988). These show a trend towards an increase peri-conception diet 
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(P=0.051) but this is again not carried over to the volume of the 

component.  

This current study suggests that maternal dietary protein effects 

placentome morphology during early gestation, with this response being 

dependent upon fetal sex and time period of intervention. As the effects 

on morphology are seen early in gestation, a gene expression effect may 

also be a factor due to the importance of the transcriptome in the early 

formation of the placenta.     
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Chapter 3. The effect of dietary protein level on the bovine 

placentome transcriptome at 98 days post conception 

(98dpc)  

3.1. Introduction 

The placenta undergoes extensive growth and remodelling during 

gestation to adapt to the needs of the fetus as it grows. This is linked to 

the genetic background of the cattle as variations in growth rates and 

development exists between breeds (Gotoh et al., 2009, Arango et al., 

2002, Mao et al., 2004, Ferrell, 1991, Randhawa et al., 2016, Mesquita 

et al., 2016). These would affect fetal development and thus may require 

adaptations by the placenta to provide the necessary support expression 

(Gheorghe et al., 2009). This indicates that the placental gene expression 

may vary to adapt the remodelling during gestation to match the fetal 

needs (Gheorghe et al., 2009). 

3.1.1. Variations between breeds  

Genetic factors have been well established as being highly influential in 

the growth rates and fertility of cattle (Gotoh et al., 2009, Arango et al., 

2002, Mao et al., 2004, Ferrell, 1991, Randhawa et al., 2016, Mesquita 

et al., 2016). For instance, Bos taurus and Bos indicus cattle have been 

reported to have phenotypic differences in fertility, particularly in follicle 

number, oocyte quality and age at first calving (Ireland et al., 2007, Lopes 

et al., 2006, Dakay et al., 2006, Alvarez et al., 2000). These variations in 

fertility have been suggested as resulting from differences in hormone 

levels at estrous (Alvarez et al., 2000). Ribeiro et al. (2016b) similarly 

concluded that variations in hormone levels (such as P4 and LH) might 

be the cause of variations in fertility, but also investigated these 

influences on the transcriptome of the conceptus. Ribeiro et al. (2016b) 

investigated the transcriptome of 15dpc bovine conceptuses to determine 

influences of breed, fertility status and estrous cycle. Animals of the same 

breed demonstrated lower progesterone and estradiol levels in the 

anovulatory heifers compared to the control heifers, suggesting a fertility 

mechanism not relating to breed alone (Ribeiro et al., 2016b). Randhawa 
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et al. (2016) conducted a meta-analysis of genome wide association 

studies (GWAS) of cattle breeds, to identify a consensus of 

polymorphisms associated with production traits. For instance, a 

myostatin (MSTN) variant was identified in multiple studies of beef breeds 

(Bovine HapMap Consortium, 2009, Braunschweig, 2010, Randhawa et 

al., 2016). As expected, several genes that were highly selected for in 

cattle breeding were also associated with multiple phenotypes, for 

example genes those selected for stature also interact with gamete 

production and embryo development (Qanbari et al., 2011, Randhawa et 

al., 2016). 

3.1.2. Placenta  

As the maternal-fetal interface, the placenta must be adaptive to respond 

to environmental factors in order to prepare the fetus for the external 

environment. This developmental plasticity is believed to be regulated by 

modulating gene expression (Gheorghe et al., 2009, Ishiwata et al., 

2003). Much research has been completed on epigenetic and gene 

expression regulation in mouse and rat placenta models (Kwong et al., 

2007, Gallou-Kabani et al., 2010, Gabory et al., 2012, Mao et al., 2010, 

Gheorghe et al., 2009). For instance, Gallou-Kabani et al. (2010) 

investigated maternal high fat diet during the first 15 days of gestation 

and found that DNA methylation patterns in the placentas differed by 

dietary treatment, with a high fat diet reducing the expression of key 

transporter genes (such as SLC22A3). Interestingly, Harper et al. (2015) 

found that the genetic effects of a 50% reduction in calorific intake during 

early mouse gestation could be corrected by ad-lib. feeding later in 

gestation. In several studies, the sex of the offspring was also shown to 

have an effect on the gene expression in the placenta, with some genes 

affected by both dietary treatment and sex (Gallou-Kabani et al., 2010, 

Gabory et al., 2012). In 2012, Gabory and colleagues reported that the 

differentially expressed genes showed diverse pathways between the 

sexes when a dietary treatment was introduced. For instance, the high 

fat diet showed an effect on the organ development and cell signalling 

pathways with differential gene expression between the sexes (Gabory 
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et al., 2012). In cattle, a similar sexual dimorphism has been observed in 

in vitro produced embryos, with more than a third of genes differentially 

expressed between the sexes (Bermejo-Alvarez et al., 2008, Bermejo-

Alvarez et al., 2010b). The expression of key genes involved in placental 

development have been identified within the embryo during the pre-

implantation period, which suggests the dietary treatments during this 

period could impact on the placental growth (Ushizawa et al., 2004, 

Ishiwata et al., 2003). Few studies have investigated the impact of dietary 

treatment on bovine placenta gene expression, where it is more common 

to focus on specific candidate gene targets rather than the entire 

transcriptome (Vonnahme et al., 2007). Thus, the impacts of dietary 

treatment on global bovine placental gene expression therefore remains 

poorly understood. For this reason, this chapter utilized next generation 

transcriptomics to quantify differential gene expression in placental 

specimens obtained from cattle treated with low and high protein diets.  

3.1.3. Next generation sequencing 

The development of technologies to investigate the whole transcriptome 

has led to many advances in the analysis of many biological conditions 

(Gheorghe et al., 2009, Gallou-Kabani et al., 2010, Gabory et al., 2012, 

Sood et al., 2006, Bauersachs et al., 2005, Bauersachs et al., 2008, 

Randhawa et al., 2016, Kwong et al., 2007, Braunschweig, 2010, Weber 

et al., 2016, Mesquita et al., 2016, Alvarez et al., 2000, Ribeiro et al., 

2016b). RNA-seq is a relatively new technique, that can measure global 

gene expression (Zhao et al., 2014, Wang et al., 2009, Marioni et al., 

2008). This technique generates vast amounts of data which can be used 

to identify genes with low level expression as well as novel transcripts 

and splice-variants (Wang et al., 2009, Marioni et al., 2008, Zhao et al., 

2014). This allows subtle changes in gene expression to be quantified 

and a complete understanding of the transcriptional effects of a dietary 

treatment obtained. Therefore, in this study RNA-seq was used to 

determine influences of dietary protein on the gene expression of the 

bovine placentome at 98dpc.  
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3.2. Method 

3.2.1. Animals and diet regime and sample acquisition at 98 days 

post conception (98dpc) 

The dietary trial is as described in section 2.2.1 and 2.2.3. The project 

was reviewed and approved by the local ethics committee of the 

University of Nottingham. Katrina Copping carried out the sample 

acquisition and sample processing was carried out by Dr. Katja 

Hummitzsch under the supervision of Dr. Viv Perry (University of 

Adelaide, Adelaide SA 5005, Australia). 

3.2.2. RNA extraction  

Total RNA was isolated from 98dpc placentomes by Dr. Sandie Choong, 

using the QIAGEN RNeasy® tissue Mini kit (QIAGEN, Crawley West 

Sussex, UK) with slight adaptations to the manufacturerôs guidelines.  

Approximately 200mg of tissue were homogenised in 1ml of QIAzol lysis 

reagent (QIAGEN, Crawley West Sussex, UK) using a GentleMACs 

automated tissue dissociator (VWR International Ltd, Leicestershire, 

UK). Lysates were incubated for 5 minutes at room temperature before 

adding 200µl of chloroform and shaking vigorously for 15 seconds. 

Samples were then centrifuged (Hereaus PICO 17 Centrifuge, Thermo 

Scientific, Osterode, Germany) at 4 C̄ for 15 minutes at 8,000xg to 

separate the RNA from the DNA and protein. The upper aqueous phase 

was removed and mixed with approximately 600µL of 70% ethanol to 

precipitate the RNA. Samples were then transferred to the RNeasy Spin 

columns with 2mL collection tubes and centrifuged (Hereaus PICO 17 

Centrifuge, Thermo Scientific, Osterode, Germany) at room temperature 

(15-25OC) for 15 seconds at 8,000xg to transfer precipitated RNA to the 

column membrane. Flow through was then discarded. Buffer RW1 was 

used to wash the membrane by centrifuge (Hereaus PICO 17 Centrifuge, 

Thermo Scientific, Osterode, Germany) at 8,000xg for 15 seconds. Flow 

through was discarded and the wash was repeated.  

DNase I was added to the spin column membrane for 15 minutes at room 

temperature (15-25OC) to remove genomic DNA. The wash was then 
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repeated with buffer RPE to remove remainders of the ethanol. A final 

spin at 8,000xg at room temperature for 15 seconds was used to remove 

remaining buffer RPE. The spin column was placed in a 1.5mL 

microcentrifuge tube and 33µl of RNAse free water was added directly to 

the spin column membrane. The spin column was then centrifuged 

(Hereaus PICO 17 Centrifuge, Thermo Scientific, Osterode, Germany) at 

8,000xg for 1 minute at room temperature (15-25OC). This step was then 

repeated with the elution to increase the RNA yield. RNA was stored at -

80OC.  

Quality and quantity of RNA were measured using a NanoDrop N-8000 

Spectrophotometer (Labtech International Ltd., East Sussex, UK). Purity 

was based on the absorption 260nm/280nm ratio and was considered 

adequate quality when it was greater than 1.8. The integrity of the 

samples was assessed by an Agilent 2100 Bioanalyzer (Agilent 

Technologies UK Ltd., Stockport, UK). Samples chosen for sequencing 

had a concentration greater than 100ng/µL and had an RNA integrity 

number (RIN) greater than 7.0. A total of 5 placentome samples were 

sent for sequencing (Male LL x1, Male LH x1, Male HL x1, Female LH x1 

and Female HL x1). 

3.2.3. cDNA Library preparation 

Dr. Pablo Fuentes-Utrillia (Edinburgh Genomics, Roslin Institute, 

University of Edinburgh) carried out the cDNA Library preparation and 

transcriptome sequencing. Next generation sequencing (NGS) was used 

to measure genome-wide RNA transcription with Illumina HiSeq 2500 

platform (Edinburgh Genomics, Roslin Institute, University of Edinburgh). 

Total RNA (1µg) was prepared with the TruSeq RNA Sample Preparation 

Kit V2 (Illumina, San Diego, USA) for the cDNA library. The total RNA 

was purified leaving the poly(A)-containing mRNA and this was then 

fragmented. The fragmented mRNA was used to synthesise the first 

strand of cDNA, then removed for the second strand of cDNA to produce 

double stranded cDNA. Overhangs at the 3ô and 5ô ends of cDNA 

produced by the fragmentation was eliminated by the end repair process. 

This end repair process fills the 5ô overhangs and adds a single óAô 
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nucleotide to the 3ô end; through polymerase activity. This reduces the 

formation of chimeras or concatenated templates by preventing ligations 

to each other during the adapter ligation reaction. The ligation reaction 

added multiple indexing adapters to the ends of the cDNA. This library of 

adapters was amplified in a PCR (10 cycles) reaction to enrich the DNA 

fragments selectively, targeting those that have adapter molecules at 

both ends. KAPA Illumina library quantification kit (Illumina, San Diego, 

USA) was used to quantify the DNA libraries through qRTPCR. To 

normalise the indexed libraries to 10nM, the library was added to a Tris-

Cl in a Diluted Cluster Template (DCT) plate and then the libraries were 

pooled in equal volumes in a Pooled DCT Plate (PDP). 

3.2.4. Transcriptome sequencing 

TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, USA) was used 

to complete HiSeq version 3 flow cell clustering and then samples were 

diluted to 12pM. These diluted samples were loaded onto a flow cell with 

4 lanes containing the sequenced multiplex pool of 20 samples. The 

HiSeq 2500 (Illumina, San Diego, USA) in rapid mode generated a single-

read cluster. The sequencing by the synthesis of the DNA libraries used 

a TruSeq SBS Rapid ï HS chemistry (Illumina, San Diego, USA) for 100 

paired-end cycles on a HiSeq 2500 System. This produced raw FastQ 

sequences. The demultiplexing of the samples to produce the paired-end 

100 base pairs read sequences was generated using an Illumina Off-Line 

Basecaller (Illumina, San Diego, USA).  

3.2.5. Quality control and alignment of transcript 

Coding scripts for programmes used were created by Dr. Richard Emes. 

Cutadapt v1.2.1 (Martin, 2011) was used to remove the adapter 

sequences added to the mRNA during the library preparation (Dr. 

Richard Emes). The low quality reads and bases were removed by Sickle 

(Joshi and Fass, 2011). A phred score of 20 was used as the quality 

threshold and any nucleotides that were unknown (designated óNô) were 

removed (Dr. Richard Emes). Short reads (less than 50 bp) were also 

removed. FastQC v0.10.1 was used to check the quality control. Each 

sample produced a report summarising the quality of the sequence and 
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the bases as well as the content of the sequences and incidences of 

duplication. These trimmed reads were aligned to the bovine reference 

genome UMB3.1 using Bowtie2, within Tophat2. HTSeq v 0.6.1 then 

merged the reads into count BAM files which were converted into SAM 

files. 

3.2.6. Differential gene expression analysis 

Differential gene expression was determined using edgeR 2.4.6 

(Robinson et al., 2010). EdgeR is designed for use in studies with few 

samples and it does this by using an empirical Bayes estimation based 

on a negative binomial model to moderate the degree of overdispersal 

between genes (Seyednasrollah et al., 2015, Robinson et al., 2010). This 

model-based normalisation produces a statistically robust list of 

differentially expressed genes with calculated P values, with adjusted 

values for corresponding false discovery rate (FDR). A FDR of less than 

0.05 and fold change (FC) of 2.0 was chosen as the level of significance. 

The comparisons carried out are summarised in Fig. 3.1. 

After edgeR analysis volcano plots and smear plots were generated. The 

volcano plot relates log-FC to negative log p-values. Those points high 

on the x-axis will be those with high FC. The smear plot shows the logFC 

against the average count size. A plot demonstrating the relationship 

between FDR and FC was also generated using Graphpad prism v6.05 

(GraphPad, La Jolla, California USA). 
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Figure 3.1: Diagramatic representation of all the comparisons between 
samples carried out in edgeR.  

3.2.7. Cluster analysis 

Normalised counts of differentially expressed genes were log 

transformed. Using Cluster v3.0 (de Hoon et al., 2004) genes with less 

than 50 counts or <2-fold change (FC) were filtered out. Those genes 

with low intensity or low read depth were also removed. An average 

linkage hierarchical clustering could then be produced, with the values 

mean centred, and a CDT file was generated. Java TreeView programme 

v3.0 (Saldanha, 2004) was used to visualise the CDT file and to maximise 

the x and y-axis through altering the pixels. The image generated could 

then be exported as a PNG file.  

3.2.8. Gene ontology and Pathway analysis 

The Ensembl gene IDs of the differentially expressed genes were 

converted to human orthologous Ensembl identifiers using gProfiler 

software (Reimand et al., 2007) in order to increase the amount of 

information available on the differentially expressed genes. Gene 

ontology (GO) was carried out on the human orthologs using 

ConsensusPathDB (Kamburov et al., 2009). Differential expression 

genes were uploaded to ConsensusPathDB as human orthologous gene 

symbols and a report was generated containing the GO term categories 
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biological processes (BP), cellular component (CC) and molecular 

function (MF). Pathway analysis was carried out using Cytoscape 

(Genemania) and human database (Warde-Farley et al., 2010, Shannon 

et al., 2003). This generated a list of pathways, transcription factors 

(attribute) and suggested additional genes (result). A summary of the 

workflow process is shown in Fig. 3.2. 
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Figure 3.2: Workflow diagram of RNA sequencing analysis. Placentome samples were collected from heifers under 4 
dietary treatment groups (HH, HL, LH, LL). The total RNA was extracted using the QIAGEN RNeasy® tissue Mini kit 
(QIAGEN, Crawley West Sussex, UK). RNA quantity was measured using the Nanodrop-8000 and quality was 
measured using the Agilent Bioanalyser. cDNA libraries were prepared at Edinburgh Genomics on an Illumina HiSeq 
Platform v3. 100bp reads had the adapters removed using Cutadapt and then QC with Sickle and FastQC. Tophat2, 
with the Bowtie2 algorithm, was used to align the sequence reads to the reference genome. Reads were converted to 
counts by HTSeq which was analysed for differential gene expression using edgeR. Cluster and Java TreeView were 
used to generate a heat map. Pathways and gene ontology analysis was carried out using ConsensusPathDB and 
Cytoscape (Genemania) (Warde-Farley et al., 2010, Shannon et al., 2003). 
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3.2.9. cDNA synthesis and validation by quantitative reverse 

transcription PCR  

cDNA was synthesized by Dr. Sandie Choong using the HiFlex QIAGEN 

miScript II Reverse Transcriptase Kit (QIAGEN, Crawley West Sussex, 

UK) according to the manufacturerôs instructions and stored at -20OC. 

The 10x miScript Nucleics Mix, 5x miScript HiFlex Buffer and RNAse-free 

water were thawed at room temperature (15-25OC) while the extracted 

RNA samples were thawed on ice. The miScript reverse transcription mix 

was kept at -20 OC till needed due to heat sensitivity. Before use each 

reagent was mixed and centrifuged (Hereaus PICO 17 Centrifuge, 

Thermo Scientific, Osterode, Germany) at 8,000xg for 10 seconds at 4 C̄.  

The reverse transcription master mix was created in proportions shown 

in Table 3.1 and multiplied for multiple samples. This was mixed by 

inversion and placed on ice while 8 µL per reaction was placed in a 

separate microcentrifuge tube. Each RNA sample (2µL) was placed in 

each of the separate microcentrifuge tubes. The microcentrifuge tubes 

containing the samples were mixed by inversion then centrifuged 

(Hereaus PICO 17 Centrifuge, Thermo Scientific, Osterode, Germany) at 

8,000xg for 10 seconds at 4 C̄. The microcentrifuge tubes containing the 

samples were then kept at 37OC in a water bath for 60 minutes. The 

cDNA was then diluted with 190µL of RNase-free water and stored at -

20OC. 
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Table 3.1: Reagents used in the creation of the reverse transcription 
master mix for one sample. 

Reagent Quantity 

10x miScript dNTPs 1µL 

5x miScript HiFlex Buffer 2µL 

RNAse-free water 4µL 

RNA (~1µg) 2µL 

miScript Reverse Transcription Mix 1µL 

 

Relative mRNA expression was quantified using quantitative PCR 

(qRTPCR) using TaqMan® Gene Expression Assays (Applied Biosystem, 

Carlsbad, CA, USA) with gene specific hydrolysis probe sets. The 

reaction mix proportions are shown in Table 3.2. The qRTPCRs were 

done with three biological replicates (3 samples from same diet group) 

and three technical replicates (each sample measure 3 times), which 

meant every qRTPCR was carried out in triplicate. The relative 

expression was calculated using the Pfaffl method (Pfaffl, M.W., 2001) 

and was relative to the reference gene UXT (Ubiquitously eXpressed 

Transcript protein). A list of TaqMan® Gene hydrolysis probesets are 

shown in Appendix 1.  

Significantly different graphs are shown in results section 3.3.8. Non-

significant or unsuccessful qRTPCRs are shown in Appendix 1. 

Table 3.2: Reagents used in the creation of the qRTPCR reaction mix 

Reagent Quantity 

Roche LightCycler 480 Probes Master mix 7.5µL 

RNase-free water 4.85µL 

Probe set 0.65µL 

cDNA template 2µL 
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3.2.10. Immunohistochemistry (IHC) validation of PTGS2 

(Prostaglandin-Endoperoxide Synthase 2) expression  

PTGS2 was chosen for protein validation as it was differentially 

expressed between dietary treatment samples. One placentome from 

each sex and diet group was chosen for analysis. The slides were 

deparaffinised in 4 minutes of xylene and rehydrated with graduations of 

ethanol with distilled H2O (dH2O) at 100%, 90% and 70% (v/v) for 4 

minutes each step. Samples were then washed in dH2O for 5 minutes. 

Antigen retrieval involved heating for 20 minutes in a microwave in 10mM 

sodium citrate buffer pH 6.0. Slides were immediately cooled in dH2O for 

5 minutes. 3 drops of peroxidase block solution (RE7101, Novocastra, 

Leica, UK) for 5 minutes was used to block the peroxidases and then the 

slides were washed in 1xPBS buffer for 5 minutes. 100µL of 5% fetal calf 

serum (FCS) in dH2O (v/v) was added to each slide for 1 hour to prevent 

background protein staining. The primary antibody, prostaglandin-

endoperoxide synthase 2 solution (rabbit anti-human PTGS2, LS-

C312879, LSBio Inc., UK) was diluted 1:100 in 5% FCS (v/v) and 200µL 

were placed on each slide for 1 hour. Slides were then washed twice in 

1xPBS for 5 minutes. The post primary (Rabbit anti-mouse IgG, 

Novocastra, Leica, UK) was added (3 drops) to each slide for 30 minutes 

at room temperature. After washing twice (2x5mins) in PBS, the Novolink 

polymer was then added for 30 minutes at RT (3 drops per slide) to 

enhance the staining (Novocastra, Leica, UK). Slides were then washed 

twice in 1xPBS for 5 minutes and DAB reagent was added until tissue 

turned brown (<5 minutes). A no primary antibody control was included 

in every experiment. Slides were washed in dH2O and were then 

counterstained in haematoxylin for 3 seconds. Slides were washed in 

running tap water for 5 minutes and rinsed in dH2O to remove excess 

haematoxylin. The samples were then dehydrated in graduations of 

ethanol (70%, 90%, 100% x 2) for 4 minutes per step and a final 

dehydration in xylene for 5 minutes. Slides were then mounted in DPX. 
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3.2.11. Statistical analysis of IHC and qRTPCR data  

Statistical analysis on the qRTPCR data was carried out using Studentôs 

t-test and IHC data was carried out using a Chi-squared test, with values 

of less than 0.05 considered significant. Statistical analyses carried out 

using Genstat software (version 17, VSN International Ltd., UK) and 

plotted using Prism software (Prism 6, GraphPad, USA). 

3.3. Results 

3.3.1. RNA sequencing alignment 

The five samples analysed by RNAseq include three placentomes from 

heifers with male offspring (M) and two placentomes from heifers with 

female (F) offspring with altered dietary protein level during peri- or post-

conception period (Table 3.3). The MLL sample showed the greatest 

number of reads before mapping, but the lowest proportion of those reads 

mapped to the genome (Fig. 3.3). The MHL sample showed the least 

number of mapped reads, which was approximately 15 million reads less 

than the second lowest sample (FHL).  
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Table 3.3: NGS information showing the number of reads before and 
after QC trimming. The number of mapped reads to the bovine genome 
are also shown. 

Sample 

information 

Number of reads 

(total per sample) 

Number of reads 

after trimming 

Number of 

mapped reads 

MLL 112,106,764 110,381,758 60,116,737 

MHL 38,072,090 37,426,528 37,010,541 

MLH 68,697,824 67,456,922 64,186,428 

FHL 56,139,886 55,240,174 52,645,520 

FLH 62,244,636 61,046,050 58,361,720 
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Figure 3.3: The percentage (%) of RNA-seq reads mapped to the 
genome before and after quality control. 
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3.3.2. Differentially expressed genes 

The 10 comparisons that are possible between these five samples are 

shown in Table 3.4.  MLLvsMHL and FHLvsFLH showed more down 

regulated genes than up regulated, which indicates a reduction in gene 

expression in the MHL or FLH compared to the MLL or FHL. The 

remaining 8 comparisons all have more up regulated genes than down 

regulated, with MHLvsMLH showing the greatest proportion of the 

differentially genes as up regulated. This indicates the diet reversal in the 

males (HL to LH) stimulates gene expression within the placentomes. 

MLHvsFLH and FHLvsFLH have the least number of genes differentially 

expressed. This suggests there are few differences between the sexes 

in the MLHvsFLH comparison and also few differences between the diet 

reversal with the females (Fig. 3.4).  

A heat map generated from normalised data showed a clustering of the 

female samples with the MLL and MHL further apart (Fig. 3.5). This 

suggests that the peri-conception high protein diet affects the males to a 

greater extend. 
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Table 3.4: The number of up or down regulated genes for each 
comparison filtered by fold change greater than 2 and more than 50 count 
differences between the samples. 

Comparison Number up regulated Number down regulated 

MLLvsMHL 138 363 

MLLvsMLH 247 205 

MLLvsFHL 318 201 

MLLvsFLH 285 209 

MHLvsMLH 472 63 

MHLvsFHL 345 80 

MHLvsFLH 472 139 

MLHvsFHL 114 63 

MLHvsFLH 97 58 

FHLvsFLH 51 72 

 

M
L
L
v
s
M

H
L

M
L
L
v
s
M

L
H

M
L
L
v
s
F
H

L

M
L
L
v
s
F
L
H

M
H

L
v
s
M

L
H

M
H

L
v
s
F
H

L

M
H

L
v
s
F
L
H

M
L
H

v
s
F
H

L

M
L
H

v
s
F
L
H

F
H

L
v
s
F
L
H

0

2 0

4 0

6 0

8 0

1 0 0

P
e

r
c

e
n

ta
g

e
 (

%
)

%  U p

%  D o w n

 

Figure 3.4: The percentage (%) of up or down regulated differentially 
expressed genes. The percentage of differentially expressed genes 
which were up or down regulated when samples within each of the 5 
sample comparisons.  
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Figure 3.5: Heat map of normalised gene expression in each of the 5 
samples sent for RNA-seq. 



104 
 

3.3.3. Differential gene expression Male LL 

The MLL placentome sample had 325 genes that were commonly 

differentially expressed compared to the MHL, MLH, FHL and FLH. The 

highest number of uniquely affected genes was in the comparison 

between MLLvsMHL. This suggests the peri-conception high protein diet 

had the greatest effect within the placentomes of male offspring (Fig. 3.6). 

Table 3.5 shows the differentially expressed genes that exhibited the 

highest logFC across all comparisons relative to MLL. The top 20 up-

regulated and top 20 down-regulated genes (excluding those with 0 

counts), are included in the table. Within those down-regulated genes 

there are several with functions relating to the muscle development and 

function, including TNNT3 (Troponin T Type 3), ACTA1 (Actin alpha 1) 

and CKM (Creatine Kinase, Muscle). TNNT3 and ACTA1 are involved in 

muscle contraction mechanisms as both these genes encode a structural 

protein within muscle (Wu et al., 1994, Laing et al., 2009, Hanauer et al., 

1983, Taylor et al., 1988). Although this is the most common function, 

there are some indications that these genes relate to cytoskeletal 

structure within cells, thus could affect the cell structure and motility 

(Vandamme et al., 2009). CKM is involved in energy regulation in large 

contractile muscles by the transferring of a phosphate group from ATP to 

creatine (Wang et al., 2006). The highest up-regulated gene over all 

comparisons is GRP (Gastrin-releasing peptide), which is involved in 

numerous functions including gastrin hormone release and smooth 

muscle contraction (Song et al., 2008, Budipitojo et al., 2001). The GRP 

protein has also been detected in several reproductive tissues in both 

ovine and bovine models, which indicates it also has roles in pregnancy 

(Song et al., 2008, Budipitojo et al., 2001). 

Similar to the highest down-regulated genes, the gene ontologies 

common to all comparisons to MLL also show enriched categories 

relating to muscle development (Table 3.6). These categories with 

highest significance was GO: 0043500: muscle adaptation, GO:0044449: 

contractile fiber part, GO:0008307: structural constituent of muscle. 
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Figure 3.6: Venn diagram showing the number of differentially expressed 
genes in the MLL placentome compared to the MHL, MLH, FHL and FLH. 
M = Male, F = Female, LL = Low/Low, LH = Low/High, HL = High/Low, 
HH = High/Low. 

Table 3.5: The 40 differentially expressed genes common in all 
comparisons to MLL with the highest (20) or lowest (20) log fold change 
(FC) across all comparisons. 

 LogFC 

Ensembl ID Gene symbol MLLvsMHL MLLvsMLH MLLvsFHL MLLvsFLH 

ENSBTAG00000004796 GRP 7.76 2.76 8.03 5.79 
ENSBTAG00000001801 SYT4 4.74 5.33 4.39 4.21 
ENSBTAG00000034586 MAL 3.52 3.02 3.69 2.84 
ENSBTAG00000002779 GABRP 3.02 2.95 2.26 3.10 
ENSBTAG00000032068 PLA2G4F 2.97 3.66 3.49 2.04 
ENSBTAG00000003800 LRRC27 2.94 1.56 1.42 1.41 
ENSBTAG00000012078 TMEM176A 2.75 3.20 2.14 2.46 
ENSBTAG00000004475 CDK5R1 2.73 4.05 2.41 3.66 
ENSBTAG00000009649 DRC1 2.59 1.82 1.79 1.25 
ENSBTAG00000021276 TFF3 2.58 1.93 1.98 1.98 
ENSBTAG00000000027 IGFL1 2.52 2.34 1.35 1.01 
ENSBTAG00000039028 PI3 2.39 1.04 1.32 1.17 
ENSBTAG00000000835 BCAS1 2.35 2.16 3.54 3.02 
ENSBTAG00000020264 CCDC181 2.32 2.52 1.46 2.31 
ENSBTAG00000010050 COL16A1 2.23 2.01 2.78 1.80 
ENSBTAG00000021434 EDN2 2.19 2.83 2.72 2.82 
ENSBTAG00000025755 C14ORF164 2.16 1.23 1.72 2.12 
ENSBTAG00000006022 ATP6V0E2 2.11 1.97 2.12 2.74 
ENSBTAG00000010738 CCL14 2.10 1.54 1.54 1.30 
ENSBTAG00000030973 TUBA3D 2.02 1.60 1.94 1.42 

ENSBTAG00000046332 ACTA1 -14.30 -14.89 -13.29 -13.71 
ENSBTAG00000013921 CKM -14.14 -15.01 -13.16 -13.88 
ENSBTAG00000022158 TNNT3 -11.61 -11.80 -10.77 -11.12 
ENSBTAG00000026986 TTN -10.53 -9.89 -10.23 -9.49 
ENSBTAG00000006999 RYR1 -10.12 -9.61 -8.73 -8.90 
ENSBTAG00000006541 ATP2A1 -9.33 -9.92 -8.63 -8.96 
ENSBTAG00000010741 KLHL41 -9.22 -9.91 -8.90 -9.70 
ENSBTAG00000014930 MYLK2 -8.99 -7.76 -8.61 -7.85 
ENSBTAG00000020087 CAMK2A -8.00 -5.67 -6.14 -6.30 
ENSBTAG00000010907 PPP1R1A -7.98 -9.39 -8.10 -8.65 
ENSBTAG00000011803 MYH3 -7.98 -9.25 -7.09 -6.72 
ENSBTAG00000006907 NEB -7.80 -7.05 -7.53 -6.68 
ENSBTAG00000007782 MYOT -7.72 -7.66 -6.88 -6.88 
ENSBTAG00000017509 MYPN -7.40 -7.38 -7.02 -8.03 
ENSBTAG00000014547 PGAM2 -7.40 -8.76 -8.13 -10.62 
ENSBTAG00000007109 ASB2 -7.06 -7.93 -7.03 -8.57 
ENSBTAG00000010880 TNNI2 -6.90 -8.26 -8.58 -9.27 
ENSBTAG00000008868 CAPN3 -6.90 -5.85 -6.14 -5.32 
ENSBTAG00000023002 JPH2 -6.87 -7.06 -7.38 -7.16 
ENSBTAG00000017183 PDLIM3 -6.81 -6.74 -9.41 -7.03 
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Table 3.6: Gene ontologies (GO) categories for differentially expressed 
genes common to all samples (Male HL, Male LH, Female HL and 
Female LH) compared to Male LL, ranked based on q-value.  Showing 
the GO terms, GO categories, set size, number of genes in the set and 
q-values. 

Gene ontology term Category 
Set  
size 

Input genes 
within set 
(%) 

q-value 

GO:0043500   muscle adaptation BP 2 46 14 (30.4%) 1.5E-08 

GO:0044707   single-multicellular organism process BP 2 3592 169 (4.7%) 1.64E-06 

GO:0009653   anatomical structure morphogenesis BP 2 1585 86 (5.4%) 8.12E-05 

GO:0048856   anatomical structure development BP 2 2918 134 (4.6%) 0.000391 

GO:0044767   single-organism developmental 
process 

BP 2 3182 143 (4.5%) 0.000391 

GO:0048646   anatomical structure formation 
involved in morphogenesis 

BP 2 707 45 (6.4%) 0.000391 

GO:0044449   contractile fiber part CC 2 141 61 (43.3%) 2.42E-51 

GO:0043228   non-membrane-bounded organelle CC 2 1996 116 (5.8%) 6.92E-09 

GO:0005622   intracellular CC 2 7185 277 (3.9%) 1.83E-05 

GO:0044424   intracellular part CC 2 7024 272 (3.9%) 2.26E-05 

GO:0043234   protein complex CC 2 2316 110 (4.7%) 0.0005 

GO:0043229   intracellular organelle CC 2 6093 238 (3.9%) 0.0009 

GO:0008307   structural constituent of muscle MF 2 31 20 (64.5%) 5.61E-21 

GO:0005200   structural constituent of cytoskeleton MF 2 50 9 (18.0%) 0.0008 

Biological processes: BP, cellular component: CC and molecular function: MF. 
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3.3.4. Differential gene expression relating to Male HL 

There were only 237 genes that were commonly differentially expressed 

between MHL and MLL, MLH, FHL and FLH. This is fewer than the MLL 

sample, which suggests the MLL has higher transcriptional differences 

compared to the other samples. The highest differences in unique genes 

was between the MLLvsMHL. Although MHLvsMLH also shows a greater 

number of uniquely differentially expressed genes in comparison to those 

found between the MHL and the female samples. This further suggests 

there is an effect of the peri-conception diet on transcription within the 

male samples. The larger difference being between the MHL and the 

FLH. This could also indicate a peri-conception diet difference. The 136 

genes common between the MHLvsFHL and the MHLvsFLH 

comparisons may represent those differentially regulated by sex. 

Table 3.7 shows the 40 differentially expressed genes with the greatest 

logFC across all comparisons to MHL. These genes particularly relate to 

functions such as metabolism and general nucleic acid binding, as shown 

by the GO analysis shown in Table 3.8. For instance, the gene CITED4 

(Cbp/P300-Interacting Transactivator, With Glu/Asp-Rich Carboxy-

Terminal Domain, 4), is a transcriptional coactivator that regulates gene 

expression (Bragança et al., 2002, Connor et al., 2010) and was up-

regulated in the MHL sample in comparison to all other samples. Genes 

with particularly high logFC (Table 3.7) include CCL5 (C-C Motif 

Chemokine Ligand 5), NRK (Nik Related Kinase) and DMXL2 (Dmx Like 

2) (Pinilla et al., 2009, Denda et al., 2011, Wan Li et al., 2012). CCL5 is 

an important cytokine immune responses and functions by signalling 

macrophages (Renaud and Graham, 2008). NRK is an X-linked gene that 

functions within a signalling cascade (JNK) and is vital for placental 

growth (Denda et al., 2011).  
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Figure 3.7: Venn diagram showing the number of differentially expressed 
genes in the MHL placentome compared to the MLL, MLH, FHL and FLH. 
M = Male, F = Female, LL = Low/Low, LH = Low/High, HL = High/Low, 
HH = High/Low. 

Table 3.7: The differentially expressed genes common in all 
comparisons to MHL with the highest log fold change (FC) in all 
comparisons (limited to top 40). 

  LogFC 

Ensembl ID Gene symbol MLLvsMHL MHLvsMLH MHLvsFHL MHLvsFLH 

ENSBTAG00000007191 CCL5 2.36 -4.08 -1.74 -1.34 
ENSBTAG00000034077 ASIP 1.79 -2.24 -1.88 -2.09 
ENSBTAG00000015113 CITED4 1.95 -1.48 -1.52 -2.09 
ENSBTAG00000007233 WDR25 1.31 -2.26 -1.30 -1.88 
ENSBTAG00000010738 CCL14 2.40 -1.36 -1.09 -1.23 
ENSBTAG00000014420 AGER 1.73 -1.52 -1.45 -1.14 
ENSBTAG00000048280 C12ORF73 1.10 -1.57 -1.17 -1.28 
ENSBTAG00000046837 ZNF358 1.38 -1.25 -1.26 -1.08 
ENSBTAG00000031287 TMEM158 1.19 -1.10 -1.22 -1.41 
ENSBTAG00000046111 ZNF444 1.27 -1.11 -1.15 -1.14 
ENSBTAG00000008412 BCL7C 1.11 -1.05 -1.07 -1.18 
ENSBTAG00000009580 SH3BGRL3 1.12 -1.00 -1.04 -1.15 
ENSBTAG00000002999 ANAPC15 1.04 -1.01 -1.00 -1.05 

ENSBTAG00000004836 NRK -2.37 2.41 1.70 2.28 
ENSBTAG00000000737 DMXL2 -1.93 2.30 1.72 2.16 
ENSBTAG00000002202 CRAMP1L -1.14 2.03 2.15 2.53 
ENSBTAG00000007731 EFR3A -1.38 1.99 1.98 2.46 
ENSBTAG00000004079 ZNF106 -3.17 1.65 1.27 1.55 
ENSBTAG00000022733 EPM2AIP1 -1.47 2.22 1.79 1.92 
ENSBTAG00000002606 LGR4 -1.80 1.88 1.44 1.95 
ENSBTAG00000016221 AMOT -2.07 1.94 1.43 1.62 
ENSBTAG00000009279 TNKS2 -1.71 1.83 1.55 1.82 
ENSBTAG00000005967 UBR2 -2.03 1.64 1.68 1.54 
ENSBTAG00000000385 ZBTB18 -3.38 1.16 1.02 1.30 
ENSBTAG00000011721 MED13 -1.57 1.85 1.44 1.76 
ENSBTAG00000009887 DDX17 -1.39 1.82 1.63 1.73 
ENSBTAG00000046498 SUN1 -1.34 1.65 1.65 1.77 
ENSBTAG00000005738 ATP8B1 -1.66 1.54 1.41 1.68 
ENSBTAG00000007467 MIB1 -1.01 1.13 1.94 2.15 
ENSBTAG00000001950 RP11-1012A1.4 -1.79 1.50 1.73 1.17 
ENSBTAG00000014422 MTMR10 -1.41 1.49 1.21 1.44 
ENSBTAG00000032839 LRCH3 -1.14 1.56 1.29 1.54 
ENSBTAG00000004005 WDR7 -1.33 1.23 1.34 1.56 
ENSBTAG00000025964 MAST4 -1.06 1.58 1.31 1.50 
ENSBTAG00000019349 SLC6A4 -1.34 1.13 1.37 1.61 
ENSBTAG00000005760 TBC1D4 -1.38 1.19 1.35 1.38 
ENSBTAG00000004368 NFATC3 -2.10 1.04 1.07 1.07 
ENSBTAG00000017455 ADAM9 -1.69 1.30 1.03 1.25 
ENSBTAG00000016990 USP24 -1.41 1.15 1.08 1.56 
ENSBTAG00000005025 FAM91A1 -1.03 1.49 1.06 1.42 
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Table 3.8: Gene ontologies (GO) categories for differentially expressed 
genes common to all samples (Male LL, Male LH, Female HL and Female 
LH) compared to Male HL, ranked based on q-value.  Showing the GO 
terms, GO categories, and q-values. 

Gene ontology term category Set size 
Input genes within 

set (%) 
q-value 

GO:0051705   multi-organism behaviour BP 2 41 7 (17.1%) 0.0046 

GO:0019222   regulation of metabolic process BP 3 3467 125 (3.6%) 0.00005 

GO:0003676   nucleic acid binding MF 3 1883 72 (3.8%) 0.00437 

Biological processes: BP, cellular component: CC and molecular function: MF. 
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3.3.5. Differential gene expression relating to Male LH 

The MLH sample has fewer genes that were commonly differentially 

expressed between all the samples, however, a large increase in the 

number of unique differentially expressed genes between the MHL and 

the MLH strongly suggests that the sequence of the dietary treatments in 

the peri- and post-conception periods are important in programming the 

placental transcriptome (Fig. 3.8). 

Table 3.9 shows the genes that appear with the greatest logFC, but no 

ontologies were identified. This indicates the common list does not show 

any patterns, but may still contain some particularly affected genes to the 

MLH sample. CALR3 (Calreticulin 3) and SYT11 (Synaptotagmin XI) are 

both involved in calcium signalling, with CALR3 binding to calcium to 

regulate its functions (Nomura et al., 2011, Chiu et al., 2007, Huynh et 

al., 2003). Another interesting gene within Table 3.9 is SLC44A4 (Solute 

Carrier Family 44 Member 4), which shows a reduction in expression in 

the MLH treatment. SLC44A4 is a choline transporter that has been 

associated with the stage of pregnancy as well as interactions with 

progesterone (Jiang et al., 2013, Satterfield et al., 2009). Choline is an 

essential nutrient for cell membrane formation, but is also important in 

fetal brain development and the production of key transporters (Traiffort 

et al., 2013). This suggests that the LH dietary treatment within the male 

placentomes reduces the transport of choline which would negatively 

affect fetal development. 
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Figure 3.8: Venn diagram showing the number of differentially expressed 
genes in the MLH placentome compared to the MHL, MLL, FHL and FLH. 
M = Male, F = Female, LL = Low/Low, LH = Low/High, HL = High/Low, 
HH = High/Low. 

 

Table 3.9: The differentially expressed genes common in all 
comparisons to MLH with the highest log fold change (FC) in all 
comparisons . 

 LogFC 

Ensembl ID Gene symbol MLLvsMLH MHLvsMLH MLHvsFHL MLHvsFLH 

ENSBTAG00000033222 CALR3 -5.63 -6.43 5.38 5.25 

ENSBTAG00000004796 GRP -5.00 2.76 5.28 3.04 

ENSBTAG00000016158 ACAN 4.17 3.60 -3.44 -3.60 

ENSBTAG00000018223 CHI3L1 4.84 3.90 -4.77 -1.25 

ENSBTAG00000011209 SYT11 -3.55 -2.06 4.32 3.11 

ENSBTAG00000047939 ZNF75D 3.37 3.40 -2.54 -2.82 

ENSBTAG00000007191 CCL5 -4.08 -1.72 2.36 2.75 

ENSBTAG00000010986 KCNQ1 2.44 1.04 -3.27 -3.82 

ENSBTAG00000009788 ACOT6 3.30 2.53 -2.01 -1.65 

ENSBTAG00000008544 SALL1 2.58 2.60 -2.21 -1.98 

ENSBTAG00000009979 HOXB2 1.19 2.63 -3.13 -2.38 

ENSBTAG00000003682 DNAJB13 1.13 3.57 -2.41 -1.25 

ENSBTAG00000009217 WNT10A 2.08 1.68 -2.32 -2.06 

ENSBTAG00000014537 PLEKHN1 -1.83 -2.00 1.92 2.08 

ENSBTAG00000006108 MMP11 1.28 2.47 -2.30 -1.70 

ENSBTAG00000014540 PERM1 -2.30 -2.11 1.30 1.89 

ENSBTAG00000012444 ADAM12 2.67 1.52 -1.41 -1.17 

ENSBTAG00000021717 BDKRB2 2.11 1.15 -1.35 -1.95 

ENSBTAG00000035710 ZBBX 1.09 2.41 -1.96 -1.08 

ENSBTAG00000004989 IRF5 -1.78 -1.67 1.11 1.45 

ENSBTAG00000005260 SPP1 -1.92 -1.05 1.65 1.29 

ENSBTAG00000005675 SLC44A4 -1.41 -1.42 1.32 1.65 

ENSBTAG00000015126 TNIP2 -1.19 -1.04 1.87 1.49 

ENSBTAG00000009459 MTCL1 1.93 1.02 -1.34 -1.15 

ENSBTAG00000000243 HEBP2 -1.55 -1.10 1.25 1.56 

ENSBTAG00000009653 TCL1B -1.52 -1.01 1.24 1.19 

 



112 
 

3.3.6. Differential gene expression relating to Female HL and FLH 

When FHL and FLH are compared to all other samples, only 44 and 41 

common differentially expressed genes are identified. The highest 

number of uniquely differentially expressed genes is between the MHL 

and both the FHL and FLH. The high number between the MHL and the 

FHL would then lead to an expectation of an equally high number in the 

MLHvsFLH comparison to suggest a sex effect. Yet this was not the case, 

further suggesting that the diet during the peri-conception period has 

greater influence in males rather than females (Fig. 3.9). 

Only one gene ontology (GO) category was identified in the common 

genes to all FHL comparisons, which was GO:0007584: response to 

nutrient (Table 3.12). This suggests the diet is influencing the gene 

expression but not within any defined pathways. Those differentially 

expressed genes with the highest logFC relating to FHL are shown in 

Table 3.10. Unusually, the gene TEX11 (Testis Expressed 11) showed 

the highest logFC across all comparisons. This X-linked gene is normally 

expressed in spermatozoa, which makes the high expression level in the 

FHL treated placenta unexpected (Yang et al., 2015, Wang et al., 2001). 

Although this gene is more commonly found in the spermatozoa it also 

has been associated with crossing-over during meiosis in the cells of both 

sexes, which may indicate cell division could be affected in the FHL 

treatment (Yang et al., 2015, Wang et al., 2001). NAPSA (Napsin A 

Aspartic Peptidase) similarly has a high logFC across all comparisons. 

NAPSA encodes a protease enzyme that is normally expressed in the 

lung and kidney, but has been associated with tumour suppression (Ueno 

et al., 2008). As NAPSA has increased expression in the FHL sample this 

suggests that the placental growth could be affected. IGLON5 (IgLON 

Family Member 5), is another gene that showed a high logFC across all 

comparisons (Sabater et al., 2014). IGLON5 is a cell adhesion molecule, 

although it is normally found in neuronal cells its presence suggests an 

alteration of cell adhesion mechanisms (Sabater et al., 2014).  
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The common differentially expressed genes for all comparisons to FLH 

are shown in Table 3.11, including those with the highest logFC across 

all comparisons. The ontologies shown in Table 3.13 indicate respiration 

is the process most affected by the FLH treatment, as the GO terms 

GO:0044710: single-organism metabolic process, 

GO:0070469: respiratory chain and GO:0016491: oxidoreductase 

activity are the most highly significant. This is shown by the many 

mitochondrial genes within Table 3.11. For instance, the gene MT-ND6 

(Mitochondrially Encoded NADH Dehydrogenase 6) is down regulated in 

FLH compared to all other samples and is involved in NADH 

dehydrogenase (ubiquinone) activity (Thundathil et al., 2005).  

 

Figure 3.9: Venn diagrams showing the number of differentially 
expressed genes in the FHL and FLH placentomes A) FHL compared to 
MLL, MHL, MLH and FLH. B) FLH compared to MLL, MHL, MLH and 
FHL. M = Male, F = Female, LL = Low/Low, LH = Low/High, HL = 
High/Low, HH = High/Low. 
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Table 3.10: The differentially expressed genes common in all 
comparisons to FHL with the highest log fold change (FC) in all 
comparisons. 

 LogFC 

Ensembl ID Gene symbol FHLvsFLH MLLvsFHL MLHvsFHL MHLvsFHL 

ENSBTAG00000005163 S100A1 2.16 -1.91 -3.30 -3.46 
ENSBTAG00000019473 IGLON5 3.16 -4.16 -3.91 -3.21 
ENSBTAG00000019277 KCNH3 2.47 -1.38 -2.81 -2.45 
ENSBTAG00000010008 TTC12 1.94 -1.06 -2.57 -2.31 
ENSBTAG00000019804 SNRNP25 1.21 -1.61 -1.19 -2.04 
ENSBTAG00000005432 CAPG 1.56 -1.18 -1.31 -2.03 
ENSBTAG00000007490 SULF2 1.57 -2.27 -1.36 -2.01 
ENSBTAG00000008951 ALPL 1.17 -1.40 -1.84 -1.57 
ENSBTAG00000001778 NFKBIB 1.33 -1.40 -1.03 -1.55 
ENSBTAG00000002640 KALRN 1.21 -1.29 -1.84 -1.28 
ENSBTAG00000019177 BIN1 1.03 -2.64 -1.19 -1.26 
ENSBTAG00000011349 CDH24 -1.35 1.36 1.14 1.00 
ENSBTAG00000038810 SFTA2 -1.05 2.73 1.42 1.07 
ENSBTAG00000017502 RIMKLA -1.40 1.45 2.29 1.10 
ENSBTAG00000002125 GNAL -1.32 1.31 2.48 1.10 
ENSBTAG00000016496 ZNF641 -2.71 2.36 1.49 1.18 
ENSBTAG00000015582 HMOX1 -2.39 1.36 2.11 1.24 
ENSBTAG00000004303 SLC27A2 -1.85 2.81 1.96 1.27 
ENSBTAG00000010068 REEP2 -1.82 1.47 1.59 1.37 
ENSBTAG00000007204 KRT80 -1.59 1.51 1.74 1.39 
ENSBTAG00000010676 RBM44 -3.51 4.19 1.93 1.47 
ENSBTAG00000038532 FOLR1 -2.32 3.72 2.39 1.61 
ENSBTAG00000016465 DHCR7 -1.90 1.10 1.33 1.80 
ENSBTAG00000016305 ATP13A4 -2.44 3.53 1.14 2.02 
ENSBTAG00000022294 FADS1 -2.13 3.07 1.39 2.04 
ENSBTAG00000005586 GATM -1.69 2.61 1.86 2.18 
ENSBTAG00000003600 CAPN8 -1.88 2.59 1.86 2.19 
ENSBTAG00000003212 NNAT -2.31 1.89 1.99 2.26 
ENSBTAG00000044194 ZDHHC2 -1.46 1.13 1.18 2.31 
ENSBTAG00000003444 SYDE2 -1.06 1.34 1.21 2.31 
ENSBTAG00000045939 MPEG1 -1.33 2.15 1.04 2.32 
ENSBTAG00000007103 ITGAL -1.65 2.93 2.36 2.37 
ENSBTAG00000002595 ABCB5 -1.81 3.43 2.40 2.44 
ENSBTAG00000018303 PAPPA2 -2.47 3.43 1.70 2.52 
ENSBTAG00000019125 SLC1A1 -3.31 5.48 2.78 2.60 
ENSBTAG00000048021 PNMAL2 -1.86 2.35 2.92 2.64 
ENSBTAG00000008376 C9ORF24 -1.75 1.56 2.02 2.65 
ENSBTAG00000014103 SH3GL2 -1.97 1.34 2.07 2.68 
ENSBTAG00000037693 MUC16 -2.49 3.77 2.38 3.08 
ENSBTAG00000006780 NAPSA -3.03 3.83 4.37 3.46 
ENSBTAG00000000634 MLPH -3.51 4.42 2.61 3.75 
ENSBTAG00000016272 TEX11 -4.22 7.55 3.84 4.91 
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Table 3.11: The differentially expressed genes common in all 
comparisons to FLH with the highest log fold change (FC). 

 LogFC 

Ensembl ID Gene symbol MHLvsFLH MLLvsFLH MLHvsFLH FHLvsFLH 

ENSBTAG00000043546 MT-ND6 -2.36 -2.62 -3.08 -2.87 
ENSBTAG00000012991 PRUNE2 4.65 3.15 3.39 2.85 
ENSBTAG00000004796 GRP -1.98 5.79 3.04 -2.25 
ENSBTAG00000038751 MAGEB18 3.73 2.90 1.01 3.86 
ENSBTAG00000043571 MT-ND2 -2.03 -2.04 -2.53 -2.43 
ENSBTAG00000043550 MT-CYB -2.15 -3.19 -2.81 -2.71 
ENSBTAG00000007307 SELE -1.35 -1.09 -2.79 -1.85 
ENSBTAG00000021158 SATB1 -1.56 -1.83 -1.22 -1.27 
ENSBTAG00000021672 RGS1 1.48 1.60 2.80 3.35 
ENSBTAG00000043563 MT-ND5 -1.65 -1.94 -2.92 -2.68 
ENSBTAG00000015614 LNX2 1.85 2.26 1.63 1.87 
ENSBTAG00000017936 FRRS1L 2.12 2.06 1.74 2.96 
ENSBTAG00000043577 MT-ND4 -2.02 -2.05 -2.19 -2.23 
ENSBTAG00000043559 MT-ND4L -1.96 -2.42 -3.19 -2.96 
ENSBTAG00000027412 SOD1 1.91 -3.05 -3.39 2.09 
ENSBTAG00000043558 MT-ND1 -1.91 -2.13 -1.81 -1.80 
ENSBTAG00000002478 AGMAT 1.69 1.07 3.74 1.16 
ENSBTAG00000004625 PYGB 1.80 1.30 1.35 1.02 
ENSBTAG00000017719 AKAP6 4.71 1.05 5.22 4.28 
ENSBTAG00000016554 C3ORF52 2.03 1.83 1.60 1.55 
ENSBTAG00000035643 NAP1L1 1.07 2.71 2.10 1.11 
ENSBTAG00000043584 MT-ATP6 -1.64 -1.69 -1.72 -1.77 
ENSBTAG00000002997 ADAMTSL1 1.24 -1.67 -1.76 -2.04 
ENSBTAG00000018223 CHI3L1 3.58 2.64 -1.25 3.52 
ENSBTAG00000043556 MT-CO2 -1.57 -1.34 -1.66 -1.65 
ENSBTAG00000014485 POF1B 2.31 1.23 1.22 1.37 
ENSBTAG00000043568 MT-ND3 -1.76 -1.94 -1.24 -1.16 
ENSBTAG00000030667 CCDC114 1.50 1.67 1.52 1.23 
ENSBTAG00000043560 MT-CO3 -1.79 -2.17 -1.72 -1.56 
ENSBTAG00000020872 C5AR1 1.56 1.07 2.23 1.04 
ENSBTAG00000010878 HYDIN 1.68 1.25 1.89 1.02 
ENSBTAG00000026893 EXOC3L4 1.15 1.85 1.47 1.21 
ENSBTAG00000002392 ANK2 1.68 -1.66 1.09 1.22 
ENSBTAG00000008497 RGS14 1.38 2.07 1.12 1.07 
ENSBTAG00000011975 SERPINB1 1.62 2.33 1.93 1.81 
ENSBTAG00000034366 RGS2 1.01 1.47 1.92 1.01 
ENSBTAG00000011892 SRGAP1 1.20 1.64 1.29 1.21 
ENSBTAG00000015362 BMP7 -1.46 -1.00 -1.11 -1.66 
ENSBTAG00000005884 WDR31 1.01 1.37 1.08 1.44 
ENSBTAG00000012057 GIF 1.50 1.08 1.13 1.13 
ENSBTAG00000012182 DIRAS3 -1.76 -1.13 -2.07 -1.64 
ENSBTAG00000043546 MT-ND6 -2.36 -2.62 -3.08 -2.87 
ENSBTAG00000012991 PRUNE2 4.65 3.15 3.39 2.85 
ENSBTAG00000004796 GRP -1.98 5.79 3.04 -2.25 
ENSBTAG00000038751 MAGEB18 3.73 2.90 1.01 3.86 
ENSBTAG00000043571 MT-ND2 -2.03 -2.04 -2.53 -2.43 
ENSBTAG00000043550 MT-CYB -2.15 -3.19 -2.81 -2.71 
ENSBTAG00000007307 SELE -1.35 -1.09 -2.79 -1.85 
ENSBTAG00000021158 SATB1 -1.56 -1.83 -1.22 -1.27 
ENSBTAG00000021672 RGS1 1.48 1.60 2.80 3.35 
ENSBTAG00000043563 MT-ND5 -1.65 -1.94 -2.92 -2.68 
ENSBTAG00000015614 LNX2 1.85 2.26 1.63 1.87 
ENSBTAG00000017936 FRRS1L 2.12 2.06 1.74 2.96 
ENSBTAG00000043577 MT-ND4 -2.02 -2.05 -2.19 -2.23 
ENSBTAG00000043559 MT-ND4L -1.96 -2.42 -3.19 -2.96 
ENSBTAG00000027412 SOD1 1.91 -3.05 -3.39 2.09 
ENSBTAG00000043558 MT-ND1 -1.91 -2.13 -1.81 -1.80 
ENSBTAG00000002478 AGMAT 1.69 1.07 3.74 1.16 
ENSBTAG00000004625 PYGB 1.80 1.30 1.35 1.02 
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Table 3.12: Gene ontologies (GO) categories for differentially expressed 
genes common to all Female HL comparisons (Male HL, Male LH, Male 
LL and Female LH), ranked based on q-value.  Showing the GO terms, 
GO categories and q-values. 

Gene ontology term Category Set size 
Input genes 

within set (%) 
 q-value 

GO:0007584   response to nutrient BP 3 120 5 (4.2%)  0.0228 

Biological processes: BP   

 

Table 3.13: Gene ontologies (GO) categories for differentially expressed 
genes common to all samples (Male HL, Male LH, Male LL and Female 
HL) compared to Female LH,ranked based on q-value.  Showing the GO 
terms, GO categories and q-values. 

Gene ontology term Category Set size 
Input genes 

within set (%) 
q-value 

GO:0044710 single-organism metabolic 

process 
BP 2 2910 24 (0.8%) 0.00474 

GO:0070469 respiratory chain CC 2 65 10 (15.4%) 2.64E-12 

GO:0044455 mitochondrial membrane part CC 2 108 8 (7.4%) 0.00000017 

GO:1990204 oxidoreductase complex CC 2 71 7 (9.9%) 0.00000017 

GO:0031975 envelope CC 2 608 13 (2.1%) 0.0000053 

GO:0098796 membrane protein complex CC 2 601 11 (1.8%) 0.000171 

GO:0016491 oxidoreductase activity MF 2 402 11 (2.7%) 0.00000868 

Biological processes: BP, cellular component: CC and molecular function: MF. 
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3.3.7. Differential gene expression comparing dietary treatments 

3.3.7.1. Peri-conception diet comparison MLLvsMHL  

The comparison between the MLL and the MHL sample (MLLvsMHL) 

demonstrates the effect of a peri-conception dietary treatment. MLLvsMHL 

has 1178 genes differentially expressed (with the MLL as control), after 

filtering to only those containing a single human ortholog. Comparing the 

MLL sample to the MHL sample has 648 genes that appear uniquely 

differentially regulated between all those compared to MLL (Fig. 3.8). 

The differentially expressed genes that were up-regulated (20) or down-

regulated (20) with the highest logFC are shown in Table 3.14. The 

uniquely differentially expressed genes between the MLLvsMHL 

comparison show enriched categories relating to GTP hydrolysis and the 

hydrolysis of NTPs during DNA unwinding. This was shown in the GO 

analysis in Table 3.15 which showed the categories GO:0060589: 

nucleoside-triphosphatase regulator activity and GO:0005096: GTPase 

activator activity. The highest logFC among the up-regulated differentially 

expressed genes between MLLvsMHL is CITED4. As mentioned in section 

3.3.4, CITED4 appears in other comparisons to MHL (Table 3.7), which 

indicates this treatment MHL has specific effects on gene expression.  

Pathways are shown in the gene network in Table 3.16 and the Cytoscape 

network (data not shown due to complexity of image). The pathways relate 

to cancer and RAS family regulation, which corresponds to the GO 

analysis categories which similarly found DNA replication and GTPase 

activity. Within the gene network genes such as POLA1 (Polymerase 

(DNA Directed), Alpha 1, Catalytic Subunit), E2F3 (E2F Transcription 

Factor 3) and KRAS (Kirsten Rat Sarcoma Viral Oncogene Homolog) were 

key points in the pathways. POLA1 is vital for DNA replication, E2F3 is a 

specific transcription factor and KRAS is responsible for amino acid 

substitutions during mutations (Miller et al., 1985, Wu et al., 1995, McCoy 

et al., 1984). Suggested transcription factors are shown in Table 3.16 and 

include important proteins such as FOXO4 (Forkhead Box O4) and OCT1 

(Octamer-Binding Transcription Factor 1) (Cheng et al., 2002, Wessler et 
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al., 2001, Lappas et al., 2010). FOXO4 is responsible for regulating 

inflammation response and has a possible interaction with dietary 

treatment in the placenta, which indicates that this is a likely transcription 

factor involved in dietary treatment effects (Saben et al., 2014, Lappas et 

al., 2010).  

Table 3.14: The 40 uniquely differentially expressed genes with the 
highest log fold change (FC) MLLvsMHL. Showing Ensembl ID, Official 
gene name, LogFC, p-value and false discovery rate (FDR). 

Ensembl ID Gene symbol LogFC p-value FDR 

ENSBTAG00000015113 CITED4 1.95 1.22E-17 5.41E-16 

ENSBTAG00000034077 ASIP 1.79 1.19E-71 2.69E-69 

ENSBTAG00000014420 AGER 1.73 2.87E-12 7.46E-11 

ENSBTAG00000002317 PTN 1.65 4.57E-17 1.94E-15 

ENSBTAG00000033429 FAM229B 1.56 1.50E-14 4.99E-13 

ENSBTAG00000003832 MFAP2 1.53 1.25E-15 4.70E-14 

ENSBTAG00000015164 SLC27A5 1.52 1.03E-13 3.13E-12 

ENSBTAG00000002904 ZNF787 1.46 1.90E-15 6.92E-14 

ENSBTAG00000006214 LOXL2 1.46 2.12E-15 7.71E-14 

ENSBTAG00000026657 IFT27 1.45 5.57E-11 1.21E-09 

ENSBTAG00000011204 NINJ1 1.44 3.39E-15 1.19E-13 

ENSBTAG00000032372 GSG2 1.41 1.06E-14 3.59E-13 

ENSBTAG00000003895 CYBA 1.40 1.99E-10 3.90E-09 

ENSBTAG00000018598 HSPB6 1.39 1.35E-13 4.04E-12 

ENSBTAG00000020852 SLC16A11 1.38 5.06E-12 1.26E-10 

ENSBTAG00000033464 SPA17 1.38 7.66E-10 1.36E-08 

ENSBTAG00000046837 ZNF358 1.38 4.10E-16 1.60E-14 

ENSBTAG00000006185 SPC24 1.38 3.65E-09 5.81E-08 

ENSBTAG00000008114 CD99 1.36 8.16E-13 2.23E-11 

ENSBTAG00000005596 IGFBP2 1.33 1.78E-15 6.60E-14 

ENSBTAG00000004836 NRK -2.37 2.12E-24 1.45E-22 

ENSBTAG00000024974 HEXIM2 -2.35 2.52E-30 2.20E-28 

ENSBTAG00000016221 AMOT -2.07 9.38E-21 5.33E-19 

ENSBTAG00000005967 UBR2 -2.03 7.88E-17 3.26E-15 

ENSBTAG00000000737 DMXL2 -1.93 1.04E-15 3.93E-14 

ENSBTAG00000002606 LGR4 -1.80 3.30E-13 9.52E-12 

ENSBTAG00000001950 RP11-1012A1.4 -1.79 1.67E-12 4.45E-11 

ENSBTAG00000008656 KBTBD6 -1.77 2.51E-15 9.02E-14 

ENSBTAG00000009279 TNKS2 -1.72 5.22E-56 8.64E-54 

ENSBTAG00000012818 PDLIM5 -1.69 6.03E-12 1.49E-10 

ENSBTAG00000017455 ADAM9 -1.68 4.37E-18 2.00E-16 

ENSBTAG00000005738 ATP8B1 -1.67 9.39E-13 2.57E-11 

ENSBTAG00000007163 SLC44A1 -1.66 2.05E-13 6.02E-12 

ENSBTAG00000003876 MCU -1.64 2.83E-12 7.37E-11 

ENSBTAG00000015460 TP63 -1.64 1.85E-12 4.92E-11 

ENSBTAG00000018203 CD101 -1.63 2.11E-10 4.10E-09 

ENSBTAG00000017450 KLHL24 -1.63 3.48E-12 8.92E-11 

ENSBTAG00000014463 CAMK2D -1.60 4.06E-13 1.15E-11 

ENSBTAG00000000897 IQGAP2 -1.58 3.39E-14 1.09E-12 

ENSBTAG00000014486 ATP12A -1.58 2.53E-15 9.05E-14 
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Table 3.15: Gene ontologies (GO) categories for differentially expressed 
genes uniquely differentially expressed between MLLvsMHL. Showing 
the GO terms, GO categories and q-values. 

Gene ontology term category Set size 
Input genes 

within set (%) 
q-value 

GO:0060589   nucleoside-triphosphatase 

regulator activity MF 3 

188 25 (13.3%) 

0.0416 

GO:0008047   enzyme activator activity MF 3 256 31 (12.1%) 0.0416 

GO:0005096   GTPase activator activity MF 4 150 23 (15.3%) 0.0166 

GO:0030695   GTPase regulator activity MF 4 168 24 (14.3%) 0.0181 

Biological processes: BP, cellular component: CC and molecular function: MF. 

 

Table 3.16: Cytoscape (Genemania) analysis of the MLLvsMHL uniquely 
differentially expressed genes, showing the pathways, suggested extra 
genes (result) and suggested transcription factors. 

Pathways Result Transcription factors 

Glioma BNC2 E12 

Non-small cell lung cancer AKT3 LEF1 

Regulation of Ras family enzymes ZIC4 NFY 

RORA Activates Circadian Expression GRB2 PAX4 

Valine, leucine and isoleucine biosynthesis BRAF MEIS1 
 

ESRRG NFAT 
 

PIK3R3 FOXO4 
 

PIK3CD AREB6 
 

CDK6 GATA4 
 

PIK3CG IRF7 
 

DMD OCT1 
 

SLC26A9 SRY 
 

SOX5 TBP 
 

STC1 
 

 
HRAS 

 

 
E2F1 

 

 
NR1D1 

 

 
TP53 

 

 
NRAS 

 

 
HOXC4 
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3.3.7.2. Post-conception diet comparison MLLvsMLH 

Comparing the MLL to the MLH sample identifies the differentially 

expressed genes from the male a post-conception dietary treatment. 

MLLvsMLH has 1004 differentially expressed genes and 293 uniquely 

differentially expressed genes (Fig. 3.8), after filtering to those with one 

human ortholog. 

The uniquely differentially expressed genes with highest logFC between 

the MLLvsMLH comparison and the corresponding GO analysis are shown 

in Tables 3.17-3.18. These differentially expressed genes show patterns 

of extracellular matrix formation and cell adhesion, as shown by the GO 

analysis in Table 3.18 which shows enriched categories in GO:0007155 

cell adhesion, GO:0005886 plasma membrane and GO:0005578 

proteinaceous extracellular matrix. Of those with the highest logFC there 

are genes associated with cell adhesion and inflammation (Table 3.17). 

For instance, KRT17 encodes a keratin protein that has structural 

functions in hooves and hair, but is also involved in inflammation pathways 

(Troyanovsky et al., 1992, Komine et al., 1996). Other important genes 

include the choline transporter SLC44A4 (Solute Carrier Family 44, 

Member 4) and DDO (D-Aspartate Oxidase). As mentioned previously, 

SLC44A4 expression has been shown to vary during normal gestation to 

adjust choline uptake to the fetus. This suggests that the decrease in 

expression in the post-conception high protein diet treatment may 

negatively impact on membrane structure (Satterfield et al., 2009). DDO is 

involved in alanine, aspartate and glutamate metabolism and is also 

indicated as a factor in the ageing of oocytes (Setoyama and Miura, 1997, 

D'Aniello et al., 2007). Of those with the highest logFC the genes ZNF75D 

(Zinc Finger Protein 75D) and ACOT6 (Acyl-CoA Thioesterase 6) have the 

lowest p-value. ZNF75D also appeared in the unique differentially 

expressed gene list between MLL and MLH and is associated with gene 

transcription. ACOT6 is an enzyme A which catalyzes the hydrolysis 

of esters to free acid, which suggests the diet reversal could be altering 

the energy substrate source (Hunt et al., 2006). 
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Table 3.19 shows the genetic network and enriched pathways in the 

differentially expressed genes which include several pathways relating to 

collagen formation. Cytoscape network (data not shown due to complexity 

of image) These include genes such as LAMA2 (Laminin, Alpha 2) and 

COL8A1 (Collagen, Type VIII, Alpha 1). Both of these are involved in 

extracellular matrix formation (Illidge et al., 1998, Engvall et al., 1990). 

Table 3.17: The 40 differentially expressed genes with the highest log 
fold change (FC) for the uniquely differentially expressed genes for 
MLLvsMLH. 

Ensembl ID Gene symbol LogFC p-value FDR 

ENSBTAG00000044117 ANKRD45 3.82 5.73E-10 1.17E-08 
ENSBTAG00000016158 ACAN 3.60 1.50E-12 4.18E-11 
ENSBTAG00000047939 ZNF75D 3.40 6.30E-15 2.24E-13 
ENSBTAG00000045902 EPHB2 3.16 1.87E-11 4.63E-10 
ENSBTAG00000003775 C8B 3.06 6.39E-07 8.12E-06 
ENSBTAG00000003090 LRRC9 3.06 6.39E-07 8.12E-06 
ENSBTAG00000031209 SLC22A4 3.03 4.43E-09 8.09E-08 
ENSBTAG00000006806 KRT17 2.90 1.03E-12 2.92E-11 
ENSBTAG00000037527 OAS1 2.84 7.10E-08 1.07E-06 
ENSBTAG00000003508 C7ORF63 2.82 1.40E-06 1.67E-05 
ENSBTAG00000012246 ANO2 2.79 2.25E-06 2.57E-05 
ENSBTAG00000015060 GBP5 2.79 2.25E-06 2.57E-05 
ENSBTAG00000020250 SLC28A1 2.67 1.13E-06 1.36E-05 
ENSBTAG00000008544 SALL1 2.60 1.05E-16 4.31E-15 
ENSBTAG00000001143 GBP1 2.54 8.85E-07 1.09E-05 
ENSBTAG00000009788 ACOT6 2.53 5.80E-11 1.35E-09 
ENSBTAG00000035710 ZBBX 2.41 3.47E-07 4.61E-06 
ENSBTAG00000014053 MAK 2.40 4.87E-08 7.51E-07 
ENSBTAG00000030322 KLHDC7A 2.39 8.09E-06 8.12E-05 
ENSBTAG00000011461 ADORA1 2.30 1.23E-06 1.48E-05 

ENSBTAG00000014540 C1ORF170 -2.11 2.69E-08 4.37E-07 
ENSBTAG00000014537 PLEKHN1 -2.00 1.31E-11 3.32E-10 
ENSBTAG00000025317 PRL -1.89 7.84E-08 1.17E-06 
ENSBTAG00000033367 DDO -1.77 8.51E-12 2.20E-10 
ENSBTAG00000004989 IRF5 -1.67 1.16E-05 0.00011 
ENSBTAG00000018189 CSTB -1.64 3.38E-05 0.00029 
ENSBTAG00000009832 NOBOX -1.62 2.22E-05 0.00020 
ENSBTAG00000007850 ITIH4 -1.60 4.56E-05 0.00038 
ENSBTAG00000005675 SLC44A4 -1.42 1.97E-13 5.96E-12 
ENSBTAG00000010836 PRRT3 -1.40 3.54E-05 0.00030 
ENSBTAG00000004440 SLC15A1 -1.40 2.35E-08 3.86E-07 
ENSBTAG00000006054 ACBD4 -1.38 5.66E-07 7.27E-06 
ENSBTAG00000006372 KLHL42 -1.38 1.68E-11 4.20E-10 
ENSBTAG00000016335 NPM3 -1.35 2.36E-07 3.22E-06 
ENSBTAG00000047827 RENBP -1.33 1.35E-07 1.93E-06 
ENSBTAG00000018015 IL27 -1.32 1.61E-07 2.28E-06 
ENSBTAG00000001788 PDPN -1.31 6.57E-10 1.32E-08 
ENSBTAG00000014492 NFKBIL1 -1.29 6.47E-12 1.70E-10 
ENSBTAG00000006567 VIPR1 -1.27 7.32E-11 1.68E-09 
ENSBTAG00000002007 PRG3 -1.25 3.64E-05 0.0003 
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Table 3.18: Gene ontologies (GO) categories for differentially expressed 
genes between MLLvsMLH.  Showing the GO terms, GO categories, p-
values and q-values. 

Gene ontology (GO) term category Set size Input genes 
within set (%) q-value 

GO:0007155   cell adhesion BP 2 784 41 (5.2%) 0.0036 
GO:0044707 single-
multicellular organism 
process 

BP 2 3569 130 (3.6%) 0.0036 

GO:0005886   plasma 
membrane CC 2 2458 98 (4.0%) 0.00128 
GO:0005578   proteinaceous 
extracellular matrix CC 2 223 18 (8.1%) 0.00128 

GO:0071944   cell periphery CC 2 2514 99 (3.9%) 0.00128 

Biological processes: BP and cellular component: CC. 

 

Table 3.19: Cytoscape (Genemania) analysis of the MLLvsMLH uniquely 
differentially expressed genes, showing the pathways, suggested extra 
genes (result) and suggested transcription factors. 

Pathways Result Transcription 
factors 

Adenosine P1 receptors COL3A1 
E12 

Assembly of collagen fibrils and other multimeric structures COL4A4 
 

Beta1 integrin cell surface interactions COL4A6 
 

Beta3 integrin cell surface interactions COL4A5 
 

Collagen biosynthesis and modifying enzymes COL4A1 
 

Cytokine Signaling in Immune system COL4A3 
 

ECM-receptor interaction VCAM1 
 

Extracellular matrix organization COL11A2 
 

Integrins in angiogenesis COL11A1 
 

Interferon gamma signalling COL2A1 
 

Interferon Signaling ITGAV 
 

NCAM signaling for neurite out-growth COL6A2 
 

Neuroactive ligand-receptor interaction COL1A1 
 

Pathways in cancer COL1A2 
 

Protein digestion and absorption SLC15A3 
 

Proton oligonucleotide cotransporters COL5A2 
 

St b cell antigen receptor COL5A1 
 

Transmembrane transport of small molecules SLC15A4 
 

 ADORA3 
 

 ADORA2A 
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3.3.7.4. Peri- and post-conception diet comparisons  

3.3.7.4.1. MHLvsMLH 

Comparing the MHL to MLH or FHL to FLH enables a comparison of 

complete dietary treatment reversal, which allows the sequence of 

dietary treatment to be assessed. 

MHLvsMLH has 1411 genes differentially expressed between samples, 

after filtering for those with one human ortholog with 376 genes uniquely 

differentially expressed within the MHLvsMLH comparison. The uniquely 

differentially expressed genes in the MHLvsMLH comparison show 

wound responses as well as inflammation regulators. This is shown in 

the GO analysis which indicated genes associated with GO:0006952: 

defence response and GO:0070887: cellular response to chemical 

stimulus were enriched (Table 3.21). For instance, the gene SPP1 

(Secreted Phosphoprotein 1) was down-regulated in the MLH compared 

to the MHL treatment. SPP1 is important in the establishment of 

pregnancy, but is also a cytokine involved in the wound healing process, 

which further suggest an influence of the diet reversal on inflammation 

(Liaw et al., 1998, Johnson, G. A., et al. 2001). Importantly, DICER 

(Double-Stranded RNA-Specific Endoribonuclease) was found to have 

increased expression in the MLH sample. DICER is responsible for the 

production of microRNAs which regulate many functions in embryo 

development and cellular function (Burrola-Barraza et al., 2011). The 

increase in the expression of this gene suggests the regulation of embryo 

development could be affected. 

The genetic network analysis for those uniquely differentially regulated 

between MHL and MLH is shown in Table 3.22. Pathways that were 

identified by the cytoscape analysis include the immune system as being 

affected. Genes such as CCL2 (Chemokine (C-C Motif) Ligand 2) and 

CD86 (CD86 Molecule) became pivotal in the Cytoscape network image 

(Data not shown due to complexity of network). CCL2 is involved in 

inflammatory response while CD86 is associated with asthma due to its 
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role as a ligand that activates T-cells (Eugenin et al., 2003, Corydon et 

al., 2007). 

Table 3.20: The 40 differentially expressed genes with the highest or 
lowest Log fold change (FC) of those unique in the comparison 
MHLvsMLH. 

Ensembl identification Gene symbol LogFC P Value FDR 

ENSBTAG00000005260 SPP1 -1.92 3.35E-28 5.13E-26 

ENSBTAG00000047827 RENBP -1.68 1.07E-10 1.49E-09 

ENSBTAG00000009653 TCL1B -1.52 1.09E-17 4.52E-16 

ENSBTAG00000005675 SLC44A4 -1.41 1.81E-25 2.06E-23 

ENSBTAG00000015390 FN3KRP -1.36 1.72E-28 2.78E-26 

ENSBTAG00000000434 CRYAB -1.27 1.15E-15 3.46E-14 

ENSBTAG00000014782 STAB1 -1.26 3.51E-36 1.11E-33 

ENSBTAG00000003806 ECM1 -1.25 1.16E-26 1.51E-24 

ENSBTAG00000000524 CSTB -1.23 1.89E-41 7.77E-39 

ENSBTAG00000014713 RARRES1 -1.16 8.4E-12 1.42E-10 

ENSBTAG00000013531 APITD1 -1.12 1.76E-21 1.25E-19 

ENSBTAG00000020600 RHOD -1.09 1.68E-25 1.93E-23 

ENSBTAG00000005285 MRPS33 -1.08 6.63E-21 4.33E-19 

ENSBTAG00000010515 FBXW5 -1.06 2.7E-22 2.14E-20 

ENSBTAG00000019782 TPI1 -1.06 2.32E-10 3.04E-09 

ENSBTAG00000046846 FAM32A -1.05 2.51E-23 2.22E-21 

ENSBTAG00000006761 PRL -1.03 1.83E-10 2.43E-09 

ENSBTAG00000000694 TAF10 -1.01 2.21E-09 2.44E-08 

ENSBTAG00000034827 PDGFD 1.01 2.73E-08 0.000001 

ENSBTAG00000007519 ADAR 1.01 5.22E-12 9.28E-11 

ENSBTAG00000005108 SLIT2 1.65 1.44E-20 9.05E-19 

ENSBTAG00000003665 NUP210 1.63 7.05E-35 2.01E-32 

ENSBTAG00000001305 ATP2B2 1.61 1.69E-29 2.97E-27 

ENSBTAG00000024633 PIK3C2B 1.46 3.99E-19 1.99E-17 

ENSBTAG00000013368 ANKRD22 1.44 5.97E-16 1.87E-14 

ENSBTAG00000017473 LAMC3 1.42 1.56E-19 8.31E-18 

ENSBTAG00000015307 FBN2 1.40 1.83E-16 6.3E-15 

ENSBTAG00000004948 FAM84A 1.40 5.7E-18 2.49E-16 

ENSBTAG00000015296 PTPRB 1.38 2.82E-11 4.31E-10 

ENSBTAG00000014906 VCAN 1.37 6.02E-16 1.88E-14 

ENSBTAG00000001136 KIAA1324 1.36 3.18E-16 1.03E-14 

ENSBTAG00000012852 DICER1 1.36 2.67E-33 6.93E-31 

ENSBTAG00000018831 DAO 1.34 6.16E-10 7.55E-09 

ENSBTAG00000011589 CDC14B 1.33 1.61E-09 1.82E-08 

ENSBTAG00000010529 FZD6 1.33 6.9E-12 1.19E-10 

ENSBTAG00000022799 NOTCH1 1.33 6.59E-18 2.82E-16 

ENSBTAG00000010169 SUCO 1.31 3.06E-19 1.54E-17 

ENSBTAG00000021695 GLYCTK 1.31 4.31E-17 1.66E-15 

ENSBTAG00000019339 ITPKB 1.31 1.49E-09 1.69E-08 

ENSBTAG00000000908 HCAR1 1.29 3.55E-09 0.000000038 
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Table 3.21: Gene ontologies (GO) categories for differentially expressed 
genes uniquely differentially expressed between MHLvsMLH.  Showing 
the GO terms, GO categories and q-values. 

GO term category Set 
size 

Input genes within set 
(%) 

q-value 

GO:0006952   defence response BP 3 847 59 (7.0%) 0.00187 
GO:0070887   cellular response to chemical 
stimulus 

BP 3 1429 82 (5.7%) 0.0184 

Biological processes: BP. 

 
 
Table 3.22: Cytoscape (Genemania) analysis of the MHLvsMLH 
uniquely differentially expressed genes, showing the pathways, 
suggested extra genes (result) and suggested transcription factors. 

Pathways Result Transcription factors 

Immune System NFAT5 MAZ 

Prion diseases C4A NF1 

Cell signal transduction C7 NFAT 

 C5 FOXO4 

 C9 MEF2 

 C1QB  

 C6 
 

 C8A 
 

 C1QC 
 

 NFKBIA 
 

 ELK1 
 

 JUN 
 

 FOS 
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3.3.7.4.2. FHLvsFLH 

Comparing the FHL sample to FLH sample identified 327 differentially 

expressed genes after filtering for those with one human ortholog. When 

comparing FHL to FLH there are 107 uniquely differentially expressed 

genes (Fig. 3.9). Similar to the common genes within the FLH, the GO 

analysis for the unique differentially expressed genes between 

FHLvsFLH was enriched were GO:0022900:  electron transport chain, 

GO:0070469: respiratory chain and GO:0016491: oxidoreductase activity 

(Table 3.24). This is again shown by the several mitochondrial genes also 

down regulated. MT-ND4L (Mitochondrially Encoded NADH 

Dehydrogenase 4L) and MT-ND6 (Mitochondrially Encoded NADH 

Dehydrogenase 6) have one of the highest logFC with an extremely 

significant p-value (Table 3.23). These genes function as part of NADH 

dehydrogenase (ubiquinone) activity and have been used as markers for 

embryo health (Kameyama et al., 2007, Harvey et al., 2011, Takeo et al., 

2013). SERPINB1 (Serpin peptidase inhibitor, clade B (ovalbumin), 

member 1) was highly upregulated in the MLH sample and is involved in 

protection of tissue from inflammation damage, shown in Table 3.23 

(Riding et al., 2008a). LNX2 (Ligand of numb-protein X 2, E3 ubiquitin 

protein ligase) also was up-regulated in FLH. LNX2 is regulated by the 

WNT-NOTCH pathway (Camps et al., 2013).  

Cytoscape (Genemania) analysis identified pathways and attributes for 

those genes uniquely differentially expressed between FHL and FLH, 

which are are shown in Table 3.25 and Fig. 3.10. Several pathways 

similarly show an effect on respiratory electron transport, but several also 

indicate effects on steroid and cholesterol biosynthesis. 

All of these results suggests the diet reversal within the female 

placentomes affects respiration and steroid synthesis which could affect 

the overall function of the placenta. 
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Table 3.23: The 40 differentially expressed genes with the highest or 
lowest log fold change (FC) of those unique in the comparison 
FHLvsFLH. 

Ensembl ID Gene symbol logFC P Value FDR 

ENSBTAG00000043559 MT-ND4L -2.96 5.81E-89 8.63E-86 
ENSBTAG00000043546 MT-ND6 -2.87 4.7E-160 2.81E-156 
ENSBTAG00000043550 MT-CYB -2.71 1.05E-31 3.56E-29 
ENSBTAG00000043571 MT-ND2 -2.43 5.2E-26 1.37E-23 
ENSBTAG00000043577 MT-ND4 -2.23 9.99E-23 2.12E-20 
ENSBTAG00000033513 PRL -1.88 8.25E-32 2.88E-29 
ENSBTAG00000043558 MT-ND1 -1.80 1.13E-15 1.35E-13 
ENSBTAG00000043584 MT-ATP6 -1.77 1.7E-15 1.98E-13 
ENSBTAG00000015362 BMP7 -1.67 2.17E-30 7.16E-28 
ENSBTAG00000043556 MT-CO2 -1.65 1.07E-13 9.62E-12 
ENSBTAG00000012182 DIRAS3 -1.64 4.14E-39 2.34E-36 
ENSBTAG00000043560 MT-CO3 -1.56 1.74E-12 1.33E-10 
ENSBTAG00000005498 SQLE -1.42 1.55E-52 1.22E-49 
ENSBTAG00000015457 FGFR1 -1.41 2.06E-05 4.85E-4 
ENSBTAG00000033727 RBPMS -1.38 2.02E-14 2E-12 
ENSBTAG00000004630 COMP -1.29 6.4E-24 1.55E-21 
ENSBTAG00000003068 MSMO1 -1.28 1.16E-08 5.68E-07 
ENSBTAG00000010645 HLA-DRA -1.27 8.72E-13 6.96E-11 
ENSBTAG00000014135 WDR17 -1.20 1.79E-15 2.06E-13 
ENSBTAG00000040193 COLQ -1.18 9.45E-14 8.57E-12 

ENSBTAG00000015614 LNX2 1.87 4.7E-65 3.99E-62 
ENSBTAG00000011975 SERPINB1 1.81 3.82E-68 3.49E-65 
ENSBTAG00000016554 C3ORF52 1.55 2.28E-29 6.61E-27 
ENSBTAG00000006024 ISLR 1.51 2.16E-16 2.86E-14 
ENSBTAG00000023600 APOD 1.26 6.44E-35 2.94E-32 
ENSBTAG00000040323 SECTM1 1.24 1.01E-17 1.43E-15 
ENSBTAG00000030667 CCDC114 1.23 5.87E-07 2.08E-5 
ENSBTAG00000014788 AKAP12 1.22 8.55E-07 2.92E-5 
ENSBTAG00000011892 SRGAP1 1.21 2.63E-19 4.46E-17 
ENSBTAG00000013281 SPATA21 1.21 4.08E-14 3.85E-12 
ENSBTAG00000011373 MAML3 1.14 9.01E-4 1.18E-2 
ENSBTAG00000046956 STYX 1.14 4.57E-17 6.24E-15 
ENSBTAG00000032503 ITPRIPL2 1.06 6.43E-20 1.12E-17 
ENSBTAG00000004625 PYGB 1.02 5.08E-06 1.41E-4 
ENSBTAG00000010878 HYDIN 1.02 4.38E-18 6.4E-16 
ENSBTAG00000004575 FAM126A 1.02 2.82E-4 4.48E-3 
ENSBTAG00000034366 RGS2 1.02 1.17E-08 5.68E-07 
ENSBTAG00000011824 OGN 1.00 4.32E-4 6.46E-3 
ENSBTAG00000021902 ALDH5A1 1.00 3.00E-15 3.30E-13 
ENSBTAG00000039326 GCNT2 1.00 4.25E-08 1.9E-6 

 

  



128 
 

Table 3.24: Gene ontologies (GO) categories for uniquely differentially 
expressed genes in the comparison FHLvsFLH, ranked based on q-
value. Showing the GO terms, GO categories and q-values. 

Gene ontology (GO) term category Set size 

Input 
genes 
within set 
(%) 

q-value 

GO:0022900   electron transport chain BP 3 98 
12 
(12.2%) 

1.67E-07 

GO:0015980   energy derivation by oxidation 
of organic compounds 

BP 3 236 14 (5.9%) 3.75E-05 

GO:0006091   generation of precursor 
metabolites and energy 

BP 3 284 14 (4.9%) 2.28E-4 

GO:0055114   oxidation-reduction process BP 3 620 19 (3.1%) 2.82E-3 

GO:0070469   respiratory chain CC 2 65 
10 
(15.4%) 

1.06E-07 

GO:0044455   mitochondrial membrane part CC 2 108 8 (7.4%) 6.38E-4 

GO:0005746   mitochondrial respiratory chain CC 3 57 7 (12.3%) 1.47E-4 

GO:0098798   mitochondrial protein complex CC 3 88 8 (9.1%) 1.47E-4 

GO:0070069   cytochrome complex CC 3 13 4 (30.8%) 1.6E-4 

GO:0016491   oxidoreductase activity MF 2 405 15 (3.7%) 1.2E-3 

GO:0016651   oxidoreductase activity, acting 
on NAD(P)H 

MF 3 64 6 (9.4%) 3.77E-3 

Biological processes: BP and cellular component: CC, molecular function: 
MF. 
 

Table 3.25: Cytoscape (Genemania) analysis of the FHLvsFLH uniquely 
differentially expressed genes, showing the pathways, suggested extra 
genes (result) and suggested transcription factors. 

Pathways Result Transcription 
factors 

Activation of gene expression by SREBF (SREBP) COX6A1 MYOD 

Cholesterol biosynthesis  COX6B1 MAZ 

Metabolic pathways COX7C NFKB 

Oxidative phosphorylation COX7A2L AML 

Parkinson's disease COX6C ETS2 
Regulation of cholesterol biosynthesis by SREBP (SREBF) COX7B ATF3 

Respiratory electron transport COX5A CEBPDELTA 

Steroid biosynthesis COX4I1 ETS 

The citric acid (TCA) cycle and respiratory electron transport COX5B GATA1 

 COX8A MYCMAX 

 GLG1  

 TAB2  

 UNC13B  
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Figure 3.10: Gene network for those uniquely differentially expressed 
genes in the FHLvsFLH comparison generated using Cytoscape. Blue 
lines indicate pathways. Red node indicates transcription factor, Gold 
node indicates gene on input list, Blue node indicates result of database. 
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3.3.7.5. Differential gene expression comparing sex of offspring 

(MHLvsFHL) and (MLHvsFLH) 

When the MHL sample is compared to the FHL sample, or MLH to FLH 

sample only the sex of the offspring varies. There are 102 common genes 

between MHLvsFHL and MLHvsFLH but no ontologies or pathways were 

identified in these common genes between both sex only comparisons.  

When the comparison MHLvsFHL and MLHvsFLH are examined 

individually no identified ontologies reached significance. The MHLvsFHL 

comparison also showed no pathways enriched, but the MLHvsFLH 

samples had similar characteristics to what was found in the FLH 

common genes with genes associated with respiration electron transport 

differentially affected. Yet other pathways such as glucose metabolism 

are also included (Table 3.26). This suggests the response to the dietary 

treatment may vary with the sex of the offspring as these pathways are 

different within sex comparisons. 

Table 3.26: Cytoscape (Genemania) analysis of the MLHvsFLH uniquely 
differentially expressed genes, showing the pathways, suggested extra 
genes (result) and suggested transcription factors. 

Pathways Results Transcription 
Factors 

Glucose metabolism COX7A2L E12 

Glycogen breakdown (glycogenolysis) NDUFS1 SOX9 

Metabolic pathways NDUFB4 AREB6 

Metabolism NDUFAB1 MYB 

Oxidative phosphorylation NDUFB7 NF1 

Parkinson's disease COX6C 
 

Respiratory electron transport NDUFS8 
 

Respiratory electron transport, ATP synthesis by chemiosmotic 
coupling, and heat production by uncoupling proteins. 

COX7B 
NDUFA13 
COX4I1 

 

Citric acid (TCA) cycle and respiratory electron transport NDUFB2 
 

 
COX7C 

 

 
COX6B1 

 

 
COX6A1 

 

 
COX5B 

 

 
COX8A 

 

 
COX5A 

 

 
NDUFS7 

 

 
NDUFB11 

 

 
NDUFA12 
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3.3.7.6. Compound effects: MLLvsFHL, MLLvsFLH, MHLvsFLH and 

MLHvsFHL 

Comparing the MLL to the FHL sample examined the peri-conception 

high protein diet with sex. This can be compared to the MHL comparison 

to MLL in order to look at common peri-conception effects. Particularly 

high importance is given to the myosin heavy chain genes, as many of 

these are among those with the highest logFC. MYH4 is repeatedly down 

regulated compared to MLL, however more myosin genes are affected in 

the MLLvsFHL comparison which suggests an influence of sex on the 

differential gene expression. Unique genes for the MLL sample only 

compared to the FHL sample includes genes such as IGLON5 (IgLON 

Family Member 5), and ALPL (Alkaline Phosphatase, 

Liver/Bone/Kidney).  

Comparing the MLL to FLH sample looked at a peri-conception high 

protein diet. This can be compared to the MLH comparison to MLL in 

order to look at common post-conception effects. Fewer muscle related 

genes appear than in the MLLvsFHL comparison, which suggests that 

the peri-conception diet is important to muscle development. Unique 

genes include many mitochondrial genes, such as MT-ND1 and MT-ND4. 

Comparing MHLvsFLH looks and MLHvsFHL both look at a diet reversal 

and an offspring sex as variables.  GO analysis found GO:0043167: ion 

binding as an enriched category in the MHLvsFLH comparison. CITED4 

also appears in the most highly down regulated differentially expressed 

genes of MHLvsFLH comparison. MLHvsFHL had the category 

GO:0005578: proteinaceous extracellular matrix enriched.  

3.3.8. qRTPCR validation and specific gene targets 

Differentially expressed genes were filtered for those with greater than 

50 counts difference between samples and then chosen as gene targets 

based on logFC and representation of the ontologies or pathways. Genes 

were finally selected to validate differential gene expression identified in 

each diet comparison.     
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3.3.8.1. CITED4 (Cbp/P300-Interacting Transactivator, With 

Glu/Asp-Rich Carboxy-Terminal Domain, 4) 

The CITED4 (Cbp/P300-Interacting Transactivator, With Glu/Asp-Rich 

Carboxy-Terminal Domain, 4) gene was upregulated in the MHL sample 

compared to the MLL, FHL and FLH samples which corresponds to the 

RNA-seq results (Fig. 3.11). The CITED4 gene is involved in gene 

transcription but does not directly bind to DNA, instead it binds to other 

proteins and acts as a coactivator to regulate transcription (Yahata et al., 

2002, Rodriguez et al., 2004). CITED4 binds to several proteins, 

including CREB-binding protein (CBP) to regulate gene transcription 

(Yahata et al., 2002). Some evidence suggests this gene is involved in 

regulating growth mechanisms, as it is down regulated in tumour cells by 

DNA hypermethylation (Bragança et al., 2002). In cattle, it has been 

reported that calorific restriction affected CITED4 expression, thus 

suggesting that CITED4 expression responds to the nutritional 

environment (Connor et al., 2010).  
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Figure 3.11: Quantification of CITED4 (Cbp/P300-Interacting 
Transactivator, With Glu/Asp-Rich Carboxy-Terminal Domain, 4) 
expression. A) Showing the RNAseq counts, B) qRTPCR quantification 
normalized to expression of UXT in B) MLLvsMHL C) MHLvsFLH. T-test, 
** represents P<0.01, **** represents P<0.0001.  
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3.3.8.2. SUZ12 (SUZ12 (Suppressor of Zeste 12) Polycomb 

Repressive Complex 2 Subunit) 

The SUZ12 (SUZ12 (Suppressor of Zeste 12) polycomb repressive 

complex 2 subunit) gene was down regulated in MHL compared to MLL 

(Fig. 3.12). SUZ12 is an epigenetic regulating factor that is essential for 

differentiation in embryo development as SUZ12 mutations have been 

associated with embryo lethality (O'Carroll et al., 2001, Pasini et al., 

2007). There is also some evidence that SUZ12 is affected by dietary fat 

level, thus it is possible SUZ12 is responsible for some adaptations by 

the embryo under environmental stresses (Nahar and Kadokawa, 2014, 

Delage and Dashwood, 2008, Dimri et al., 2010). 

 

M L L M H L

0

1 0 0

2 0 0

3 0 0

4 0 0

S U Z 1 2  c o u n ts

C
o

u
n

ts

M L L M H L

0 .0

0 .5

1 .0

1 .5

S U Z 1 2 /U X T

R
e

la
ti

v
e

 E
x

p
re

s
s

io
n

*

A B

 

Figure 3.12: Quantification of SUZ12 (SUZ12 (Suppressor of Zeste 12) 
Polycomb Repressive Complex 2 Subunit) expression. A) Showing the 
RNAseq counts, B) qRTPCR quantification normalized to expression of 
UXT in MLL and MHL bovine 98dpc placentomes. M = male, LL = 
Low/Low, HL = High/Low. T-test, * represents P<0.05.  
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3.3.8.3. PTGS2 (Prostaglandin-endoperoxide synthase) 

The PTGS2 (Prostaglandin-endoperoxide synthase 2), also known as 

COX2, is involved in prostaglandin biosynthesis (Ricciotti and Fitzgerald, 

2011, Gilroy et al., 1999, Guo et al., 2015). PTGS2 is the inducible COX 

isoform and thus the reduction in the MLH sample suggests the post-

conception high protein diet is supressing the inflammatory response in 

the low protein peri-conception diet. 
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Figure 3.13: Quantification of PTGS2 (Prostaglandin-endoperoxide 
synthase) expression. A) Showing the RNAseq counts, B) qRTPCR 
quantification normalized to expression of UXT in MLL and MLH bovine 
98dpc placentomes. M = Male, LL = Low/Low, HL = High/Low. T-test, ** 
represents P<0.01.  
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3.3.8.4. FHL1 (Four And A Half LIM Domains 1) 

The FHL1 (Four And A Half LIM Domains 1) gene is involved in skeletal 

muscle development through its functions as a regulator of transcription 

(Moreno-Sánchez et al., 2010, Wu et al., 2003). FHL1 expression is 

normally found in exercised muscles, and has been shown to be affected 

by diet (Wu et al., 2003, Cassar-Malek et al., 2009). Other functions also 

relate to the cell division, as it regulates the NOTCH signalling pathways 

by suppressing the RBP-J activation (Liang et al., 2008). FHL1 was down 

regulated in MLH and FLH compared to MLL, which indicates FHL1 is 

reduced in post-conception high protein diet (Fig. 3.14). 
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Figure 3.14: Quantification of FHL1 (Four And A Half LIM Domains 1) 
expression. A) Showing the RNAseq counts, B) qRTPCR quantification 
normalized to expression of UXT in MLLvsMLH and C) MLLvsFLH in the 
bovine 98dpc placentomes. M = Male, F = Female, LL = Low/Low, LH = 
High/Low, **** represents P<0.0001. 



137 
 

3.3.8.5. DICER1 (Dicer 1, Ribonuclease Type III) 

DICER1 (Dicer 1, Ribonuclease Type III) cleaves long dsRNAs and short 

hairpin miRNA producing siRNA and mature microRNAs (Burrola-

Barraza et al., 2011). DICER is also associated with growth suppression 

due to the functions of microRNAs (Burrola-Barraza et al., 2011, Cowling 

et al., 2008). Dicer was significantly up regulated in MLH compared to 

MHL (Fig. 3.15). This suggests that the diet sequence LH within the 

placentomes from male offspring stimulates the production of microRNAs 

and may impact on placental growth.  
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Figure 3.15: Quantification of DICER1 (Dicer 1, Ribonuclease Type III) 
expression. A) Showing the RNAseq counts, B) qRTPCR quantification 
normalized to expression of UXT in MLL to MLH bovine 98dpc 
placentomes. M = Male, HL = High/Low, LH = Low/High. T-test, ** 
represents P<0.01. 
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3.3.8.6. SLC44A4 (Solute Carrier Family 44, Member 4) 

SLC44A4 (Solute Carrier Family 44, Member 4) is a sodium-dependent 

transmembrane transport protein that transports choline (Jiang et al., 

2013, Satterfield et al., 2009). Choline is important for both cell 

membranes and fetal brain development which suggests that the MLH 

treatment may negatively impact on fetal development (Traiffort et al., 

2013). MLH shows a reduction in SLC44A4 compared to MHL, FLH and 

FHL. This suggests that the high protein during the peri-conception 

period affects choline transportation. 
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Figure 3.16: Quantification of SLC44A4 (Solute Carrier Family 44, 
Member 4) expression. A) Showing the RNAseq counts in MLH to MHL, 
FHL and FLH bovine 98dpc placentomes gene expression relative to 
UXT in B), MHLvsMLH, C) MLHvsFHL and D) MLHvsFLH. M = Male, F 
= Female, HL = High/Low, LH = Low/High. T-test, * represents P<0.05, 
*** represents P<0.001. 
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3.3.8.7. DIRAS3 (DIRAS Family, GTP-Binding RAS-Like 3) 

The DIRAS3 (DIRAS Family, GTP-Binding RAS-Like 3) gene is a 

maternally imprinted gene and is associated with growth suppression (Lu 

et al., 2006, Lu et al., 2004, Xu et al., 2000). DIRAS3 is expressed in 

normal ovarian tissue and, in mice, over expression of DIRAS3 resulted 

in offspring of lower weight with reduced ovarian weight (Xu et al., 2000). 

In the current study, the DIRAS3 gene was down regulated in MLLvsFLH 

and in the FHLvsFLH comparisons. This suggests that the FLH dietary 

treatment has a positive effect on growth of the placentome, although this 

was not clear in the weight measurements in chapter 2. 
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Figure 3.17: Quantification of DIRAS3 (DIRAS Family, GTP-Binding 
RAS-Like 3) expression. A) Showing the RNA-seq counts, B) qRTPCR 
quantification normalized to expression of UXT in FLH to MLL (B) and 
FHL (C) in bovine 98dpc placentomes. M = Male, F = Female, LL = 
Low/Low, HL = High/Low, LH = Low/High. T-test, **** represents 
P<0.0001. 
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3.3.8.8. GATM (Glycine Amidinotransferase, Mitochondrial) 

GATM (Glycine Amidinotransferase, Mitochondrial) creates the creatine 

precursor guanidinoacetic acid from arginine and glycine (Fritsche et al., 

1997). The creatine kinase enzyme can then utilise creatine to generate 

ATP, which is an alternative energy source normally in skeletal muscle 

(Lee et al., 2010, Bunel et al., 2015). GATM expression was up-regulated 

in FHL compared to FLH and MLL, which suggests that the FHL 

treatment could alter its energy source (Fig. 3.18).  
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Figure 3.18: Quantification of GATM (Glycine Amidinotransferase, 
Mitochondrial) expression. A) Showing the RNA-seq counts, B) qRTPCR 
quantification normalized to expression of UXT in FHL to FLH (B) and 
MLL (C) in bovine 98dpc placentomes. M = Male, F = Female, LL = 
Low/Low, HL = High/Low, LH = Low/High. T-test, *** represents P<0.001. 
**** represents P<0.0001. 
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3.3.8.9. PFKM (Phosphofructokinase, Muscle) 

PFKM (Phosphofructokinase, Muscle) is a subunit of 

phosphofructokinase and is a key enzyme in glucose metabolism that 

catalyses the phosphorylation of fructose-6-phosphate to fructose-1,6-

bisphosphate (Ishida et al., 2011, Mulukutla et al., 2014, Moreno-

Sánchez et al., 2010). PFKM is down regulated in FHL compared to MLL, 

which suggests a reduction in glycolysis with the peri-conception high 

protein diet, although the sex effect may also influence the results (Fig. 

3.19). 
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Figure 3.19: Quantification of PFKM (Phosphofructokinase, Muscle) 
expression. A) Showing the RNA-seq counts, B) qRTPCR quantification 
normalized to expression of UXT in MLL and FHL bovine 98dpc 
placentomes. M = Male, LL = Low/Low, HL = High/Low. T-test, *** 
represents P<0.001. 
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3.3.8.10. PTGDS (Prostaglandin D2 Synthase) 

PTGDS (Prostaglandin D2 Synthase) is an enzyme that catalyses the 

conversion of prostaglandin H2 to prostaglandin D2 (McLaughlin et al., 

1979, Michimata et al., 2002, Rossitto et al., 2015). Prostaglandin D2 is 

important in placental communication (Saito et al., 2002, Rossitto et al., 

2015). PTGDS is down regulated in FLH compared to MLL, which could 

indicate a post-conception high protein diet effect, however the sex of the 

offspring may also be influencing the expression of this gene (Fig. 3.20). 
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Figure 3.20: Quantification of PTGDS (Prostaglandin D2 Synthase) 
expression. A) Showing the RNA-seq counts, B) qRTPCR quantification 
normalized to expression of UXT in MLL and FLH (B) in the bovine 98dpc 
placentomes. M = Male, LL = Low/Low, LH = Low/High. T-test, ** 
represents P<0.01. 
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3.3.8.11. ALDOA (fructose-bisphosphate aldolase), 

ALDOA (fructose-bisphosphate aldolase), is an enzyme active in the 

glycolysis process which catalyses the change of fructose-1,6-

bisphosphate the metabolites glyceraldehyde 3-phosphate and 

dihydroxyacetone phosphate (Jang et al., 2009). The isomer aldolase A 

is expressed in the embryo then increases in adult tissue and some 

evidence suggests it is involved in cell fate determination by affecting the 

caspase system (Band et al., 2002, Jang et al., 2009). ALDOA was down 

regulated in FLH compared to MLL, which suggests that the high protein 

post-conception diet may influence glycolysis, however the offspring sex 

may also affect the gene expression (Fig. 3.21). 
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Figure 3.21: Quantification of ALDOA (fructose-bisphosphate aldolase) 
expression. A) Showing the RNA-seq counts, B) qRTPCR quantification 
normalized to expression of UXT in MLL and FLH (B) bovine 98dpc 
placentomes. M = Male, LL = Low/Low, LH = Low/High. T-test, **** 
represents P<0.0001. 
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3.3.8.12. RPS3A (Ribosomal Protein S3A) 

RPS3A (Ribosomal Protein S3A) encodes a ribosomal protein which is 

involved in many cellular biosynthesis functions through its integral role 

in translation (Lindström, 2009, Naora and Naora, 1999). Some functions 

have also been connected to tumour promotion and apoptosis (Naora 

and Naora, 1999). Female LH showed lower expression compared to 

Male LL sample (Fig. 3.22). 
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Figure 3.22: Quantification of RPS3A (Ribosomal Protein S3A) 
expression. A) Showing the RNA-seq counts, B) qRTPCR quantification 
normalized to expression of UXT in MLL and FLH (B) in bovine 98dpc 
placentomes. M = Male, LL = Low/Low, LH = Low/High. T-test, **** 
represents P<0.0001. 
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3.3.9. PTGS2 (Prostaglandin-Endoperoxide Synthase 2) 

Immunohistochemistry 

PTGS2 (Prostaglandin-Endoperoxide Synthase 2) was chosen for 

protein validation, this allowed the protein to be quantified as well as the 

gene expression. PTGS2 gene was chosen as it was differentially 

expressed between the diet groups and has functions within pregnancy, 

therefore it is representative of the differentially expressed genes. 

Examples of the staining is shown in Fig. 3.23. 

Fig. 3.24 shows the percentages of PTGS2 positive staining found in the 

98dpc placentomes by diet group. No significant differences were found 

between the proportions of positive staining on any of the features 

investigated.  
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Figure 3.23: Bovine placentome 98dpc PTGS2 positive staining. A) Control, B) MHH, C) MHL, D) MLH, E) MLL, F) 
FHH, G) FHL, H) FLH, I) FLL. M = Male, F = Female. High = 14% or Low = 7% crude protein diet. HH = High protein/High 
protein, LL = Low protein/Low protein, HL = High protein/Low protein, LH = Low protein/High protein. 
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Figure 3.24: Percentages (%) of features that exhibited positive PTGS2 staining in 98dpc bovine placentomes. A) 
Percentage of positive staining in all features. B) Percentages positive staining of maternal epithelial cells. C) 
Percentages positive staining of fetal epithelial cells. D) Percentages positive staining of maternal tissue. E) Percentages 
positive staining of fetal trophoblast cells. F) Percentages positive staining of binucleate cells.  
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3.4. Discussion 

The five diet samples that were chosen for gene expression comparison 

using RNA-seq were: Male Low/Low (MLL), Male High/Low (MHL), Male 

Low/High (MLH), Female High/Low (FHL), and Female Low/high.  

During the RNA-seq analysis the generated reads were mapped to the 

reference genome Bovine umd3.1 (Fig. 3.3). MLL showed the lowest 

proportion of mapped reads, which could indicate a quality issue, 

however the final mapped numbers were similar to the other samples 

which suggests the quality was adequate. After differential expression 

analysis, the number of up regulated genes or down regulated genes can 

be determined. MLLvsMHL and FHLvsFLH comparisons both showed 

more down regulated genes (73% and 59% respectively) than up 

regulated (Fig. 3.4). The remaining comparisons showed between 11-

45% down regulated genes. 

3.4.1. Common genes 

These five samples were each compared to the other four which 

generated lists of common genes that were affected in every comparison 

with that particular sample. This allowed particular characteristics of each 

combination of treatment and offspring sex to be analysed separately.  

MLL sample had 325 differentially expressed genes common to all other 

samples compared, with the enriched ontologies relating to muscle 

development (Table 3.6). For instance, the genes with the greatest logFC 

was given to TNNT3 (Troponin T Type 3), ACTA1 (Actin alpha 1) and 

CKM (Creatine Kinase, Muscle). The down regulation of both TNNT3 and 

ACTA1 suggests a reduction in the production of these structural proteins 

and thus could impact on muscle (Wu et al., 1994, Laing et al., 2009, 

Hanauer et al., 1983, Taylor et al., 1988). This was unexpected, as the 

high protein diet has previously been shown to increase muscle 

development and fetal growth (Micke et al., 2010b). Despite this, most 

common functions relate to muscle development, there are also some 

indications that TNNT3 and ACTA1 both affect the cytoskeletal structure 

within cells, which suggests the cellular functions could be affected 
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(Vandamme et al., 2009). Due to its role in energy metabolism, CKM 

down regulation suggests the high protein diet during the peri-conception 

provides adequate energy to the placentomes with male offspring and 

the emergency energy supply is not needed (Wang et al., 2006).  

The MHL sample particularly had genes associated with nucleic acid 

binding (GO:0003676). For instance, CITED4 was up-regulated in the 

MHL sample compared to MLL, FHL and FLH. CITED4 is a 

transcriptional regulator by binding to other coactivators of gene 

transcription (Yahata et al., 2002, Bragança et al., 2002). The study by 

Connor et al. (2010) investigated the effect of restricted feed intake on 

the liver gene expression in Angus steers. CITED4 was one of the genes 

that were up-regulated in the feed restricted groups (Connor et al., 2010). 

As the protein diet trial in the current study similarly has a reduced 

carbohydrate proportion, it is possible CITED4 is activated when the 

source of dietary energy is altered. Other enriched ontologies included 

regulation of metabolic process (GO:0019222) and this was shown in the 

high logFC in genes such as NRK (Nik Related Kinase) which acts 

through the JNK signalling cascade (Denda et al., 2011).  

The MLH, FHL and FLH have fewer differentially expressed genes 

common to all comparisons. MLH had no ontologies, while the FHL only 

showed response to nutrient (GO:0007584) as enriched. FLH had 

several ontologies relating to oxidoreductase activity (GO:0016491) and 

respiratory chain (GO:0070469).  

DIRAS3 is a maternally imprinted gene that is associated with growth 

suppression (Lu et al., 2004, Lu et al., 2006). In mice, overexpression of 

this gene in males produced lighter offspring with atrophic testis that 

failed to mate successfully (Xu et al., 2000). In the females, 

overexpression of DIRAS3 produced lighter offspring with reduced 

ovarian development, but were also unable to nurse young due to an 

inability to lactate (Xu et al., 2000). The down regulation in the FLH 

sample compared to the MLL and the FHL suggests that the LH treatment 

reduces the growth and development in the placentas of female offspring. 
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GATM is responsible for the biosynthesis of guanidinoacetic acid, the 

precursor of creatine (Ireland et al., 2009). Creatine is transported to 

tissues with a high energy demand and is used as an alternative source 

of energy (Wallimann et al., 1992). The upregulation of GATM in the FHL 

compared to the MLL and FLH groups suggests an altered energy source 

such as creatine was required in the FHL treatment. 

3.4.2. Peri-conception dietary comparisons 

Few studies have investigated the impact of nutrition on gene expression 

in the placenta and these mainly featured the mouse placenta (Gheorghe 

et al., 2009, Gabory et al., 2012, Gallou-Kabani et al., 2010, Mao et al., 

2010). Gheorghe et al. (2009) investigated a 50% protein restriction in 

mouse gestation and found that many genes relating to the P53 pathway, 

apoptosis and epigenetic influences were affected by the dietary protein. 

In the current study, the MLLvsMHL comparison provided a peri-

conception dietary treatment investigation and showed pathways relating 

to cancer were affected. The GO analysis here similarly showed 

nucleoside-triphosphatase regulator activity (GO:0060589) and GTPase 

activator activity (GO:0005096) were enriched. This is similar to what was 

found in the study by Gheorghe et al. (2009) which reported a reduction 

in nucleotide metabolism when protein was restricted. This is further 

compounded by the down regulation of gene target SUZ12 in MLL 

compared to MHL. SUZ12 is an epigenetic repressor factor and is 

essential for differentiation in the early embryo (Pasini et al., 2007). This 

down regulation suggests a potential for the effect on pluripotency and 

differentiation of ICM cells when dietary protein is high during the peri-

conception period. 

3.4.3. Post-conception dietary comparisons 

The MLLvsMLH comparison provides a post-conception dietary change 

that resulted in 1004 differentially expressed genes and 293 uniquely 

differentially expressed genes. These genes relate to extracellular matrix 

formation (GO:0005578) and cell adhesion (GO:0007155). Cell adhesion 

is an important mechanism that determines tissue morphology and 

structure (Gumbiner, 1996). A post-conception high protein diet has 
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previously been shown to improve the placental growth and morphology 

(Sullivan et al., 2009b, Perry et al., 1999), these findings may indicate 

that cell adhesion mechanisms may be responsible in part for these 

changes. 

Protein turnover changes has been related to inflammatory responses 

(Le Floc'h et al., 2004). PTGS2 is the inducible isoform of the 

prostaglandin-endoperoxide synthase enzyme and is lower in MLH 

compared to MLL (Ricciotti and Fitzgerald, 2011). PTGS2 is one of the 

key enzymes targeted by non-steroidal anti-inflammatory drugs 

(NSAIDs) as it is highly expressed during inflammation (Gilroy et al., 

1999). Among its other roles are influences on cell migration (Guo et al., 

2015). The enrichment of the immune response pathways and collagens, 

suggests an effect of the LH dietary treatment on the placentas of male 

offspring may be repair and remodelling after the low protein effects. 

3.4.4. Peri- and post-conception diet comparisons  

MHLvsMLH or FHLvsFLH shows the effect of a dietary treatment 

sequence, with both the peri- and post-conception periods altered in 

protein level. With the opposite treatments compared, any effects of the 

dietary treatments should be greater than a single peri- or post-

conception treatment. Interestingly, Perry et al. (1999) found a change in 

dietary protein instigated the same effect on the trophectoderm volume 

irrespective of whether the change was an increase or decrease in 

dietary protein. Investigating the sequence of dietary treatments in this 

current study should determine whether this is the case.  

MHLvsMLH have a large number of uniquely differentially expressed 

genes while the FHLvsFLH comparison has fewer genes uniquely 

differentially expressed (Fig. 3.9). This suggests the order of the dietary 

intervention is more influential in the placentas of male offspring than the 

female. In the MHLvsMLH comparison the differentially expressed genes 

showed enriched categories in cellular response to chemical stimulus 

(GO:0070887) and defence response (GO:0006952). The pathways 

identified similarly indicate an immune system response (Table 3.22). 
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This included genes such as CCL2 (Chemokine (C-C Motif) Ligand 2) 

and CD86 (CD86 Molecule). CCL2 is involved in the inflammatory 

response while CD86 is associated with asthma (a type of inflammatory 

defence) due to its role as a ligand that activates T-cells (Eugenin et al., 

2003, Corydon et al., 2007). 

The choline transporter SLC44A4 was down regulated in MLH compared 

to MHL. In the ovine endometrium, the SLC44A4 gene was found to be 

up-regulated as day of pregnancy increased (Satterfield et al., 2009). 

Similarly, early P4 treatment increased the expression of SLC44A4 

(Satterfield et al., 2009). Choline is an important component of cell 

membranes, but is also important in DNA methylation mechanisms (Song 

et al., 2013). Choline acts as a methyl donor during active methylation, 

thus the down regulation of SLC44A4 in MLH suggests reduced choline 

transport and thus a reduction in active methylation (Niculescu and 

Zeisel, 2002).   

DICER1 is a particularly key gene in embryo development and was down 

regulated in the MHL compared to MLH. DICER1 produces microRNAs 

by cleaving long dsRNA and this is normally associated with suppression 

of gene expression (Burrola-Barraza et al., 2011). In mice, DICER1 down 

regulation has been shown to enhance the expression of fetal growth 

promoting genes (Cowling et al., 2008). As DICER1 was upregulated in 

the MLH sample compared to the MHL sample, this suggests a potential 

suppression of placental growth by 98dpc. 

The FHLvsFLH comparison only influenced 327 differentially expressed 

genes. There were only 107 uniquely differentially expressed genes 

between FHL and FLH compared to all other sample comparisons with 

FHL. GO analysis showed electron transport chain (GO:0022900), 

respiratory chain (GO:0070469) and oxidoreductase activity 

(GO:0016491) were enriched (Table 3.24).  Several mitochondrial genes 

were down regulated in the FLH sample. As these genes are involved in 

the oxidative phosphorylation system, this down regulation suggests a 

reduction in the production of ATP in the FLH treatment. 
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3.5. Conclusion 

The common genes affected in each one of the five samples revealed 

the particular pathways affected by the dietary treatments. MLL showed 

an up-regulation in muscle development genes, while MHL showed 

transcriptional effects. MLH had no ontologies identified for those 

common to all comparisons and FLH showed mitochondrial gene 

differences. FHL showed altered growth and energy source mechanisms.  

The peri-conception period revealed an effect on gene transcription 

created by the high protein within the placentomes from male offspring. 

The post-conception comparisons within placentomes from male 

offspring revealed genes involved in wound response and showed 

collagens and prostaglandins were stimulated. The diet reversal 

comparisons had increased complexity but did reveal similar patterns to 

the peri- or post-conception changes. Both FLH and MLH showed 

inflammation pathways affected when compared to the HL dietary 

treatment, however gene transcription and nutrient transport were key in 

the male comparison, while mitochondrial genetic differences were seen 

in the female comparison.  

These results show important differences in placental gene expression 

following maternal dietary protein intervention that could influence fetal 

development. 
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Chapter 4. The effect of dietary protein level on the 

bovine placenta morphology and gene expression at term 

(270-293dpc) 

4.1. Introduction 

The key structures in the placenta were discussed in Chapter 2 and 

include placental collagen, binucleate cells (BNC), vasculature and the 

components of the fetally derived tissue. There are some important 

differences, most notably in the cotyledon, between the 98dpc and term 

placentae. These factors include the length of gestation and the 

mechanistic changes that occur during parturition.  

4.1.1. Gestation length 

The length of bovine gestation varies by up to 30 days between breeds 

and is thought to be longer in Bos indicus cattle compared to Bos taurus 

(Browning et al., 1995, Gotti et al., 1985, Patterson et al., 1991, Burris 

and Blunn, 1952). Reports of gestation length within cattle studies have 

been reported between 270-301 days for a variety of breeds, thus this 

can be considered the normal range (Browning et al., 1995, Gotti et al., 

1985, Patterson et al., 1991, Burris and Blunn, 1952). As the placenta 

continues to grow extensively during the second and third trimesters of 

pregnancy, variations in the length of gestation could affect the 

morphology of the placenta (Borowicz et al., 2007, Pfarrer et al., 2001, 

Reynolds et al., 1990, Adeyinka, 2012, Redmer et al., 2004). During the 

extensive growth of the placenta, the caruncle and cotyledon vary in their 

growth rates (Pfarrer et al., 2001, Reynolds et al., 1990, Adeyinka, 2012, 

Redmer et al., 2004). The maternal caruncle will often increase in weight 

by up to 24 fold, while in contrast the fetal cotyledon will increase up to 

10-fold over the course of gestation (Pfarrer et al., 2001, Reynolds et al., 

1990, Adeyinka, 2012). It could be suggested that extended or reduced 

gestation length would affect the growth and morphology of the 

placentomes, with differential impacts on maternal or fetal derived 

tissues.  



156 
 

It has been suggested that a shorter gestation duration may be a factor 

in retained placenta due to the reduced development of the placentome 

(Echternkamp and Gregory, 1999). An example of gestation length 

variations can be found between occurrences of twins or single births, as 

those giving birth to twins have a reduced gestation length and a high 

incidence of retained fetal membranes (Echternkamp and Gregory, 

1999). The sex of the offspring has also been shown to affect gestation 

length, which is longer for male offspring compared to females (Fitch et 

al., 1924). This indicates the sex of the offspring may need to be 

considered as a factor in the final analysis of the term placenta. 

As already discussed, the gestation length may impact on the 

development of the placenta and this may interact with the dietary effects 

seen in early gestation (chapter 2). Through the extensive placental 

growth during late gestation it is possible for the placenta to compensate 

for early dietary impacts (Harper et al., 2015). Secondly, it is also possible 

that critically timed and severe dietary events could impact on the 

placental growth potential which would manifest later in gestation 

(McMullen et al., 2005, Myatt, 2006). It is therefore important to 

investigate placenta morphology both early in gestation and at the end of 

gestation.   

4.1.2. Parturition  

Parturition involves extensive changes in hormonal and immunological 

profiles (Fig. 4.1) which are critical to the successful release of fetal 

membranes (Benedictus et al., 2015). These changes involve the release 

of prostaglandins, including prostaglandin F2 alpha (PGF2Ŭ) and PGE2 

which are released to reduce the effect of progesterone and enhance the 

effect of oxytocin in allowing myometrial contractions to be triggered as 

discussed in (Attupuram et al., 2016). The relationship between PGF2Ŭ 

and PGE2 levels is important to the mechanisms that enable the release 

of membranes and coordinated muscle contraction (Slama et al., 1991, 

Gryglewski, 1976). The primary source of PGF2Ŭ in the placenta are the 

mononucleate cells (MNCs), while the binucleate cells (BNCs) release 

PGE2 (Gryglewski, 1976, Attupuram et al., 2016). PTGS2 (Prostaglandin 
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synthase 2) is ultimately responsible for endometrial PGF2Ŭ synthesis, 

thus not only the levels of the hormones, but also these critical enzymes 

need to be investigated (Streyl et al., 2012). Binucleate cells manifest 

obvious differences at parturition compared to earlier in gestation, as 

assessed in Chapter 2 (Gross et al., 1991, Williams et al., 1987, 

Wooding, 1982). Just before parturition binucleate cells reduce in number 

from 20% (as found in chapter 2) to 5% of placental cells (Williams et al., 

1987). It was also observed that in those that exhibited retained fetal 

membranes (RFM) this reduction in BNC number was not significantly 

different to that exhibited before parturition (Williams et al., 1987). 

Binucleate cells are responsible for producing both PGE2 and the 

proteinase inhibitor TIMP-2 (Takagi et al., 2007). Binucleate cells are 

therefore an important structure to investigate at term to determine 

dietary impacts on their role in parturition.  
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Figure 4.1: Diagrammatic representation of specific events during 
parturition.  HPA axis represents the hypothalamic-pituitary-adrenal axis, 
PGE2 represents the prostaglandin E2, PGF2a represents the 
prostaglandin F2a, PTGS represents the prostaglandin endoperoxide 
synthase. (Adapted from Attupuram et al. (2016)).  
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Another vital process for successful parturition involves the breakdown 

of structural protein to release the membranes (Attupuram et al., 2016). 

Collagenolysis is one of the specific processes that has been investigated 

for its role in retained fetal membranes (Eiler and Hopkins, 1992, 

Kamemori et al., 2011, Kankofer et al., 2014, Sharpe et al., 1989, Sharpe 

et al., 1990). The distinction between the growth of the fetal and maternal 

derived collagen seen by Sharpe et al. (1989), and mentioned in chapter 

2, suggests that the effects on the fetal collagen will be most distinct at 

term and thus worthy of investigation.  

4.1.3. Hypothesis and significance of the study 

During the study described in Chapter 2 the first trimester placental 

components were assessed. This current chapter investigates the effect 

of these dietary treatments on the placental morphology at term. This 

study will enable dietary influence to be determined after key events of 

gestation and will investigate whether the effects of the diets are: 1) 

maintained from those at the first trimester, 2) reversed during the second 

and third trimesters, and/or 3) effects become more distinct during 

placental growth. 
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4.2. Methods 

4.2.1. Animals and feeding regime 

Animals and feeding regime are stated in detail in section 2.2.1 in Table 

2.1. Dietary treatments were conducted in the peri-conception (-60 to 

23dpc) and post-conception periods (23 to 98dpc). During the second 

and third trimesters the diets were the same for all animals and were 

calculated based on a 480kg, 200 days post-conception Santa Gertrudis 

heifer gaining 0.5kg/day. Flow diagrams showing the N numbers in each 

analysis are shown in section 4.2.11. 

4.2.2. Sample acquisition  

The samples were collected by Dr. Viv Perry and Katrina Copping, with 

processing by Dr. Katja Hummitzsch. The calving period occurred 

between 270dpc and 290dpc. The fetal proportion of the placentome 

(cotyledon) was manually removed from individual heifers immediately 

after the calf was expelled and prior to completion of stage 3 of labour 

(i.e. the placenta was not expelled). The heifer was released from the 

crush after removal of the cotyledon and placed back into a pen with her 

calf. Immediately upon completion of stage 3 of labour the expelled 

placenta was collected and weighed. Each placentome was excised from 

the surrounding membranes and the number of placentomes on each 

placenta was recorded. The total volume (mL) and weight (g) of all 

placentomes was measured. The time taken in stage 2 labour and time 

to placental expulsion (stage 3) was recorded. This work was completed 

by Katrina Copping. This cotyledon and gestational period data forms 

part of her thesis and this is acknowledged here. It is presented for 

comparison purposes in the analysis of the further analysis of the tissue 

completed in this study. The placenta samples were either frozen for RNA 

analysis in liquid nitrogen or processed for histological analysis. 

4.2.3. RNA extraction and cDNA synthesis 

RNA was extracted as in section 3.2.3 with quantity and quality assessed 

using the NanoDrop N-8000 Spectrophotometer (Labtech International 

Ltd., East Sussex, UK). cDNA synthesis was carried out using the Quanta 
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Bioscience qScriptÊ cDNA Synthesis Kit (Quanta BioSciences, Inc., 

Beverly, MA). RNA (1µg) was added to 2µl of qScriptÊ supermix and 

PCR H2O was added till the reaction volume totalled 10µl. The reaction 

mixture was then heated at 37OC for 1 hour and diluted using 190µl of 

PCR H2O.  

4.2.4. Quantitative reverse transcription PCR (qRTPCR) 

The qRTPCR analysis was done as in section 3.2.10. The differential 

genes selected for investigation were based on those used in 98dpc 

placenta (Chapter 3). Significantly different graphs are shown in results 

section 4.3.8. Non-significant or unsuccessful qRTPCRs are shown in 

Appendix 2. 

4.2.5. Sectioning 

Sectioning was carried out as in section 2.2.4 by Aziza Alibhai.  

4.2.6. Binucleate cell staining protocols  

Two methods were attempted in order to identify and detect binucleate 

cells which consisted of 1) isolectin DBA staining (section 2.2.5) and 2) 

H&E staining.  

4.2.6.1. Isolectin DBA protocol  

This method was optimized by Elise Moritz in term cotyledon samples as 

described in section 2.2.5. The staining appeared inconsistent and 

showed either reduced detection (Fig. 4.2) or heavy staining where 

individual cells were indistinguishable (Fig. 4.2). This has previously been 

reported in the literature, which found the specific glycosylation 

mechanisms required for DBA binding was missing at parturition (Jones 

et al., 1994, Klisch et al., 2006, Lash et al., 2003). Therefore, this method 

was not continued. 

4.2.6.2. Haematoxylin and Eosin (H&E) staining protocol 

H&E staining was carried out by Aziza Alibhai and an example is shown 

in Fig. 4.2. Sections were deparaffinised in xylene (5 mins) and 

rehydrated using a graduation of ethanol concentrations: 100%, 90% and 

70% (v/v) made with distilled H2O, 2 minutes per solution. Samples were 
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washed in running tap H2O. Samples were placed in haematoxylin 

solution for 13 minutes and then washed in running tap H2O. The slides 

were placed in 1% acidified IMS for 2-4 seconds before washing in 

running tap H2O and adding to ammoniated water for 2 seconds to make 

the haematoxylin blue. After washing in running tap H2O the slides were 

added to alcoholic eosin for 3 minutes, then dipped in 90% ethanol for 2-

3 seconds and dipped twice in 100% ethanol. The final dehydration step 

involved placing the samples in xylene twice for 5 minutes coverslip using 

DPX mountant.  

4.2.7. PTGS2 Immunohistochemistry 

Protocol was carried out as in section 3.2.11, with one variation. The 

primary antibody was diluted at 1:50 in 5% FCS.  

4.2.8. Massonôs trichrome 

Staining was carried out with one variation to the protocol stated in 

section 2.2.7. This variation consisted of extending the Light Green stain 

step to 35 minutes. 

4.2.9. Image analysis 

Photomicrographs of sections were taken using a DM5000B microscope 

(Leica, UK) using bright field settings. Binucleate cells (BNC) were 

photographed in the H&E stained sections. Two slides and 6 

photomicrographs were taken at x40 magnification, using systematic 

random sampling methodology. Cells were manually counted, as shown 

in Fig. 4.2D. Blood vessels were photographed at x20 magnification in 

the H&E stained sections by Holly Graham. Masson trichrome 

photomicrographs were taken at x20 and 3 photomicrographs with 2 

slides were analysed. When the tissue covered less than 60% of the 

photomicrograph analysed, a second photomicrograph with less than 

60% was included in the analysis to increase the tissue analysed. 

Examples of staining and analysis are shown in Fig. 4.3. Collagen was 

assessed by detection of colour proportion using a manual colormetric 

application in Image Pro plus software (Media Cybernetics Inc., USA). 

Total area of tissue in the photomicrograph was quantified using the 
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measurement application in Image Pro plus software (Media Cybernetics 

Inc., USA). In addition, volumic proportions were manually determined 

using a 96 point grid (Fig. 4.3) which identified 6 categories of tissue 

types. FT (Fetal trophoblast), FC (Fetal collagen), FBV (Fetal blood 

vessel), FBN (Fetal binucleate cell), V (Villi), NC (Non-count). PTGS2 

stained photomicrographs were taken at magnifications between x10 and 

x60. Photomicrographs with at x40 magnification were analysed and a 

minimum of 3 photomicrographs showing the features were included. 
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Figure 4.2: Photomicrographs showing examples of staining techniques in term bovine cotyledons. Showing 
inconsistent DBA staining (Carried out by Elise Moritz) or H&E staining (carried out by Aziza Alibhai) with counting 
method. A)  Sparse DBA staining, B) Heavy staining with indistinct individual cells, C) H&E staining, D) H&E staining 
with manual counting method. Green = mononucleate cells, Yellow = binucleate cells. 
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Figure 4.3: Bovine term cotyledon photomicrographs showing examples of massonôs trichrome staining. A) Massonôs 
trichrome staining, B) example of Image Pro analysis of highlighting the area of collagen staining (red), C) example of 
Image Pro analysis of the quantification of total tissue area and D) the 96-point grid counting method. MT (maternal 
tissue), FT (Fetal trophoblast), FC (Fetal collagen), FBV (Fetal blood vessel), FBN (Fetal binucleate cell), V (Villi), NC 
(Non-count). 
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4.2.10. Tissue volume calculations 

The volumes of the individual cotyledons were calculated using the total 

volume (mL) of all cotyledons and dividing by the number of placentomes 

attached to each placenta. Data collected by Dr. Viv Perry and Katrina 

Copping. 

4.2.11. Flow diagram showing the numbers of heifers in each 

analysis. 

The flow diagram shows the histological analysis of placentomes at Term 

with the number of heifers in each analysis and diet group. High protein 

= 14% Low protein = 7%. HH = High protein/High protein, LL = Low 

protein/Low protein, HL = High protein/Low protein, LH = Low 

protein/High protein. LPERI = Low peri-conception, HPERI = High peri-

conception, LPOST = Low post-conception, HPOST = High post-

conception. M = male, F = female 
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4.2.12. Statistical analysis 

Statistical analysis was as described in section 2.2.12. The relationship 

between placental expulsion time or time between stage 2 labour and 

calving was analysed for association using linear regression analysis 

(Genstat, version 17, VSN International Ltd., Hemel Hempstead, UK). 

Chi-squared tests were carried out on PTGS2 staining (Genstat, version 

17, VSN International Ltd., Hemel Hempstead, UK). Studentôs T-test was 

used to determine significant differences between relative gene 

expression groups (Prism version 6, GraphPad Software, La Jolla 

California USA). 
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4.3. Results 

4.3.1. Gestation length, placental expulsion time and stage 2 labour 

(days) 

Data were collected by Dr. Viv Perry and Katrina Copping. The length of 

gestation was greater with male offspring than with female offspring 

(P<0.05), but no effect was found between the dietary treatment groups 

(Fig. 4.4A and B). The time taken to expel the placenta, as well as the 

time taken between stage 2 labour onset and calving is shown in Fig. 

4.4C and D, but no effect of dietary treatment or sex of offspring was 

found (P>0.05). 

 

Figure 4.4: The effect of dietary protein level on bovine gestation length, 
placental expulsion time and time taken in stage 2 labour. HH = High 
protein/High protein, LL = Low protein/Low protein, HL = High 
protein/Low protein, LH = Low protein/High protein. A) Gestation length 
(days) separated by sex of offspring, B) gestation length (days) separated 
by diet and sex of offspring, C) time taken to expel placenta (mins) 
separated by diet and sex of offspring, D) time between start of stage 2 
labour and calving separated by diet and sex of offspring. Data values 
shown with mean±SEM. ANOVA: * represents P<0.05. Data was 
collected by Katrina Copping.
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4.3.2. The effect of diet on cotyledon volume (mL) 

Data collected by Dr. Viv Perry and Katrina Copping. The dietary 

treatment had no effect on the average volume (mL) of individual 

cotyledons in the peri- or post-conception periods or when separated by 

sex of offspring (Fig. 4.5A-D). The accuracy of the volume estimates is 

shown by the approximately linear relationship with the cotyledon weight 

(Fig. 4.5E). Fig. 4.6 shows the relationship between cotyledon total 

volume (mL) and the time to expel the placenta or the time from stage 2 

labour to calf expulsion (data collected by Katrina Copping). The data 

used does not include those animals which had unrecorded placental 

weights, due to part of the placenta being eaten, exact times of expulsion 

or retained fetal membranes (RFM). Regression analysis shows the time 

to expel placenta decreased (P<0.05) and the length of time spent in 

between stage 2 labour to calving increased (P<0.05) as the volume of 

the cotyledons increased (Fig. 4.6). 
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Figure 4.5: The effect of dietary protein level (High = 14% or Low = 7% crude protein) on term cotyledon volume (mL) 
or weight (g). A) Volume (mL) by whole dietary treatment, B) Volume (mL) by whole dietary treatment and offspring sex 
C) Volume (mL) by peri- or post-conception dietary period, D) Volume (mL) by peri- or post-conception dietary period 
and offspring sex. HH = High protein/High protein, LL = Low protein/Low protein, HL = High protein/Low protein, LH = 
Low protein/High protein. LPERI = Low peri-conception, HPERI = High peri-conception, LPOST = Low post-conception, 
HPOST = High post-conception. A-D) Data values represent mean±SEM. ANOVA: P>0.05. E) Individual values. 
Regression: P<0.0001. Data collected by Dr. Viv Perry and Katrina Copping.
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Figure 4.6: The relationship between total cotyledon (cot) volume and A) 
expulsion time of the placenta or B) the time spent in stage 2 labour. 
Regression: P<0.05. Data collected by Dr. Viv Perry and Katrina 

Copping. 

4.3.3. The effect of diet on placental collagen 

The proportion of collagen was calculated by taking the summed area of 

collagen per photomicrograph and dividing by the total area of tissue in 

the same photomicrograph. The proportions were then averaged per 

placentome and then plotted in Fig. 4.7. No significant differences were 

found between dietary groups. Fig. 4.8 shows the relationship between 

the proportion of collagen and the placental expulsion time or the time 

spent in stage 2 labour. No correlation was found between collagen 

proportion and either parturition characteristic. Fig. 4.9 shows the 

proportion of the cotyledon volume that is collagen by multiplying the 

proportion of collagen by the volume. No effect of the diet was found on 

the estimated volume of collagen. 
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Figure 4.7: The proportion of collagen in term placentomes taken from 
heifers fed either High = 14% or Low = 7% crude protein diet peri- or post-
conception. HH = High protein/High protein (N=15), LL = Low protein/Low 
protein (N=9), HL = High protein/Low protein (N=15), LH = Low 
protein/High protein (N=13). LPERI = Low peri-conception (N=22), 
HPERI = High peri-conception (N=30), LPOST = Low post-conception 
(N=24), HPOST= High post-conception (N=28). A) Both male and female 
placentomes compared by total dietary period. B) Separated male and 
female placentomes by total dietary treatment. C) Both male and female 
placentomes separated by peri- or post-conceptual dietary periods, D) 
Separated male and female placentomes in peri- or post-conceptual 
dietary periods. Data values are mean±SEM. ANOVA: P>0.05. 
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Figure 4.8: The correlation between placental expulsion time (mins) and 
the time spent in stage 2 labour of the proportion of collagen in term 
cotyledons. A) Showing the time taken to expel the placenta and time 
taken in stage 2 labour with the proportion of collagen. B) Showing the 
time taken to expel the placenta and time taken in stage 2 labour with the 
proportion of collagen in male offspring. C) Showing the time taken to 
expel the placenta and time taken in stage 2 labour with the proportion of 
collagen in female offspring. Regression: P>0.05. NS = Non-significant.
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Figure 4.9: The estimated volume of collagen (mL) in term cotyledons taken from heifers fed on either High = 14% or 
Low = 7% crude protein diet peri- or post-conception. HH = High protein/High protein (N=15), LL = Low protein/Low 
protein (N=9), HL = High protein/Low protein (N=15), LH = Low protein/High protein (N=13). LPERI = Low peri-
conception (N=22), HPERI = High peri-conception (N=30), LPOST = Low post-conception (N=24), HPOST= High post-
conception (N=28). A) Both male and female offspring cotyledons compared by total dietary period. B) Separated male 
and female offspring cotyledons by total dietary treatment. C) Both male and female offspring cotyledons separated by 
peri- or post-conception dietary periods. D) Separated male and female offspring cotyledons in peri- or post-conception 
dietary periods. Data values are mean±SEM (ANOVA, P>0.05). 
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4.3.4. The effect of diet on the placental binucleate cells (BNC) 

The relationship between the proportions of binucleate cells (BNC) and 

the time taken to expel the placenta is shown in Fig. 4.10. A regression 

analysis showed no correlation between the proportion of BNCs and the 

placental expulsion time (P>0.05). The proportion of BNC and 

mononucleate cells (MNC) is shown in Fig. 4.11A and B. No significant 

differences were found between dietary groups or within peri- or post-

conception groups. The estimated proportion of cotyledon volume that is 

BNC or MNC is shown in Fig. 4.11C and D. No effect of the diet was 

found on the estimated volume of BNCs or MNCs.  

0 .0 0 0 .0 5 0 .1 0 0 .1 5

0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

P ro p o rt io n  o f B N C

E
x

p
u

ls
io

n
 t

im
e

 (
m

in
s

)

 

Figure 4.10: The relationship between the proportion of binucleate cells 
and the time taken to expel the placenta. BNC = binucleate cells. 
Regression: P>0.05. 
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Figure 4.11: The effect of dietary protein level on binucleate and mononucleate cell proportion and the proportion of 
term bovine cotyledon volume. High = 14% or Low = 7% crude protein diet.HH = High protein/High protein (N=11), LL = 
Low protein/Low protein (N=6), HL = High protein/Low protein (N=8), LH = Low protein/High protein (N=6), LPERI = Low 
peri-conception (N=12), HPERI = High peri-conception (N=19), LPOST= Low post-conception (N=14), HPOST= High 
post-conception (N=17).A) The proportion of binucleate or mononucleate cells per dietary treatment; B) the proportion 
of binucleate or mononucleate cells per peri- or post-conception period; C) The volume of binucleate or mononucleate 
cells per dietary treatment; D) the volume of binucleate or mononucleate cells per peri- or post-conception period; Data 
values are mean ± SEM. (ANOVA, P>0.05). 
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4.3.5. The effect of diet on the placental blood vessels 

The perimeter of blood vessels (average), area of blood vessels 

(average), sum of area of all blood vessels (average), count of blood 

vessels (average) and the proportion of tissue occupied by blood vessels 

(average) are shown in Fig. 4.12 and Fig. 4.13. The average blood vessel 

perimeter (Fig. 4.12A) was greater in the LH diet compared to the HL diet 

group (P<0.05). The HPOST diet increased the average perimeter and 

area of blood vessels (P<0.05), while the HPERI decreased the 

proportion of blood vessels and sum of vessel area (P<0.01). The 

differences between term and 98dpc are shown in Fig. 4.14 and Fig. 4.15. 

No statistical comparisons could be completed due to the differing tissue 

types of placentome at 98dpc and the cotyledon at term.  
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Figure 4.12: Blood vessel analysis in term bovine cotyledons under different dietary protein levels. Low = 7% crude 
protein, High = 14% crude protein. HH = High protein/High protein (N=4), LL = Low protein/Low protein (N=4), HL = High 
protein/Low protein (N=7), LH = Low protein/High protein (N=7). A) Average blood vessel perimeter per dietary 
treatment. B) Average blood vessel area per dietary treatment C) Average sum of blood vessel area per dietary 
treatment. D) Average blood vessel count per dietary treatment. E) Average proportion tissue occupied by blood vessels 
per dietary treatment. Data values are mean ±SEM (ANOVA, * represents P<0.05). 
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Figure 4.13: Blood vessel analysis in term bovine cotyledons under different dietary protein levels. Low = 7% crude 
protein, High = 14% crude protein. HPERI = High protein peri-conception period (N=11), LPERI = Low protein peri-
conception period (N=11), HPOST = High protein post-conception (N=11), LPOST = Low protein post-conception 
(N=11). A) Average blood vessel perimeter by peri- or post-conception period. B) Average blood vessel area by peri- or 
post-conception period C) Average sum of blood vessel area by peri- or post-conception period. D) Average blood vessel 
count by peri- or post-conception period. E) Average proportion tissue occupied by peri- or post-conception period. Data 
values are mean ±SEM (ANOVA, * represents P<0.05, ** represents P<0.01). 
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Figure 4.14: Difference between blood vessel measurements at 98dpc (section 2.3.4) and term for dietary treatment 
groups. Data values are Term average ï 98dpc average. Low = 7% crude protein, High = 14% crude protein. HH = High 
protein/High protein, LL = Low protein/Low protein, HL = High protein/Low protein, LH = Low protein/High protein. A) 
Average blood vessel perimeter per dietary treatment. B) Average blood vessel area per dietary treatment C) Average 
sum of blood vessel area per dietary treatment. D) Average blood vessel count per dietary treatment. E) Average 
proportion tissue occupied by blood vessels per dietary treatment. 
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Figure 4.15: Difference between blood vessel measurements at 98dpc (section 2.3.4) and term. Data values are Term 
average ï 98dpc average.Low = 7% crude protein, High = 14% crude protein. HPERI = High protein peri-conception 
period, LPERI = Low protein peri-conception period, HPOST = High protein post-conception, LPOST = Low protein post-
conception. A) Average blood vessel perimeter by peri- or post-conception period. B) Average blood vessel area by peri- 
or post-conception period C) Average sum of blood vessel area by peri- or post-conception period. D) Average blood 
vessel count by peri- or post-conception period. E) Average proportion tissue occupied by peri- or post-conception 
period. 
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4.3.6. The effect of diet on the proportion of component tissue 

The relative volume densities (Pa/Pt) for the fetal components are plotted 

in Fig. 4.16 and the relative volume densities are separated by sex in Fig. 

4.17 and Fig. 4.18. No effect was found of the dietary treatment on the 

relative volume densities. The estimated volumes are shown in Fig. 4.19 

and separated by sex in Fig. 4.20 and Fig. 4.21. 
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Figure 4.16: Relative volume-densities (Pa/Pt) in term bovine cotyledons 
under different dietary protein levels. Low = 7% crude protein, High = 
14% crude protein. HH = High protein/High protein (N=15), LL = Low 
protein/Low protein (N=9), HL = High protein/Low protein (N=15), LH = 
Low protein/High protein (N=13). LPERI = Low peri-conception (N=22), 
HPERI = High peri-conception (N=30), LPOST = Low post-conception 
(N=24), HPOST= High post-conception (N=28). FT (Fetal trophoblast), 
FC (Fetal collagen), FBV (Fetal blood vessel), FBN (Fetal binucleate 
cell), V (Villi). A) Relative volume densities of placentome components by 
dietary protein treatment. B) Relative volume densities of placentome 
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components by peri- or post-conception dietary protein treatment. Data 
values are mean±SEM (ANOVA, P>0.05). 
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Figure 4.17: Relative volume-densities (Pa/Pt) in term bovine cotyledons 
of male offspring under different dietary protein levels. Low = 7% crude 
protein, High = 14% crude protein. HH = High protein/High protein (N=7), 
LL = Low protein/Low protein (N=6), HL = High protein/Low protein 
(N=12), LH = Low protein/High protein (N=10). LPERI = Low peri-
conception (N=16), HPERI = High peri-conception (N=19), LPOST = Low 
post-conception (N=18), HPOST= High post-conception (N=17). FT 
(Fetal trophoblast), FC (Fetal collagen), FBV (Fetal blood vessel), FBN 
(Fetal binucleate cell), V (Villi). A) Relative volume densities of 
placentome components by dietary protein treatment. B) Relative volume 
densities of placentome components by peri- or post-conception dietary 
protein treatment. Data values are mean±SEM (ANOVA, P>0.05). 
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Figure 4.18: Relative volume-densities (Pa/Pt) in term bovine cotyledons 
of female offspring under different dietary protein levels. Low = 7% crude 
protein, High = 14% crude protein. HH = High protein/High protein (N=8), 
LL = Low protein/Low protein (N=3), HL = High protein/Low protein (N=3), 
LH = Low protein/High protein (N=3). LPERI = Low peri-conception 
(N=6), HPERI = High peri-conception (N=11), LPOST = Low post-
conception (N=6), HPOST= High post-conception (N=11). FT (Fetal 
trophoblast), FC (Fetal collagen), FBV (Fetal blood vessel), FBN (Fetal 
binucleate cell), V (Villi). A) Relative volume densities of placentome 
components by dietary protein treatment. B) Relative volume densities of 
placentome components by peri- or post-conception dietary protein 
treatment. Data values are mean±SEM (ANOVA, P>0.05). 
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Figure 4.19: Estimated volumes (mL) in term bovine cotyledons under 
different dietary protein levels. Low = 7% crude protein, High = 14% crude 
protein. HH = High protein/High protein (N=15), LL = Low protein/Low 
protein (N=9), HL = High protein/Low protein (N=15), LH = Low 
protein/High protein (N=13). LPERI = Low peri-conception (N=22), 
HPERI = High peri-conception (N=30), LPOST = Low post-conception 
(N=24), HPOST= High post-conception (N=28). FT (Fetal trophoblast), 
FC (Fetal collagen), FBV (Fetal blood vessel), FBN (Fetal binucleate 
cell), V (Villi). A) Estimated volumes (mL) of placentome components by 
dietary protein treatment. B) Estimated volumes (mL) of placentome 
components by peri- or post-conception dietary protein treatment. Data 
values are mean±SEM (ANOVA, P>0.05). 
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Figure 4.20: Estimated volumes (mL) in term bovine cotyledons of male 
offspring under different dietary protein levels. Low = 7% crude protein, 
High = 14% crude protein. HH = High protein/High protein (N=15), LL = 
Low protein/Low protein (N=9), HL = High protein/Low protein (N=15), LH 
= Low protein/High protein (N=13). LPERI = Low peri-conception (N=22), 
HPERI = High peri-conception (N=30), LPOST = Low post-conception 
(N=24), HPOST= High post-conception (N=28).FT (Fetal trophoblast), 
FC (Fetal collagen), FBV (Fetal blood vessel), FBN (Fetal binucleate 
cell), V (Villi). A) Estimated volumes (mL) of placentome components by 
dietary protein treatment. B) Estimated volumes (mL) of placentome 
components by peri- or post-conception dietary protein treatment. Data 
values are mean±SEM (ANOVA, P>0.05). 
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Figure 4.21: Estimated volumes (mL) in term bovine cotyledons of 
female offspring under different dietary protein levels. Low = 7% crude 
protein, High = 14% crude protein. HH = High protein/High protein 
(N=15), LL = Low protein/Low protein (N=9), HL = High protein/Low 
protein (N=15), LH = Low protein/High protein (N=13). LPERI = Low peri-
conception (N=22), HPERI = High peri-conception (N=30), LPOST = Low 
post-conception (N=24), HPOST= High post-conception (N=28). FT 
(Fetal trophoblast), FC (Fetal collagen), FBV (Fetal blood vessel), FBN 
(Fetal binucleate cell), V (Villi). A) Estimated volumes (mL) of placentome 
components by dietary protein treatment. B) Estimated volumes (mL) of 
placentome components by peri- or post-conception dietary protein 
treatment. Data values are mean±SEM (ANOVA, P>0.05). 
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4.3.7. PTGS2 immunohistochemistry (IHC) 

PTGS2 was chosen as it was both differentially regulated in the 98dpc 

placentomes and at term, thus could act as a protein validation marker. 

Fig. 4.22 shows the percentage of positive staining in the bovine 

cotyledons. Photomicrographs showing examples of the PTGS2 IHC 

technique is shown in Fig. 4.23. No staining was observed in binucleate 

cells and trophoblast outer tissue was visible in all photomicrographs. 

Blood vessels and inner trophoblast tissue varied in immunopositive 

percentages, but did not show statistically significant differences.  

 

Figure 4.22: PTGS2 positive staining (%) in bovine term cotyledons of 
the blood vessels, inner or outer trophoblast tissue and binucleate cells. 
High = 14% crude protein, Low = 11% crude protein. M = Male, F = 
Female, LL = Low/Low, LH = Low/High, HL = High/Low and HH = 
High/High. Chi-squared: P>0.05. 
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Figure 4.23: Bovine placentome 98dpc PTGS2 positive staining. A) 
Control, B) MHH, C) MHL, D) MLH, E) MLL, F) FHH, G) FHL, H) FLH, I) 
FLL. M = Male, F = Female. High = 14% or Low = 7% crude protein diet. 
HH = High protein/High protein, LL = Low protein/Low protein, HL = High 
protein/Low protein, LH = Low protein/High protein. 

 

4.3.8. Quantitative reverse transcriptase polymerase chain reaction 

(qRTPCR) analysis in the term placentae 

qRTPCRs were carried out with the same assays as Chapter 3. Those 

that were significantly different are: SERPINB1 (Serpin Peptidase 

Inhibitor, Clade B (Ovalbumin), Member 1), DIRAS3 (DIRAS Family, 

GTP-Binding RAS-Like 3)), DICER1 (Dicer 1, Ribonuclease Type III), 

RARRES1 (Retinoic Acid Receptor Responder (Tazarotene Induced) 1)) 

and FHL1 (Four and a Half LIM Domains 1). 

4.3.8.1. SERPINB1 (Serpin Peptidase Inhibitor, Clade B (Ovalbumin), 

Member 1) 

SERPINB1 (Serpin Peptidase Inhibitor, Clade B (Ovalbumin), Member 1) 

showed increased expression in the MLH compared to the MHL and FLH 

as well as FHL compared to FLH (Fig. 4.24).  
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Figure 4.24: Relative gene expression of SERPINB1 (Serpin peptidase 
inhibitor, clade B (ovalbumin), member 1) normalized to UXT in MHL, 
MLH, FHL and FLH term cotyledons. A) MHLvsFLH, B) MLHvsFLH, C) 
FHLvsFLH. M = Male, F = Female, HL = High/Low, LH = Low/High. T-
test: * represents P<0.05. **** represents P<0.0001. 
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4.3.8.2. DIRAS3 (DIRAS Family, GTP-Binding RAS-Like 3)) 

DIRAS3 (DIRAS Family, GTP-Binding RAS-Like 3)) showed reduced 

expression in FLH compared to MLL, MHL and MLH, while increased 

expression was found in MHL compared to MLL (Fig. 4.25). 

M L L M H L

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

D IR A S 3 /U X T

R
e

la
ti

v
e

 E
x

p
re

s
s

io
n

**

M L L F L H

0 .0

0 .5

1 .0

1 .5

D IR A S 3 /U X T

R
e

la
ti

v
e

 E
x

p
re

s
s

io
n

***

M H L F L H

0 .0

0 .5

1 .0

1 .5

D IR A S 3 /U X T

R
e

la
ti

v
e

 E
x

p
re

s
s

io
n

****

M L H F L H

0 .0

0 .5

1 .0

1 .5

D IR A S 3 /U X T

***
R

e
la

ti
v

e
 e

x
p

re
s

s
io

n

A B

C D

 

Figure 4.25: Relative gene expression of DIRAS3 (DIRAS Family, GTP-
Binding RAS-Like 3) normalized to UXT in MLL, MHL, MLH and FLH term 
cotyledons. M = Male, F = Female, LL = Low/Low, HL = High/Low, LH = 
Low/High. T-test: ** represents P<0.01. *** represents P<0.001. **** 
represents P<0.0001. 
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4.3.8.3. DICER1 (Dicer 1, Ribonuclease Type III) 

DICER1 (Dicer 1, Ribonuclease Type III) showed increased expression 

in MLH compared to MHL (Fig. 4.26). 
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Figure 4.26: Relative gene expression of DICER1 (Dicer 1, 
Ribonuclease Type III) normalized to UXT in MHL and MLH term 
cotyledons. M = Male, HL = High/Low, LH = Low/High. T-test: * 
represents P<0.05. 

 

4.3.8.4. RARRES1 (Retinoic Acid Receptor Responder (Tazarotene 

Induced) 1) 

RARRES1 (Retinoic Acid Receptor Responder (Tazarotene Induced) 1) 

showed increased expression in FHL compared to MLH (Fig. 4.27). 
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Figure 4.27: Relative gene expression of RARRES1 (Retinoic Acid 
Receptor Responder (Tazarotene Induced) 1) normalized to UXT in MLH 
and FHL term cotyledons. M = Male, F = Female, LL = Low/Low, HL = 
High/Low, LH = Low/High. T-test: ** represents P<0.01. 
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4.3.8.5. FHL1 (Four and a Half LIM Domains 1) 

FHL1 (Four and a Half LIM Domains 1) showed reduced expression in 

MHL compared to MLL (Fig. 4.28). 

M L L M H L

0 .0

0 .5

1 .0

1 .5

F H L 1 /U X T

R
e

la
ti

v
e

 E
x

p
re

s
s

io
n

****

 

Figure 4.28: Relative gene expression of FHL1 (Four And A Half LIM 
Domains 1) normalized to UXT in comparing MLL and MHL bovine term 
cotyledon. MLLvsMLH. M = Male, LL = Low/Low, HL = High/Low. T-test:  
**** represents P<0.0001. 
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4.4. Discussion 

In chapter 2 and 3, it was shown that maternal diet can influence 

placental morphology and gene expression at 98dpc, however, it has also 

been shown that a subsequent period of adequate nutrition can 

overcome these early diet induced effects (Harper, et al. 2015.). For this 

reason, it is necessary to compare the morphology and gene expression 

of first-trimester and term placentae and whether the maternal diet 

influences gestation duration, placental expulsion time and stage 2 

labour.  

4.4.1. Gestation length, placental expulsion time and stage 2 labour 

Gestation length, time taken to expel the placenta and the time spent in 

stage 2 labour was not affected by diet (Fig. 4.4) however, as expected, 

gestation length was significantly longer in heifers carrying male offspring 

(Fig. 4.4A). This consisted of an extended gestation length of just over 3 

days. This is a slightly larger than some studies that found a difference 

between 1-2 days (Macmillan and Curnow, 1976, Echternkamp and 

Gregory, 1999, Everitt et al., 1978, King et al., 1985). 

The time taken to expel the placenta in this current data set varied 

between 75 and 520 minutes, with two heifers diagnosed with retained 

fetal membranes (RFM). A retained placenta is commonly classed as one 

that takes greater than 12 hours to release the fetal membranes 

(Esslemont and Peeler, 1993, Van Werven et al., 1992). The length of 

gestation has been indicated as a possible factor in the occurrence of 

RFM, with the shorter gestation length with female offspring as a possible 

influencing factor (Echternkamp and Gregory, 1999). Both the heifers 

with diagnosed RFM in the current dataset carried female offspring, but 

as only two heifers could be included no conclusion of the sex or 

gestation length can be drawn.  

4.4.2. Cotyledon volume (mL) 

Average volume (mL) of individual cotyledons was estimated by dividing 

the total volume (mL) by the number of cotyledons. The dietary treatment 

had no effect on the estimated total cotyledon volume (mL), (shown in 
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Fig. 4.5), but a correlation was found between the volume and both the 

time to expel the placenta as well as the time spent in stage 2 labour. 

This suggests any placental size effect may influence the ease of calving, 

however as there was no effect of dietary treatments on the placental 

volume the dietary treatment is unlikely to influence the mechanics of 

parturition by this method. 

In section 2.3.1 the volume of the placentomes similarly showed no effect 

from the dietary treatment at 98dpc. As neither acute effects of the 

treatment (at the point of completion of dietary treatment at 98dpc) or 

long term effects (seen at term) were observed, it could be concluded 

that the dietary protein level had no effect on the overall growth of the 

cotyledons. This is contrary to other restriction studies, which found 

effects on both maternal and fetal derived tissue (Long et al., 2009, 

Vonnahme et al., 2007, Perry et al., 1999). Sullivan et al. (2009b) 

investigated the effect of first and second trimester dietary protein levels 

on the placental development at term. Although one breed in the study 

showed an increase in placental weight when protein was high (CBX), 

the second breed (BeefX) showed a reduction in placental weight with 

the same increase in protein. These breeds differed in the Charolais and 

Red Angus genetic contributions (Sullivan et al., 2009b). These results 

indicate breed responses vary, which may indicate a differential effect in 

the breed used in this study or that the earlier period of intervention here 

had less effect on the term placenta than the previous studies that 

investigated dietary perturbations later in gestation. 

4.4.3. Placental collagen and binucleate cells (BNC) 

The collagen in the term cotyledons is shown in Fig. 4.7, however no 

effect of the dietary treatments was found on the proportion of collagen 

in the cotyledon tissue. No interaction was found between the proportion 

of collagen and the time taken to expel the placenta or the time taken 

between stage 2 labour and calving. This was similar to the study by 

Sharpe et al. (1989), which found no difference between the collagen in 

the placentas that were expelled normally or were RFM. As the amount 

of collagen does not seem to impact on the retention of membranes, it is 
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possible the levels of critical enzymes involved in the breaking down of 

protein (such as MMP-2) may be more influential to membrane release 

at parturition (Maj and Kankofer, 1997, Takagi et al., 2007). The 

proteinase inhibitors that are secreted by the binucleate cells suggest 

these cells play a major role in release of fetal membranes during 

parturition, however the BNC proportions in the current study do not 

relate to the release of fetal membranes (Fig. 4.10). As expected, the 

BNC proportions dropped from approximately 19% at 98dpc to 

approximately 5% in the term cotyledons (Klisch et al., 2006, Williams et 

al., 1987). As the correlation of the expulsion time and the number of 

BNCs utilises individual animal data rather than groups, the low number 

of cells could make the method less accurate. No effect of the dietary 

protein treatment was found on the BNC or MNC proportions seen in the 

cotyledons (Fig. 4.11A and B.).  

At the 98dpc (section 2.3.3 and 2.3.2) the proportions of BNC similarly 

showed no effect from the dietary treatment, however collagen levels 

showed a decrease in the HPERI diet group compared to the LPERI. This 

difference to the collagen measurements in the current study could be 

due to the common diet coinciding with the period of maximal fetal 

collagen growth. Therefore, the increased growth of the fetal proportion 

during the 2nd and 3rd trimesters was likely able to compensate for effects 

seen earlier in gestation. Perry et al. (1999) investigated the effect of 

dietary protein level during the first and second trimesters of bovine 

gestation and similarly found no effect on the matrix and fibroblast 

proportions in the term cotyledons. This might indicate that the critical 

period in collagen growth is later in gestation and dietary protein 

treatment will not influence its growth before the first trimester. 

4.4.4. Placental blood vessels  

Blood vessels have important functions throughout gestation, but are 

especially vital during the second half of gestation to provide nutrients for 

the period of maximal fetal growth (Rasmussen et al., 2014). In sheep, 

the cotyledon portion of the placentome was shown to have greater blood 

vessel complexity compared to the maternal component, which 
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demonstrates the importance of blood vessels in fetal support (Borowicz 

et al., 2007). The current study showed the proportion of tissue occupied 

by blood vessels was decreased by the HPERI diet group (Fig. 4.13), 

which suggests the peri-conception diet has a critical effect on the fetal 

blood vessels that is maintained through gestation. This decrease in the 

proportion of blood vessels reduces the complexity of the blood vessel 

network in the cotyledon and thus the results suggest the high protein 

diet influences the support the fetus receives. The results in this current 

study also showed an increase in perimeter and average area in the 

HPOST diet group. This suggests the high protein diet during the post-

conception period affects the size of the blood vessels, whereas the 

complexity of the blood vessel network is determined earlier in gestation. 

Perry et al. (1999) similarly found an effect on the blood vessel density in 

the cotyledons at term when protein level was altered during the first and 

second trimesters. It was found that the change in protein levels during 

the first trimester reduced the volume density of the blood vessels, 

irrespective of what that change was. This suggests that the dietary 

protein level is critical in the first trimester, but may have a more fine-

tuning effect during the peri-conception period. This was further shown 

by comparing the change in blood vessel parameters between 98dpc and 

term (Fig. 4.14 and Fig. 4.15). The HPERI group showed no changes, 

whereas the LPERI group showed an increase in blood vessel 

parameters between 98dpc and term. This suggests that the high protein 

diet increased the proportion of blood vessels early in gestation and this 

increased growth was maintained once the diets were constant (Fig. 

4.13). This further highlights the importance of a peri-conception dietary 

change on the blood vessels in the cotyledon. 

4.4.5. Histological component analysis 

As the relative volume densities (Pa/Pt) and the volumes showed no 

effect from the dietary treatment (Fig. 4.16-4.18). This could be due to 

the low number of observations of some components. The FT and FC 

components were sufficient for all groups, however the FBV, FBN, FCT 

and V categories had less than 200 observations in some diet and sex 
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groups. However, the proportions of binucleate cells shown in section 

4.3.4 also indicate no effect from the diet, which suggests the results are 

accurate.  

At 98dpc (section 2.3.5) most effects were seen on the maternal 

components, it is therefore likely that the tissue of fetal origin would also 

not show significant effects of the dietary treatment at term. This is 

contrary to literature on other restriction studies, which found the effects 

on cotyledonary growth during the study (Long et al., 2009, Perry et al., 

1999, Sullivan et al., 2009b).  

4.4.6. Quantitative polymerase chain reaction (qRTPCR) analysis 

The gene targets chosen for qRTPCR analysis included SERPINB1, 

DIRAS3, DICER1, RARRES1 and FHL1. One of the most important 

mechanisms involved in parturition is inflammation and several genes 

involved in this process were affected by the dietary treatment. 

SERPINB1 is a protease inhibitor (Silverman et al., 2004, Riding et al., 

2008a, Liong et al., 2013) that plays a role in inflammation response by 

inhibiting neutrophil derived proteases (Yasumatsu et al., 2006). In 

humans, the SERPINB1 protein was detected in normal amniotic fluid at 

term and was reduced in those which later exhibited premature rupturing 

of fetal membranes, indicating it plays a critical role in parturition (Liong 

et al., 2013, Di Quinzio et al., 2007). In the bovine amniotic fluid 

proteome, the presence of SERPINB1 was increased in those from IVF 

derived pregnancies, indicating the presence of this inhibitor is a reaction 

to altered conception mechanisms (Riding et al., 2008a, Riding et al., 

2008b). The increased expression in the MLH compared to MHL, FHL 

and FLH suggests an inflammation response similar to that seen in the 

98dpc (section 3.3.7.2). The LH diet with the male offspring may exhibit 

a stress response at conception, such as that found in IVF by Riding et 

al. (2008b). It was suggested previously, that although collagen 

abundance was not correlated with placental expulsion time (section 

4.3.3) the protease enzymes may be more influential in the release of 

fetal membranes. Thus, the increased expression of SERPINB1 may 

indicate an increased risk of RFM in male offspring on the LH dietary 
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treatment. RARRES1 similarly has been indicated as playing a role in 

inflammation response during bovine and human labour (Bollopragada 

et al., 2009, Basu et al., 2011, Jiang et al., 2011). Its role as a tumour 

suppressing gene has also been indicated as instrumental in the 

migration of trophoblast cells (Oldridge et al., 2013, Jiang et al., 2011). 

RARRES1 was increased in the FHL compared to the MLH sample, 

which suggests the compound effects of diet reversal (HLvsLH) with the 

differing offspring sex altered the inflammation response at parturition. 

Growth of the placenta as well as fetal development is critical during the 

second half of gestation and several genes involved in these processes 

were affected by the dietary treatment. DIRAS3 is an important gene 

related to growth suppression and development of the fetus (Lu et al., 

2006, Lu et al., 2004, Xu et al., 2000). In a mouse model, DIRAS3 

overexpression reduced fetal body weight, while in cancer cells the 

expression levels fell compared to normal tissue (Xu et al., 2000, Lu et 

al., 2006). The increased expression in the MHL compared to the MLL 

suggests a suppression of growth in the male peri-conception high 

protein diet. The decreased expression in the FLH compared to the other 

male placental samples suggests a sex effect in the growth mechanisms. 

It is possible the LH diet treatment within the female offspring initiates 

catch up growth during the latter part of gestation.  

Similar to DIRAS3, DICER1 has been associated with growth 

suppression by producing microRNAs to regulate the expression of 

growth promoting genes in mice (Burrola-Barraza et al., 2011, Cowling 

et al., 2008). DICER1 had increased expression in MLH compared to 

MHL (Fig. 4.25). This increase in expression suggests the diet sequence 

LH in the cotyledons from male offspring increases the production of 

microRNAs compared to the diet sequence HL. At 98dpc (section 3.3.8.5) 

the results were similar, with a down regulation in the MHL sample 

compared to the MLH. This retaining of the altered production of 

microRNAs suggests the dietary treatment sequence alters the growth 

potential of the placenta for the remainder of gestation.  
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FHL1 is a skeletal muscle development gene that functions through 

regulating the transcription of other genes (Moreno-Sánchez et al., 2010, 

Wu et al., 2003).  In mice the increased expression of FHL1 is associated 

with exercised muscles, but FHL1 has also been shown to be affected by 

diet (Wu et al., 2003, Cassar-Malek et al., 2009). Cassar-Malek et al. 

(2009) found that feeding a concentrated maize diet, instead of grazing 

diets, to steers reduced the expression of FHL1 while increasing the 

levels of metabolic enzymes within the muscles. The decrease in the 

expression of FHL1 in MHL compared to MLL is similar to the study by 

Cassar-Malek et al. (2009), in that a reduction in FHL1 coincided with an 

increase in nutritional level. This may indicate that the high protein diet 

during the peri-conception period delays muscular growth. In 98dpc 

samples the expression of FHL1 was reduced in MLH and FLH compared 

to MLL. This is contrary to the term placenta results as these findings 

indicate a post-conception dietary effect. This could suggest that the first 

trimester demonstrated more acute effects of the dietary treatment, 

whereas the term cotyledon shows long lasting effects of the peri-

conception diet.  

4.4.7. Conclusion 

Optimal fetal development and reproductive efficiency is vital to the 

continuing economic sustainability of the beef industry and food security. 

In this study the dietary treatment influenced the vasculature as well as 

the gene expression relating to inflammation and growth mechanisms in 

term placentae. This demonstrates the critical period of placental growth 

and mechanisms involved in parturition are affected by diet early in 

gestation.  
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Chapter 5. The effect of dietary protein on the carcass 

quality, gross ovarian morphology and follicular 

characteristics in non-pregnant Angus cross heifers  

5.1. Introduction 

Beef production is highly dependent on adequate nutrition, as weight 

gain and muscle deposition are vital to a high quality product (Avilés et 

al., 2015). Therefore, nutritional supplementation is employed to 

enhance production efficiency. A second factor which is important in 

livestock production is continual breeding, thus the impact of a nutritional 

supplement on the ovarian function also needs to be determined. As 

weight and body mass also interact with other functions, such as fertility, 

the improvements of one aspect would also need to be considered in 

relation to other economically important criteria. 

5.1.1. Carcass quality and body mass  

The conformation of the carcass determines the quality grade given to a 

carcass and thus affects the potential profit in beef production. The 

carcass is classified by the European Union scale within EU countries 

(summarised in Table 5.1) in order to standardise the price received for 

beef (Rural Payments Agency). The conformation is classified based on 

observed muscle development between superior (S; high muscle 

development [including double-muscled]) and poor (P; little muscle 

development) classes (Table 5.1). Although individual providers have 

their own targets, adequate quality could be expected between R-O 

conformation and 3-4 level of fat (Scholefield, J., Dovecote Ltd., (2014), 

Howarth and Butcher (2016)). 

Growth is a highly energy dependent process, with dietary energy levels 

affecting the carcass growth and quality (Warren et al., 2008, de Smet et 

al., 2000, Bispham et al., 2003). Mandell et al. (1998) investigated the 

effects of feeding a grain based diet (high energy) with a forage based 

diet on carcass quality and composition in Limousin cross steers. The 
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high grain diet increased all characteristics of the carcass including 

weight, grade and fat level (Mandell et al., 1998). This shows that dietary 

energy is critical in all aspects of growth, but the timing and duration of 

dietary treatment influences the type of effects (Sainz et al., 1995, 

Mandell et al., 1998). A high energy diet during the growth phase 

increased the carcass weight and reduced organ weight, while a high 

energy diet during the finishing phase improved the specific muscle 

development but also increased the fat content (Sainz et al., 1995). Li et 

al. (2014) investigated the effect of both dietary energy and protein on 

the carcass characteristics, taking into account the sex of the cattle. The 

high energy diet improved several traits, (e.g. percentage of lean meat, 

fat percentage within the carcass (Li et al., 2014). The high protein 

improved the dressing percentage and interacted with the energy content 

to improve medium and top-grade cuts (Li et al., 2014).  

This influence on the lean:fat ratio is important in the improvement of 

meat quality and maintenance of a good output from the feeding system 

(Horcada et al., 2016, Avilés et al., 2015). Dietary energy levels seem to 

influence both fat and lean muscle content, although the results could be 

breed dependent due to the variations in their growth potential (Horcada 

et al., 2016, Avilés et al., 2015). Yet, improvements to the lean muscle 

proportion of the carcass could be achieved by manipulating by dietary 

protein. This was demonstrated by several studies which have 

investigated the effects of the maternal diet during the peri-conception or 

fetal growth stages instead of post-weaning (Mossa et al., 2013, Gunn et 

al., 2014, Alvarenga et al., 2016, Oster et al., 2012, Long et al., 2012, 

Micke et al., 2011b). Micke et al. (2011b) investigated the expression of 

the growth hormone receptor (GHR) gene within the peri-renal adipose 

tissue under dietary protein treatments. The decreased GHR expression 

in the high protein diet suggested an altered sensitivity to growth 

hormone and thus the possibility of affecting fat or muscle development 

separately (Micke et al., 2011b). Although maintaining a high energy and 

high protein diet throughout gestation and during the growth phase would 

be costly to the producer. Thus, it would be important to determine the 
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period before slaughter when diet can positively impact on the carcass 

characteristics without incurring excessive cost to the producer. 

Body condition score (BCS) and live weight gain in cattle can influence 

ovarian function (Ryan et al., 1994). Puberty is most commonly reached 

once the heifer reaches 40-60% of the animalôs mature weight and thus 

an increase in live weight gain could be considered beneficial to fertility 

(Crowe and Mullen, 2013, Freetly et al., 2011). In sheep and mice, 

puberty was also associated with level of dietary crude protein (McAdam 

and Millar, 1999, Polkowska et al., 2003). As the onset in puberty is linked 

to weight gain and dietary protein, it is likely that ovulation and hormonal 

cycles are also affected by dietary protein (Canfield et al., 1990, Barton 

et al., 1996, Jordan and Swanson, 1979).  
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Table 5.1: Summary of the carcass conformation and fat level classes. 
Adapted from The Union scale  (Rural Payments Agency). 

Conformation Fat level 

Class Description Class Description 

S 

Superior 

Profiles rounded, with 

double-muscle 

development. 

1 

Low 

None or low fat cover with 

little in the thoracic cavity. 

E 

Excellent 

Profiles rounded, with 

exceptional muscle 

development. 

2 

Slight 

Visible, slight fat cover with 

visible muscle in the 

thoracic cavity. 

U 

Very 

Good 

Profiles slightly 

rounded, with very 

good muscle 

development. 

3 

Average 

Almost total covering of fat 

(excluding the shoulder) 

with visible deposits within 

the thoracic cavity. 

R 

Good 

 

Profiles straight, with 

good muscle 

development. 

4 

High 

Total fat covering with 

almost whole shoulder 

covered. Deposits visible in 

the thoracic cavity. 

O 

Fair 

 

All profiles straight or 

concave, with average 

muscle development. 

5 

Very 

high 

Fat covers the entire 

carcass, with heavy 

deposits in the thoracic 

cavity. 

P 

Poor 

Profiles concave, with 

poor muscle 

development. 
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5.1.2. Ovarian function and follicular development 

It has been generally accepted that the number of primordial follicles is 

determined before birth, thus much research has investigated follicular 

development during gestation (da Silva et al., 2002, da Silva et al., 2003, 

Mossa et al., 2013, Rae et al., 2001, Sullivan et al., 2009a). Yet, during 

the estrous cycle, the ovary weight and follicular number varies 

considerably. Thus follicular number in the adult could be vulnerable to 

dietary interventions (Cushman et al., 2009).  

The theca and granulosa cells support the oocyte as the follicle grows 

(Matsuda et al., 2012). These cells undergo extensive gene expression 

changes as the follicle grows and are responsible for synthesising 

hormones such as estrogen (Hatzirodos et al., 2014a, Matsuda et al., 

2012, Price et al., 2013, Basini et al., 2002). These cells are also the first 

type to undergo apoptosis during atresia which suggests they are 

involved in the trigger for a follicle undergoing atresia (Inoue et al., 2011). 

Thus, any impacts on these cells will interfere with the normal follicular 

development and the maturation of the oocyte.  

After ovulation, the remaining follicular cells luteinise and the corpus 

luteum (CL) develops. In turn, the CL uptakes dietary cholesterol to 

synthesise progesterone (Cushman et al., 2009, Matsuda et al., 2012). 

This process requires extensive vascularisation to transport substrates 

for hormone synthesis and then release progesterone to support a 

pregnancy (Shirasuna et al., 2012, Hawkins et al., 1995, Woad and 

Robinson, 2016). Since, these processes require both adequate energy 

and dietary substrates to carry out their functions, they can be influenced 

by the diet. Indeed, low dietary energy level and other extreme 

undernutrition delayed the resumption of estrous post-partum. (Roberts 

et al., 1997, Berardinelli et al., 2001, Mossa et al., 2013, Bossis et al., 

1999, Perry et al., 1991). Yet, studies relating dietary effects on hormonal 

levels during the estrous cycle are less definitive. For instance, several 

studies have shown effects on sex steroid hormones that only occurred 
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when other factors such as health status or number of previous offspring 

were included (Jordan and Swanson, 1979, Alves et al., 2010, Carroll et 

al., 1988). Yet, Gunn et al. (2014) found excess dietary protein increased 

the size of the dominant follicles and lengthen the follicular wave during 

the estrous cycle. Similarly, Sosa et al. (2010) and Armstrong et al. 

(2001) found a reduction in follicular size when dietary energy was low. 

5.1.3. Dietary nutrients and metabolites 

Deviations in dietary markers in the circulating systemic blood can be 

indicators of disease and metabolic status as well as level of fertility 

(Mulligan et al., 2006, Ospina et al., 2010, LeBlanc, 2010, Bender et al., 

2010). In cattle, non-esterified fatty acids (NEFAs-non-esterified fatty 

acids) and ɓ-hydroxybutyrate (BHB) are utilised to determine energy 

status (Meikle et al., 2004, Beever, 2006). When normal dietary energy 

sources, starches, are lower than required for production traits such as 

milk yield or muscle growth, lipids are mobilised and utilised as an 

alternative energy source (Wathes et al., 2012). Fat tissue is broken 

down and free fatty acids, such as NEFAs, are transported as an 

ñemergencyò energy source to address the energy deficit (Ospina et al., 

2010, Beever, 2006). BHB is an alternative energy source for cells when 

glucose levels are low and is also produced from lipid metabolism 

(Ospina et al., 2010). Both NEFA and BHB levels demonstrate a change 

from carbohydrate metabolism to fat utilisation and often indicate 

negative energy balance (Ospina et al., 2010, Beever, 2006). These 

metabolites can also be used as markers of fertility disorders. For 

instance, NEFA levels have been associated with increased risk of 

mastitis, inflammation leading to embryo loss or retained placenta during 

parturition (Wathes et al., 2012, Ospina et al., 2010, Suthar et al., 2013, 

Zulu et al., 2002). 

Similarly, triglyceride and cholesterol levels are also critical for 

reproductive functions, in that both will benefit follicular development and 

could be used as indicators of follicular function (Grummer and Carroll, 

1991, Wang and Tuohimaa, 2006, Bender et al., 2010). Within follicular 

fluid, the differential composition of fatty acids has been shown to be an 
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indicator of fertility success, due to the impact on the oocyte maturation 

(Bender et al., 2010). Urea, total protein and albumin are also important 

markers when investigating carcass growth and dietary protein 

treatments, as circulating levels indicate a metabolism of the excess 

protein and substrate needed for muscle growth (Sullivan et al., 2009b, 

Sullivan et al., 2009c, Greenfield et al., 2000, McAdam and Millar, 1999, 

Polkowska et al., 2003). 

5.1.4. Hypothesis and significance of the study 

Dietary protein level is an important factor for the optimal growth of cattle 

and maintenance of reproductive functions. As demonstrated in the 

previous chapters, alteration of dietary protein level during the peri-

conception period had significant effects on the development of the 

placenta in beef cattle. This information about manipulating both 

reproductive and growth traits could benefit the livestock industry.  

This study investigated the hypothesis that increasing the dietary protein 

level in post-pubertial beef heifers would increase carcass quality and 

ovarian function as well as altering granulosa cell transcriptome.  
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5.3. Methods 

5.3.1. Animals and feeding regime 

This study was conducted under the Animals (Scientific Procedures) Act 

1986 regulation under Project Licence number PPL 40/3560. Non-

pregnant Angus cross dairy heifers (n=320) aged between 20-30 months 

were housed in the same commercial farm (Manor Farm, Fritwell, 

Bicester, Oxfordshire). Heifers were group fed diets containing two 

differing levels of dietary protein between February-September 2014. 

Control diets (CP) contained 10.4% crude protein while high protein (HP) 

diets contained 14.5% crude protein. After 60 days, on either protein diet, 

the heifers were slaughtered at a commercial abattoir (Dovecote Ltd., 

Skellingthorpe, Lincoln, UK). Diet formulation and nutritional composition 

of the ration is shown in Table 5.2.  

Table 5.2: Ingredients and nutritional content of the different dietary 
protein rations 

 
Protein Level 

Ration as fed (Dry weight) Control High 

Chopped Straw (kg/day) 1.3 - 

Oat Feed (kg/day) 2 - 

Fruit (kg/day) 0.27 - 

Citrus pulp (kg/day) 0.37 - 

Bread (kg/day) 1.7 - 

Lime. Flour (kg/day) 0.11 - 

Beef minerals (kg/day) 0.11 - 

Yeast (kg/day) 0.04 - 

Grass silage (kg/day) 1.5 5.1 

Maize silage (kg/day) 4.2 - 

Poundon Pre-Mix (kg/day) - 3.3 

Apple pulp (kg/day) - 1.8 

Feed grade urea (kg/day) - 0.099 

Diet composition Control High 

DM (g/kg) 436 431 

ME (MJ/kg DM) 11.8 11.2 

Crude protein (g/kg DM) 104 145 

Oil (g/kg DM) 41.4 40 

NDF (g/kg DM) 320 395 

Starch (g/kg DM) 302 145 

Sugar (g/kg DM) 59 113 

Long roughage (%) 49.2 49.3 
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5.3.2. Sample acquisition 

Depending on the transport arrangements, the heifers were either laired 

overnight at the abattoir or slaughtered immediately on arrival. Samples 

were collected in 9 control diet batches and 8 high protein diet batches 

with each batch containing between 7-37 animals which varied due to 

the commercial demands of the farm/abattoir. At slaughter, carcass 

quality was assessed and graded by the independent MLC inspector at 

the abattoir. Muscle development was graded between R-U and 2-5 for 

level of fat deposition. Sub-grades were included as ï or + of each grade. 

From each animal, one blood sample (50ml) was collected following the 

severing of the carotid arteries and jugular veins. The reproductive tract 

was collected immediately from the kill floor (by Dr. Bob Robinson or Dr. 

Sandie Choong) and examined for health and normality of organs. 

Ovaries were removed and stored in phosphate buffered saline (PBS) 

solution at 36ºC for transport. Ovaries and blood samples were then 

transported to University of Nottingham for processing.  

5.3.3. Sample processing and tissue sectioning 

Serum and blood clot was separated by centrifugation (Avant J-E 

Centrifuge, Beckman Coulter, USA) at 2000xg for 20 minutes. Serum 

was aliquoted into two 2ml microcentrifuge tubes and the remainder was 

placed in 15ml tubes before storing at -20ºC. Ovaries were visually 

examined for stage of estrous cycle and those with cystic follicles (n=10) 

were removed from further analysis. Ovaries were weighed (without the 

corpus luteum (CL)) and antral follicle count recorded. The antral follicle 

count was only performed on heifers slaughtered from May 2014 

onwards with a total of 152 samples (HP, n=75; CP, n=77) analysed. The 

number of small (<4mm diameter), medium (4-9mm diameter) and large 

(>9mm diameter) follicles were recorded. After counting, medium sized 

follicles (4-9mm diameter) were aspirated to remove follicular fluid and 

collect granulosa cells (GCs). Follicular fluid was pooled from a batch of 

10-12 ovaries, which was allowed to settle for 5 minutes before aspiration 

of the follicular fluid. This was then centrifuged (Hereaus PICO 17 

Centrifuge, Thermo Scientific, Osterode, Germany) and the supernatant 
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collected and stored at -20¯C. The cells from the pooled follicular fluid 

were placed into a petri dish and all oocytes removed for a separate 

experiment. The GCs were collected and washed in 1% (v/v) bovine 

serum albumin (BSA) in 1xPBS. The GCs were then removed and stored 

in RNALater before freezing and storing at -80¯C.  

The CLs were dissected out the ovary, weighed and fixed in Bouinôs 

fixative solution for 6 hours before dehydrating in graduations of ethanol 

in distilled H2O v/v (30%, 70%) for one hour at each concentration. The 

samples were then stored in 70% (v/v) ethanol in distilled H2O before 

tissue processing. Tissue was embedded in paraffin using an automatic 

tissue processor (Leica TP1020, Automatic Tissue Processor; Nussloch, 

Germany). The tissue samples were then orientated and embedded in 

molten paraffin (Paraffin Embedding Station; Nussloch, Germany). CL 

sections were cut at 6µm sections using an automated rotary microtome 

(Leica RM2255, Leica Biosystems, Milton Keynes, UK). Polysine coated 

slides were used (Thermo Scientific, USA) with 2 sections per slide. Only 

heifers with a fully mature CL (day 12-16 of the estrous cycle) were 

analysed. Slides were incubated at 38 C̄ overnight to adhere the paraffin 

sections to the polysine slides. 

5.3.4. Metabolite analysis 

A subset of serum samples was chosen for metabolite concentration 

quantification, based on similar lairage times (due to variations in time off 

feed), level of haemolysis and date of collection. Final analysis utilised 

93 samples (HP, n=37; CP, n=56). The metabolites analysed were urea, 

albumin, total protein (soluble), BHB (ɓ-hydroxybutyrate), triglycerides, 

NEFAs (non-esterified fatty acids) and cholesterol. These were 

quantified using an RX-IMOLA autoanalyser (Randox, County Antrim, 

UK) Globulin levels were estimated by calculating the remainder of the 

total protein after albumin levels were accounted for (Robinson et al., 

1937).  
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5.3.5. Assays 

5.3.5.1. Progesterone (P4) 

Progesterone (P4) concentrations were measured in serum and follicular 

fluid using the Ridgeway progesterone ELISA kit and protocol was 

carried out as specified in the manufacturerôs instructions (Ridgeway 

Research Ltd, Gloucestershire, UK). To the appropriate well, 10µl of 

each standard (0ï20ng/ml) or sample was added in duplicate. Then, 

200µl of progesterone enzyme label (pre-diluted) was added to all wells 

and the plate was incubated for 2.5 hours at room temperature (RT). 

Afterwards, the wells were washed 3 times with wash buffer before the 

alkaline phosphate substrate was added. This was incubated in the dark 

at RT for 45-60 minutes depending on colour development. The optical 

density was read at 544nm on a BMG FLUOstar OPTIMA Microplate 

Reader (BMG Labtech Ltd., Buckinghamshire, UK). The absorbance was 

converted to a % binding of the total binding (0ng/ml progesterone 

standard; %B/TB) and a curve fitted using a 4-parameter logistic 

regression fit in GraphPad Prism and unknown interpolated from the 

curve. The inter-assay % co-efficient of variation (CV) was 13.4% (at 

5.6ng/ml) while the mean intra-assay %CV was 13.9%. 

5.3.5.2. Estradiol (E2) 

Estradiol (E2) concentrations in follicular fluid were measured using the 

Cayman E2 ELISA kit (Cayman Chemical, Michigan, USA) and were 

carried out as per the manufacturerôs protocol. Follicular fluid samples 

were diluted 1/100-200 in EIA buffer prior to analysis. To the appropriate 

well, 50µl of each standard (0ï4.0 ng/ml) or sample was added in 

duplicate. To the samples/standard, ELISA buffer (100µl), estradiol 

AChE tracer (50µl) and estradiol antiserum (50µl) was added and then 

the plate was incubated for 1 hour at RT. Next, the plate was washed 5 

times with wash buffer followed by addition of Ellmanôs reagent (200µl). 

The colour was allowed to develop for 60 minutes with the absorbance 

was read at 405nm. The absorbance was converted to a % binding of 

the total binding (0ng/ml E2 standard; %B/TB) and a curve fitted using a 

4-parameter logistic regression fit in GraphPad Prism and unknowns 
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interpolated from the curve. The samples were analysed in a single 

assay and the mean intra-assay %CV was 9.2%. 

5.3.5.3. Anti-müllerian hormone (AMH) 

AMH ELISA was carried out using the Ansh Labs Bovine AMH sandwich 

ELISA kit (Ansh Labs, Webster, USA). Protocol was carried out as in 

themanufacturerôs instructions. Briefly, 50µl of each standard (0ï2.4 

ng/ml) or sample was added to the appropriate well in duplicate. Then, 

ELISA buffer (50µl) was added and the plate incubated for two hours at 

RT. After 5 washes with wash buffer, AMH antibody-biotin conjugate 

(100µl) was added and incubated for 1 hour at RT. Then, the plate was 

washed 5 times followed by addition of AMH streptavidin-enzyme 

conjugate and incubation at RT for 30 mins. The plate was washed 5 

times and then the wells were incubated with TMB substrate (100µl) at 

RT for 15 mins. The reaction was stopped with sulphuric acid solution 

and the absorbance read at 405nm. The absorbance was plotted against 

AMH concentration and a linear regression curve fitted in GraphPad 

Prism from which unknown were interpolated. The inter-assay was 

19.0% at 354pg/ml and 2.8% at 1155pg/ml AMH. The mean intra-assay 

%CV was 10.4%. 

5.3.6. Von Willebrand Factor (VWF) Immunohistochemistry 

Two methods were attempted to stain the endothelial cells in the CL 

sections due to the optimisation process, therefore the VWF protocol was 

attempted. Sections were placed in histoclear twice for 5 minutes to 

remove the paraffin wax. They were then rehydrated in ethanol 

graduations, as in section 5.2.6. The samples were then washed twice in 

PBS for 5 minutes. Antigen retrieval step was carried out with 0.04% 

(w/v) trypsin and 0.024% (w/v) calcium chloride in PBS for 15 minutes. 

The samples were washed in running water and then in PBS for 5 

minutes. The peroxidase blocking step was carried out using 3% H2O2 

(v/v) in methanol then washed twice for 5 minutes in PBS. Antigen 

blocking step was performed with 20% NGS for 30 minutes. Then rabbit 

anti-human VWF (DAKO) at 20µg/ml in 2% NGS was added to each slide 

and incubated overnight.  
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The next day, the sections were washed in 0.1% (v/v) triton-x-100 for 5 

minutes then washed in 1xPBS for 5 minutes. Secondary antibody 

(biotinylated goat anti-rabbit IgG) was added to each slide before 

incubation at RT for 30 minutes. The samples were then washed twice 

in PBS for 5 minutes. AB complex was added to each slide and left for 

45 minutes at RT before two PBS washes for 5 minutes each. DAB 

staining was applied for 2 minutes and then washed in distilled water. 

Counter-staining involved application of heamtoxylin, dips (2 seconds) in 

ammoniated water and dehydration using the same graduations of 

ethanol for 2 minutes each step. Samples were finally dehydrated in 

xylene twice (5 minutes each step) and mounted with DPX mountant. 

5.3.7. Isolectin (B4) histochemical protocol 

A second method was chosen to visualise the endothelial cells due to the 

optimisation process, therefore the isolectin B4 protocol was used in the 

final analysis. Sections were placed in xylene for 5 minutes twice to 

remove paraffin. The sections were rehydrated using graduation of 

ethanol: 100%, 90% and 70% (v/v) made with distilled H2O (2 minutes 

each). The sections were rinsed in distilled H2O and placed in a 1x PBS 

wash for 5 minutes. To expose lectin binding sites, the sections were 

placed in boiling citrate buffer (pH 6.0) for 5 minutes in a microwave and 

left to cool for 30 minutes. Sections were then washed twice in 1x PBS 

buffer for 5 minutes each step. Endogenous peroxidases were blocked 

by placing sections in 3% H2O2 in methanol (v/v) for 5 minutes and non-

specific binding reduced with 10% normal goat serum (NGS) in distilled 

H2O (v/v) for 30 minutes.  The isolectin (biotinylated Griffonia 

(Bandeiraea) simplicifolia isolectin B4) was diluted to 12.5µg/ml and 

300µl was placed on each slide. Negative controls received 500mM 

galactose added to the isolectin. The sections were then incubated 

overnight at 4¯C in a humidifying tray. After this, the sections were 

washed twice in 1x PBS for 5 minutes and the AB complex (Vectastain 

ABC kit, Vector Laboratories, Peterborough, UK) was added to each 

slide for 30 minutes. The samples were then washed twice in PBS for 5 

minutes before DAB was added. The sections were then counterstained 
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in haematoxylin, ammoniated water and dehydrated using the same IMS 

graduations in reverse order for 2 minutes each step. The samples were 

finally dehydrated in xylene twice for 5 minutes and mounted using DPX 

mountant.   

5.3.8. Image analysis 

Photomicrographs of sections were taken using a DM5000B microscope 

(Leica, Germany) using brightfield settings. Both sections were analysed 

at x40 magnification with 6 photomicrographs were captured per section 

(Application Suite, Leica, Germany). The image analysis was performed 

as validated by Robinson et al. (2006). Endothelial cell area was 

measured by detection of colour proportion using colormetric application 

in Image ProPlus software (Media Cybernetics Inc., USA). The data on 

perimeter, area and proportions were exported to the Excel programme 

(Microsoft, Washington, USA). An example of the image analysis is 

shown in Fig. 5.1. 
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Figure 5.1: Example of bovine corpus luteum (CL) image analysis using 
isolectin B4 staining for endothelial cells. A) Isolectin B4 brown staining 
indicating endothelial cells (black arrows). B) Image pro analysis of 
endothelial cells, where red indicates selected staining. C) Negative 
control tissue. 
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5.3.9. RNA extraction, cDNA synthesis and quantitative reverse 

transcription PCR (qRTPCR)  

RNA extraction and cDNA synthesis was carried out as in section 4.2.3. 

5.3.10. RNA-Seq methodology 

cDNA Library preparation and transcriptome sequencing were carried 

out in the Genome Centre (Barts, London) as described in section 3.2.3 

and 3.2.4. Quality control, alignment and differential gene expression 

was carried out by Dr. Nigel Mongan (section 3.2.5) using Cufflinks and 

Cuffdiff, within the Cufflinks package (Trapnell et al., 2010). Cuffdiff 

utilises a negative binomial model for analysis of transcript levels. This 

method differs from that in section 3.2.5 as the samples sent were 

replicates which allows Cuffdiff use instead of edgeR.    

5.3.11. Flow diagram showing the number of heifers in each 

analysis 

The number of heifers (N) in each analysis including metabolite auto-

analysis, hormonal analysis and Anthral follicle count (AFC). High protein 

(HP) = 14.5%, Control protein (CP) = 10.4%.  
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5.3.12. Statistical analysis 

Statistical analysis was carried out using Student t-tests between diet 

groups or two-way Analysis of Variance (ANOVA) for additional factors 

such as carcass grade and follicular phase. P values of <0.05 were 

considered significant.  Bartlett's test for homogeneity of variances was 

carried out to confirm equal variance across the group and Shapiro-Wilk 

test was used to determine normality. Those not normally distributed 

were assessed with qladder plots using STATA (Version 14, StataCorp, 

Texas). Total protein, globulin, triglycerides, NEFAs and cholesterol 

levels were not normally distributed therefore were transformed 

according to the STATA output. Serum total protein levels were 

transformed by (1/values2), serum globulin levels were logged, serum 

triglyceride levels were transformed by (1/ãvalue) and serum NEFA 

levels were transformed by square-rooting the values. Proportion of 

animals in different carcass quality categories were compared using c2 

test. Statistical analyses carried out using Genstat software (version 17, 

VSN International Ltd., UK) and plotted using Prism software (Prism 6, 

GraphPad, United States). 
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5.4. Results 

5.4.1. Heifer age and carcass characteristics 

The number of heifers in each grade is shown in Fig. 5.2A and B. The 

proportion of heifers in the óRô grade carcass was greater in the high 

protein diet group compared to the control diet (P<0.01). No effect of the 

diet was found on the level of fat deposition (Fig. 5.2C and D, P>0.05). 
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Figure 5.2: The counts and percentages (%) of animals in each carcass 
grade or fat level separated by control (10.4% crude protein) or high 
(14.5%) crude protein. A) Actual counts of heifers within each carcass 
grade, B) percentage (%) of each dietary group within each grade, C) 
Actual counts of heifers within each fat deposition class, D) percentage 
(%) of each dietary group within each fat deposition class. Chi-squared 
test: ** represents P<0.01. 
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The age of heifers at slaughter was significantly lower in the control as 

compared to the high protein diet, (Fig. 5.3A, P<0.001). The dietary 

treatment had no effect on the carcass net cold weight (Fig. 5.3B, 

P>0.05) and the age of heifer at slaughter showed no correlation with the 

carcass weight at slaughter (Fig. 5.3C). The net cold weight significantly 

varied between these carcass grades (P<0.001), however no interaction 

of the diet was found (Fig. 5.3, P>0.05). 
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Figure 5.3: Heifer age at slaughter and carcass net cold weight by diet 
and carcass grade. Control (10.4% crude protein), high (14.5% crude 
protein). A) Age of heifers separated by dietary group. B) Carcass cold 
weight (kg) by dietary group. C) Carcass cold weight by age of heifer. D) 
Carcass cold weight by carcass grade. ANOVA, *** represents P<0.001. 
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5.4.2. Serum metabolites  

The levels of serum metabolites are shown in Fig. 5.4 and Fig. 5.5. Those 

samples that were from heifers that were slaughtered immediately were 

excluded to reduce variations in starvation time during travel and lairage. 

Serum urea levels (mmol/l) was significantly greater in the control diet 

compared to the high protein diet (P<0.05). Serum NEFA levels were 

significantly lower in the high protein diet group compared to the control 

diet (P<0.05). No dietary influence was found on the serum albumin (g/l), 

serum total protein (g/l), serum globulin levels (g/l), serum BHB (mmol/l), 

serum triglyceride levels (mmol/l) or serum cholesterol (mmol/l) (P>0.05). 

The serum metabolite levels were separated by carcass grade, but no 

interaction between the diet and grade (P>0.05). Yet, NEFA levels did 

show an overall difference between the grades (P<0.05). 
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Figure 5.4: Concentrations of protein-related serum metabolites in 
heifers on differing protein level diets. Control = 10.4% crude protein 
(n=56), High = 14.5% crude protein (n=37). A) Serum urea levels 
compared between dietary groups. B) Serum albumin levels compared 
between dietary groups. C) Serum total protein levels compared between 
dietary groups. D) Serum globulin levels compared between dietary 
groups. Data values are mean±SEM. T-test: * represents P<0.05.     
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Figure 5.5: Concentrations of energy and cholesterol-related serum 
metabolites in heifers on differing protein level diets. Control = 10.4% 
crude protein (n=56), High = 14.5% crude protein (n=37). A) Serum BHB 
levels compared between dietary groups. B) Serum triglyceride levels 
compared between dietary groups. C) Serum NEFA levels compared 
between dietary groups. D) Serum cholesterol levels compared between 
dietary groups. Data values are mean±SEM. T-test: * represents P<0.05. 
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5.4.3. Follicular fluid metabolites  

Follicular fluid (FF) metabolite levels are shown in Fig. 5.6 and Fig. 5.7. 

In a similar manner to serum, urea levels in follicular fluid were 

significantly lower in the high protein diet group compared to the control 

diets (P<0.01), conversely albumin levels were higher in the high protein 

diet (P<0.05). No effect of the dietary treatment was found on the levels 

of total protein, globulin, BHB, triglycerides, NEFAs or cholesterol 

(P>0.05). Estrous phase did not influence the levels of the metabolites 

and did not interact with the dietary treatment (P>0.05, data not shown).  
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Figure 5.6: Concentrations of protein related follicular fluid (FF) 
metabolites in heifers on differing protein level diets. Control = 10.4% 
crude protein (n=10), High = 14.5% crude protein (n=10). A) Follicular 
fluid urea levels compared between dietary groups. B) Follicular fluid 
albumin levels compared between dietary groups. C) Follicular fluid total 
protein levels compared between dietary groups. D) Follicular fluid 
globulin levels compared between dietary groups. Data values are 
mean±SEM. T-test: * represents P<0.05, ** represents P<0.01. 
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Figure 5.7: Concentrations of energy and cholesterol related follicular 
fluid (FF) metabolites in heifers on differing protein level diets. Control = 
10.4% crude protein (n=10), High = 14.5% crude protein (n=10). A) 
Follicular fluid BHB levels compared between dietary groups. B) 
Follicular fluid triglyceride levels compared between dietary groups. C) 
Follicular fluid NEFA levels compared between dietary groups. D) 
Follicular fluid cholesterol levels compared between dietary groups. Data 
values are mean±SEM. T-test: * represents P<0.05.     
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5.4.4. Ovarian gross morphology 

Total antral follicle count (AFC) was significantly greater in heifers on the 

high protein diet compared to the control diet group (Fig. 5.8A, P<0.05). 

The antral follicle count was further split into small (<4mm), medium (4-

9mm) and large (>9mm) follicle categories. This analysis revealed that 

the number of small (P<0.05) and large (P<0.01) follicles that were 

greater in the high protein diet (Fig 5.8A). The size of the largest follicle 

was significantly greater in the high protein diet group compared to the 

control, but only during the luteal phase (Fig. 5.8B, P<0.05). AMH levels 

were significantly lower in the high protein diet group (Fig. 5.8C, P<0.05). 
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Figure 5.8: Number of follicles in the bovine ovaries, the diameter of the 
largest follicle and serum anti-müllerian hormone (AMH) level from 
heifers on either control (10.4% crude protein) or high (14.5% crude 
protein) diets. A) Shows the number of small follicles (<4mm), medium 
(4-9mm) and large (>9mm) compared between the dietary groups. B) 
Diameter of the largest follicle separated by stage of estrous cycle and 
dietary treatment. C) Serum AMH levels separated by dietary treatment 
group. Data values are mean±SEM. ANOVA: * represents P<0.05, ** 
represents P<0.01.   
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The ovary weight (excluding the corpus luteum) did not differ between 

the control and high protein diet groups (Fig. 5.9A, P<0.05). The ovary 

weight was significantly greater in the follicular compared to luteal phase 

(P<0.01; data not shown) reflecting the presence of large antral follicles. 

Overall, the CL weight was significantly greater in the high protein diet 

compared to the control (P<0.01; Fig 5.9B). However, when this was 

separated according to estimated stage of the estrous cycle, there was 

no effect of diet. Unsurprisingly, there was a massive increase (P<0.001) 

in CL weight from the recently formed CL (0.6g) to the fully mature CL 

(6.2g; Fig 5.9C). There was no impact of carcass grades or fat level on 

the ovary weight or CL weight (data not shown, P>0.05).  
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Figure 5.9: The effect of dietary protein level on ovary and corpus luteum 
(CL) weight.  Control = 10.4% crude protein, High = 14.5% crude protein. 
A) Ovary weight by dietary protein level; B) CL weight separated by 
dietary protein; C) CL weight separated by dietary protein level and stage 
of estrous cycle. Data values are mean±SEM. ANOVA: ** represents 
P<0.01. 
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Overall, serum P4 concentrations were moderately increased in the high 

protein diet (P<0.05, Fig 5.10A). When the data was categorised into the 

different stages of the luteal phase as expected, there was a dramatic 

increase in progesterone concentrations after ovulation until the CL 

reached its maximal size at which point progesterone concentrations 

plateau (P<0.001). There was a significant effect of diet on progesterone 

concentrations (P<0.05) with progesterone concentrations higher in the 

high protein diet group in the early luteal phase (day 1-2 and 3-4 time 

points) compared to the control group. There was no diet × estrous cycle 

stage interaction (P>0.05). 
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Figure 5.10: Serum progesterone (P4) levels (ng/ml) separated by diet 
and stage of estrous cycle. Control=10.4% crude protein (n=108), High 
= 14.5% crude protein (n=98). A) P4 separated by diet. B)  P4 
concentration separated by diet and day of estrous cycle. ANOVA: * 
represents P<0.05. 
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Progesterone (P4) and estradiol (E2) levels are shown in Fig. 5.11, but 

no differences were found between the diets (P>0.05). It should be noted 

that there was large variation in the follicular fluid estradiol concentration 

in the high protein diet. 
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Figure 5.11: Follicular fluid (FF) levels of A) progesterone (P4) and B) 
estradiol (E2) from medium (4-9mm) sized follicles in bovine ovaries on 
two levels of dietary protein. Control = 10.4% crude protein, High = 14.5% 
crude protein.  
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Fig. 5.12 shows the analysis of the degree of vascularisation within the 

mature (day 12-16) CL from the different diet groups. No significant 

effects of the dietary treatment were found on the perimeter, area or 

proportion of vasculature (Fig. 5.12A, B and C, P>0.05). Similarly, the 

dietary treatment had no effect on the estimated total weight of CL 

vasculature (P>0.05). 
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Figure 5.12: Analysis of the bovine corpus luteum (CL) vascularisation 
in heifers on control diet (10.4% crude protein; n=10) or high protein diet 
(14.5% crude protein; n=10). A) Mean perimeter of stained endothelial 
cells, B) Mean area of endothelial cells, C) Mean proportion of area 
stained for endothelial cells, D) Estimated total weight of CL vasculature 
(calculated by multiplying endothelial cell proportion and CL weight). 
Data values are mean±SEM. T-test, no significant (P>0.05) difference 
were detected between diet groups. 
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5.4.5. Transcriptome analysis of the Granulosa cells (GCs)  

Transcriptome analysis of the granulosa cells (GCs) showed 37 genes 

were differentially expressed between the dietary treatments. Table 5.3 

shows the differentially expressed genes based on log fold change 

(logFC). Of the genes with the most significant q-values and increased 

expression in the high protein group, AOX1 (aldehyde oxidase 1) and 

FN1 (fibronectin 1) are particularly interesting. AOX1 is involved in lipid 

metabolism and had increased expression in the large follicles compared 

to small follicles (Hatzirodos et al., 2014b). FN1 is a fibronectin involved 

in cell adhesion and promoting granulosa cell proliferation (Colman-

Lerner et al., 1999, Kantola et al., 2008). Other genes of importance 

included STAR (steroidogenic acute regulatory protein), IGFBP5 (insulin-

like growth factor binding protein 5) and KRT18 (keratin 18). STAR 

protein binds to the mitochondrial membrane and creates a binding site 

for cholesterol which can then be converted to pregnenolone, a precursor 

to progesterone (Yamashita et al., 2011, Miller, 2007). IGFBP5 is 

expressed in the granulosa cells, (while other IGFBPs are expressed 

within the theca cells) of follicles and binds to the IGF to affect cell growth 

and adhesion (Rebouças et al., 2014, Armstrong et al., 1998, 

Sureshbabu et al., 2012). KRT18 is a filament protein which is associated 

early growth response (EGR) signalling, but also cell morphology (Bunel 

et al., 2015, Glister et al., 2014, Zhang et al., 2014).  

In those with decreased expression in the high protein diet CH25H 

(cholesterol 25-hydroxylase) and KLF4 (kruppel-like factor 4 (Gut)) were 

particularly interesting. CH25H is critical in the synthesis of cholesterol, 

which is the precursor for steroidal hormones and essential to follicular 

growth (Batista et al., 2007, Wang and Tuohimaa, 2006). KLF4 is 

involved in regulating the ovarian follicular development and its 

expression in granulosa cells was stimulated by LH (Natesampillai et al., 

2008). 
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Gene ontology (GO) analysis is shown in Table 5.4. The GO terms with 

the lowest q-values were: response to external stimulus (GO:0009605) 

and response to endogenous stimulus (GO:0009719). This shows the 

high protein diet is stimulating a response in the granulosa cells (GCs). 

The GO terms with the highest proportion of genes within the category 

are: fibrillar collagen trimer (GO:0005583) and complex of collagen 

trimers (GO:0098644). This, together with the most significant GO terms, 

suggests that the high dietary protein stimulates the production of 

collagens and affects the extra cellular matrix.  

Table 5.3: The differentially expressed sorted based on logFC (log fold 
change) between the GCs on the control (10.4%) or high (14.5%) crude 
protein diet. 

Ensembl identification Gene symbol LogFC q_value 

ENSBTAG00000003658 RELN 2.659 0.023 
ENSBTAG00000009725 AOX1 2.576 0.013 
ENSBTAG00000017677 SCG3 2.498 0.023 
ENSBTAG00000011971 NRP2 2.234 0.037 
ENSBTAG00000008300 FN1 2.219 0.013 
ENSBTAG00000002215 GFPT2 1.951 0.023 
ENSBTAG00000038495 DCLK1 1.684 0.030 
ENSBTAG00000020056 COL12A1 1.648 0.013 
ENSBTAG00000033345 STAR 1.561 0.013 
ENSBTAG00000013472 COL1A2 1.454 0.013 
ENSBTAG00000021025 LEPREL1 1.426 0.013 
ENSBTAG00000027020 COL5A2 1.389 0.030 
ENSBTAG00000009868 VGF 1.352 0.013 
ENSBTAG00000021466 COL3A1 1.335 0.013 
ENSBTAG00000001244 PLAT 1.302 0.013 
ENSBTAG00000001788 BOVAGGRUS 1.279 0.013 
ENSBTAG00000030913 MX1 1.255 0.013 
ENSBTAG00000018810 THBS2 1.248 0.013 
ENSBTAG00000011734 ANKRD1 1.216 0.013 
ENSBTAG00000008827 SPOCK2 1.176 0.013 
ENSBTAG00000039731 RND3 1.150 0.013 
ENSBTAG00000007062 IGFBP5 1.115 0.013 
ENSBTAG00000007173 PDGFRA 1.010 0.013 
ENSBTAG00000014158 CCNT2 1.095 0.013 
ENSBTAG00000013953 CALD1 1.043 0.037 
ENSBTAG00000001517 KRT18 1.042 0.013 

ENSBTAG00000046054 RHOB -1.031 0.013 
ENSBTAG00000010069 EGR1 -1.032 0.013 
ENSBTAG00000012046 JUNB -1.069 0.013 
ENSBTAG00000001294 PPP1R15A -1.114 0.013 
ENSBTAG00000004322 FOS -1.126 0.013 
ENSBTAG00000008545 ATF3 -1.206 0.013 
ENSBTAG00000008182 FOSB -1.438 0.013 
ENSBTAG00000010987 MAIL -1.52 0.013 
ENSBTAG00000031231 IRF1 -1.868 0.013 
ENSBTAG00000011115 CH25H -1.878 0.013 
ENSBTAG00000020355 KLF4 -2.049 0.013 
ENSBTAG00000033096 PAG2 -3.035 0.023 
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Table 5.4: The gene ontology (GO) analysis for the differentially 
expressed genes between the granulosa cells from heifers on control 
protein diets compared to those from heifers on a high protein diet. 

Gene ontology term (GO) Category Set 
size 

Number of 
candidates 

q-value 

GO:0009605: response to external stimulus BP 2 2412 19 (0.8%) 1.82E-07 
GO:0009719: response to endogenous stimulus BP 2 1573 15 (1.0%) 8.25E-07 
GO:0042221: response to chemical BP 2 4132 22 (0.5%) 2.3E-06 
GO:0009628: response to abiotic stimulus BP 2 1134 12 (1.1%) 5.31E-06 
GO:0007155: cell adhesion BP 2 1421 13 (0.9%) 6.33E-06 
GO:0048856: anatomical structure development BP 2 5056 23 (0.5%) 8.66E-06 
GO:0044700: single organism signalling BP 2 6125 25 (0.4%) 1.06E-05 
GO:0051716: cellular response to stimulus BP 2 6944 26 (0.4%) 0.00002 
GO:0009653: anatomical structure morphogenesis BP 2 2616 16 (0.6%) 0.00002 
GO:0048646: anatomical structure formation 
involved in morphogenesis 

BP 2 1156 11 (1.0%) 0.00002
2 

GO:0044707: single-multicellular organism 
process 

BP 2 6658 25 (0.4%) 3.85E-05 

GO:0006950: response to stress BP 2 3940 19 (0.5%) 4.33E-05 
GO:0044763: single-organism cellular process BP 2 12248 33 (0.3%) 4.56E-05 
GO:0044767: single-organism developmental 
process 

BP 2 5607 22 (0.4%) 0.00012 

GO:0048870: cell motility BP 2 1256 10 (0.8%) 0.00020 
GO:0051674: localization of cell BP 2 1256 10 (0.8%) 0.00020 
GO:0005578: proteinaceous extracellular matrix CC 2 356 8 (2.3%) 5.83E-06 
GO:0005583: fibrillar collagen trimer CC 2 14 3 (21.4%) 3.17E-05 
GO:0098644: complex of collagen trimers CC 2 24 3 (12.5%) 0.00012 
GO:0005201: extracellular matrix structural 
constituent 

MF 2 67 4 (6.0%) 0.00011 

Biological processes: BP, cellular component: CC and Molecular function: MF. 
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Figure 5.13: The differentially expressed genes between control and high protein diets (control: 10.4%, high: 14.5%) of 
the bovine granulosa cells. Gold nodes represents Query, Red nodes represent attributes, Blue nodes represent results. 
Turquoise lines indicate pathways. 
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Analysis by Cytoscape (Genemania) (Warde-Farley et al., 2010, 

Shannon et al., 2003) is shown in Fig. 5.13 and summarised in Table 5.5. 

The consolidated pathways, together with the suggested additional 

genes, show enriched gene networks related to collagen formation and 

focal adhesion mechanisms stimulated by the high protein diet. The 

transcription factors suggested by the analysis include CREBP1 and 

MEF2 (Bhoumik et al., 2005, Potthoff and Olson, 2007). Both have 

functions in many different mechanisms, but are particularly important in 

cell differentiation and proliferation (Potthoff and Olson, 2007, Bhoumik 

et al., 2005). 

Table 5.5: The Cytoscape (Genemania) analysis components. Showing 
the consolidated pathways, results (suggested additional genes) and 
suggested transcription factors. 

Pathways Results Transcription factors 

Integrins in angiogenesis VCL E12 

Focal adhesion COL5A3 SRF 

ECM-receptor interaction  COL11A1 CREBP1 

Beta1 integrin cell surface interactions COL4A6 MEF2 

Extracellular matrix organization COL7A1  

Collagen formation COL4A2  

Collagen biosynthesis and modifying enzymes COL11A2  

ATF-2 transcription factor network COL4A4  

AP-1 transcription factor network COL6A1  

Protein digestion and absorption COL2A1  

 COL1A1  

 THBS1  

 COL4A1  

 COL4A3  

 COL5A1  

 COL6A3  

 COL4A5  

 COL6A6  

 COL6A2  

 FOSL1  
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5.4.6. Quantitative PCR analysis 

Fig. 5.14 shows the gene targets chosen for validation and all exhibit 

increased expression in the high protein diet group. These were keratin 

18 (KRT18), steroidogenic acute regulatory protein (STAR) and insulin-

like growth factor binding protein 5 (IGFBP5). The expression of all 3 

genes in bovine granulosa cells was increased in the high protein diet 

group. This confirmed the observations from the transcriptomic analyses. 
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Figure 5.14: The relative expression levels of the gene targets in 
granulosa cells from heifers on control (10.4% crude protein; n=9) or high 
protein (14.5%; n=9) diets. A) keratin 18 (KRT18), B) steroidogenic acute 
regulatory protein (STAR), C) insulin-like growth factor binding protein 
5 (IGFBP5). The data was normalised to the housekeeping gene UXT 
and then expressed as relative to the control group. T-test was used to 
compare groups: **, P<0.01; ***, P<0.001. 
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5.5. Discussion  

This study investigates the effect of dietary protein level within a 

commercial farm setting on the carcass quality at slaughter and the 

ovarian gross morphology. Heifers were group fed either control (10.4%) 

or high (14.5%) crude protein diets for >60 days before slaughter and 

then ovaries were collected at a commercial abattoir.  

5.5.1. Carcass quality and ovarian morphology 

The carcass quality for the heifers in this study were either R or O grades, 

with only one animal showing the U grade composition (Fig. 5.2). The 

proportion of animals in the R grade group was greater within the high 

protein diet compared to the control diet, with an increase in the carcass 

net cold weight within the R grade. The average age of the heifers at 

slaughter was also significantly less in the high protein diet group 

compared to the control group (Fig. 5.3). Together these results show the 

high protein diet specifically stimulated the growth of the lean muscle 

without affecting the fat deposition. This might explain why the heifers 

were brought to slaughter earlier. Most recent studies have investigated 

the impact of dietary protein on growth rate during gestation in order to 

enhance post-natal growth rate (Greenwood et al., 2006, Sullivan et al., 

2009c, Micke et al., 2010a, Micke et al., 2011a, Long et al., 2012, Oster 

et al., 2012, Mossa et al., 2013, Gunn et al., 2014, Alvarenga et al., 2016). 

Similar to these gestational studies, the high protein treatment in the 

current study enhanced the carcass quality and growth of lean tissue, but 

importantly this effect was demonstrated in only 60 days of treatment 

(Sullivan et al., 2009c, Long et al., 2012).  

The dietary metabolites in serum and follicular fluid can be indicators of 

both the alterations to metabolism of specific nutrients and indicators of 

risk factors for disease states (Nandi et al., 2013). The metabolites in the 

current study showed some unexpected patterns within the serum. 

Albumin levels, total soluble protein were unaffected by dietary treatment, 

but urea levels were greater in the control diet compared to the high 
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protein diet group. The meta-analysis by Nandi et al. (2013) found the 

normal urea levels within serum were around 5mM, however Leroy et al. 

(2004a) reported a value of 4mM. Therefore, the values in both diets in 

the current study (Fig. 5.4A) could be considered normal and certainly 

neither are high. These results could have occurred for several reasons. 

(1) The difference between the two levels of protein. For instance, the 

study by Micke et al. (2010a) used 137g/kg and 41g/kg for the high and 

low protein diets respectively, whereas this current study uses 145g/kg 

DM and 104g/kg DM. This smaller difference could have reduced the 

effect size and thus the urea measurements would not adequately reflect 

the protein level. (2) Nitrogen retention and urea recycling under 

restricted protein conditions (Bunting et al., 1989). Berends et al. (2014) 

found that under low protein diets the urea recycling in calves increased 

to sustain levels of nitrogen needed for growth. Although this is a possible 

explanation, the present study consisted of growing beef heifers and are 

thus unlikely to be protein-restricted per se.  (3) The interaction with other 

nutrients used to adjust the diets to be isocaloric (11.8 vs 11.2MJ). 

Namely, the starch:sugar ratio differed between the control and high 

protein diets with the starch level ~five times higher in the control as 

compared to high protein diet (Table 5.2).  

The diets were formulated by an expert nutritionist (Dr. David Hendry) 

and were designed to reflect the achievable dietary protein interventions 

in a commercial UK beef farm. One limitation to the diet is that the 

difference in the starch:sugar ratio has the potential to influence urea 

metabolism. For example, it takes energy to catabolise protein and build 

muscle the potential for higher energy accessibility in the sugar 

component may have allowed the protein to be digested quicker and 

used in muscle deposition (Sinclair et al., 2000). Similarly, Kenny et al. 

(2002b) found a reduction in plasma urea when molasses supplement 

was added instead of a barley supplement. This suggested the high 

sugar content in molasses altered the utilisation of nitrogen in the rumen 

(Kenny et al. 2002b). In this current study, the low protein diet contained 

several ingredients (such as bread and oat) which make up the starch 



237 
 

fraction. These ingredients not only contain digestible protein, but also a 

more complex fermentable energy source within the carbohydrates. 

Another indication of the different energy demands is shown by the levels 

of NEFAs within the serum. As shown in Fig. 5.5C, the NEFA levels were 

greater in the control protein diet compared to the high protein diet. This 

could indicate the energy levels were not high enough for adequate 

growth and the fat tissue was broken down to provide an energy source 

(Iwata et al., 2006).  

Where serum metabolite levels seem to demonstrate dietary impacts on 

the body, follicular fluid metabolite levels demonstrate any dietary effects 

on the support to the follicle (Leroy et al., 2004b, Iwata et al., 2006, 

Bender et al., 2010, Tabatabaei et al., 2011). Similar to the serum results, 

the follicular fluid urea levels were higher in the control diet than the high 

protein group, however the albumin levels were higher in the high protein 

diet (Fig. 5.7). This could further suggest that effects of the dietary 

treatment reached the follicle and could affect the oocyte development 

(Iwata et al., 2006).  

Although the ovarian weight was similar between the diet groups, the high 

protein diet significantly increased the AFC. This was particularly 

noticeable in the large (>9mm) and small (<4mm) sized follicle categories 

(Fig. 5.8). Additionally, the largest follicle during the luteal phase, 

presumably the non-ovulatory dominant follicle, was bigger in heifers fed 

on the high protein diet. Similarly, Armstrong et al. (2001) found an 

increase in follicle size, especially the dominant follicle when dietary 

protein was high. Although the increased follicular size can be associated 

with earlier ovulation, an increase in follicular growth can negatively affect 

the maturation ability of the oocyte (Armstrong et al., 2001). Interestingly, 

in the present study, there was no difference in the size of the 

presumptive ovulatory follicle between the dietary groups.  

AMH is solely expressed in the granulosa cells and its levels are normally 

associated the number of healthy antral follicles (Ireland et al., 2008).  

Although the AMH levels correlated with the number of follicles in this 
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current study, the high protein diet had a significantly lower AMH level 

compared to the control diet (Fig. 5.8). A possible reason for this is that 

there was a shift in the follicular population with fewer medium-sized 

follicles in the high protein group. Indeed, Jeppesen et al. (2013) shown 

that in human women the levels of AMH sharply dropped off once the 

diameter of the follicle was greater than 8mm. The higher numbers of 

large follicles in the high protein diet in this current study could explain 

the reduced AMH levels. Alternatively, while the antral follicle count was 

greater in the high protein group, there was an increased proportion of 

atretic follicles which secrete lower amounts of AMH (Ireland et al., 2008). 

Overall, the CL weight was significantly greater in the high protein diet 

group, but when this was split into different CL age category, no dietary 

effect was observed. It is feasible that the random distribution of CL ages 

was skewed towards more mature CL in the high protein group. Hence, 

when this split in a more physiologically-relevant manner, the effect was 

no longer observed. Additionally, there no dietary effect on the degree of 

vascularisation within the mature CL. Increased vascularisation has been 

associated with altered production of progesterone, which is required for 

pregnancy (Woad and Robinson, 2016).  

5.5.2. Gene expression of granulosa cells  

The granulosa cells provide support for the growing follicle that allows the 

oocyte to mature, thus the impacts on the gene expression could interfere 

with normal ovarian functions. In this study, the transcriptome analysis 

showed 37 genes were differentially expressed between the control and 

high protein diet groups. The GO analysis and pathway analysis both 

revealed a stimulatory effect on the collagen production and focal 

adhesion functions (Fig. 5.13, Table 5.4 and Table 5.5). In particular, the 

genes such as IGFBP5, KRT18 and FN1 and showed increased 

expression in the high protein diet group. These genes have been 

associated with an increase in cell proliferation (Colman-Lerner et al., 

1999, Kantola et al., 2008, Sureshbabu et al., 2012, Zhang et al., 2014). 

IGFBP5 encodes a protein that regulates the actions of IGFs and thus 

the expression varies considerably depending on the stage of the follicle 
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development (Funston et al., 1996). As the high protein diet stimulated 

IGFBP5, expression which could lead to a reduction in IGF signalling 

(Rebouças et al., 2014). IGF1 and IGF2 are known stimulators of 

granulosa cell proliferation and steroidogenesis. Thus increased IGFBP5 

expression could reduce follicular function. Indeed, increased IGFBP5 

expression has been associated with follicular atresia (Nicholas et al., 

2005, Llewellyn et al., 2007). In agreement with this Hayashi et al. (2010) 

showed that subordinate, atretic follicles had decreased AMH expression 

and increased IGFBP5 expression which might explain the decreased 

serum AMH levels in the high protein diet group despite increased antral 

follicle count. 

There was increased expression of FN1 and KRT18 in the high-protein 

diet group. FN1 is a fibronectin that is involved in cell adhesion, and its 

expression was increased superovulation treatment (Colman-Lerner et 

al., 1999, Kantola et al., 2008, Dias et al., 2013). These authors 

speculated that increased FN1 expression following superovulation 

treatment resulted in delayed differentiation in order to increase 

proliferation (Dias et al., 2013). KRT18 is a filament protein which has 

also plays a role in cell adhesion as well as being a structural protein. It 

has been shown to be up-regulated during normal follicular growth 

(Glister et al., 2014, Zhang et al., 2014, Bunel et al., 2015a). Together 

these genes suggest an enhancement of granulosa cell function by the 

high protein diet. 

A further suggestion of increased function is the decreased expression 

of the transcription factor KLF4 in the high protein diet group (Shields et 

al., 1996). KLF4 is instrumental in cell growth arrest and the expression 

is increased with LH and IGF-1 treatment within granulosa cells (Shields 

et al., 1996, Natesampillai et al., 2008). This may indicate the expression 

of KLF4 is involved in the transition from growth and proliferation towards 

growth arrest and initiation of ovulation. Other transcription factors (such 

as CREBP1 and MEF2) that were suggested by the Cytoscape analysis 

(Table 5.5) further indicate altered proliferation mechanisms (Bhoumik et 

al., 2005, Potthoff and Olson, 2007).  
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Other alterations in the high protein diet group include lipid metabolism 

and cholesterol utilisation. The increased expression of AOX1 would 

indicate a change in the metabolism from glucose to lipids (Fu et al., 

2013). The expression of AOX1 was also found to be increased in large 

antral follicles, which shows this is part of the normal development 

process but could be enhanced by the high protein diet (Fu et al., 2013, 

Hatzirodos et al., 2014a). This process is also linked to the production of 

steroid hormones. Similarly, the expression of STAR mRNA was also 

increased in the high protein diet (Fig. 5.14). STAR is responsible for 

synthesis of the precursor to steroid hormones from cholesterol (Miller, 

2007), which is the rate-limiting step in the production of estradiol and 

progesterone. One interpretation is that if the increased follicular STAR 

expression was maintained through luteal development that this could 

explain the increased progesterone levels observed in the high protein 

group Interestingly, CH25H showed a decreased expression in the high 

protein diet, which suggests a reduction in the synthesis of cholesterol 

(Wang and Tuohimaa, 2006, Batista et al., 2007). These results suggest 

an increase in lipid metabolism, but with altered dynamics of hormonal 

production. 

5.5.3. Conclusion  

In conclusion, this study demonstrates that a high protein diet can 

improve the carcass quality within 60 days of treatment whilst 

simultaneously enhancing the follicular size within the ovary. The 

metabolite levels measured here also suggest the UK normal (control) 

energy levels may not be meeting the energy requirements of beef 

heifers to utilise the protein within this diet formulation. Therefore, further 

studies are required to identify the optimal dietary protein levels required 

for the UK beef industry. 
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Chapter 6. General Discussion 

The sustainability of the UK beef industry is facing unprecedented 

challenges (FAO, 2016, McMichael et al., 2007). These challenges 

include inefficient beef herd management, declining beef fertility and 

increases in neonatal loss combined with an urgent need to minimize 

antibiotic use (Wright, 2010, Stiglbauer et al., 2013, Buckley and Carney, 

2013, Patterson et al., 1987). Furthermore, the contribution of the beef 

industry to carbon emissions and climate change are often over-looked 

(Wright, 2010, Boyd et al., 2016, Ripple et al., 2014). Despite consistent 

UK consumer demand, the indigenous beef industry is declining, 

resulting in the importation of an increasing proportion of the UKôs beef 

requirements (DEFRA, 2016). Often this comes from countries where 

animal husbandry and welfare, labour and environmental standards do 

not match the rigorous welfare requirements and traceability of those of 

the UK also resulting in a higher carbon impact (DEFRA, 2016, Costa et 

al., 2013, Harvey and Hubbard, 2013, Ingenbleek et al., 2012). Indeed, 

many of the potential solutions to these challenges can appear mutually 

exclusive, thereby complicating the decision-making processes by the 

relevant stakeholders. For example, one of the most significant 

challenges facing UK beef farmers remains neonatal loss (Jemal, 2015, 

Ribeiro et al., 2016a). Whilst extensive antibiotic use was previously 

viewed as an acceptable strategy to minimize such loses, the increasing 

emergence of antibiotic resistance and zoonosis means that widespread 

use of antibiotics will no longer be acceptable (Wright, 2010, Hansen et 

al., 2004). This one example illustrates the importance of basic research 

in informing the decision making by the key governmental and industry 

stakeholders.  

 

Despite these challenges, the opportunities for the UK beef industry 

remain enormous. The importance of the UK beef industry to the national 

economy and for the UKôs contribution to global food security cannot be 

under-estimated (Scollan et al., 2006, Greenwood et al., 2006, Larson et 

al., 2009). The global population continues to increase and combined 
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with increasing affluence and the wider adoption of Western-style diets, 

combined with climate change, has increased the pressure on vital 

resources, including global food requirements (Pimentel and Pimentel, 

2003). The UK beef industry is estimated to constitute £2.7 billion per 

year to the UK economy and provides a majority of local requirements 

(DEFRA, 2016). Beef production remains vital for the survival of UK rural 

communities and future economic wellbeing as well as food security of 

the country (Smith et al., 2013, Golub et al., 2013). The role of these 

small-holdings in environmental management and conservation is under-

appreciated. Small farms are essential to continued rural economic and 

social vibrancy with the benefit to the UK society being unquestioned, 

although difficult to quantify (Herrero et al., 2010). However, the 

productivity of the UK beef industry continues to be limited by systemic 

inefficiencies, most notably in calf production where 25% of cows fail to 

establish a pregnancy within 100 days post-calving (Ball and Peters, 

2004, Wathes et al., 2003, Osoro and Wright, 1992, Diskin and Kenny, 

2016). Reproductive efficiency is further limited by high neonatal calf 

death rates. Therefore, there is an urgent need to identify new 

approaches to optimize fertility of the beef herd and neonatal survival with 

the overall goal of improving the efficiency of producing healthy calves.  

 

Previous research has confirmed that the maternal diet, and by inference 

its effect on the in utero environment can influence the rates of early 

embryonic and neonatal loss (Armstrong et al., 2001, Berardinelli et al., 

2001, Fleming et al., 2011). Indeed, maternal and fetal hormonal and 

metabolic responses to maternal dietary change are important in 

signalling the type, severity and duration of the nutritional environment to 

the developing fetal-placental tissues through changes in the expression 

of genes which regulate fetal growth (Thornburg et al., 2010, Rasby et 

al., 1990, Perry et al., 1999). This led to the hypothesis that maternal diet 

may affect placental growth and collagen content and thereby influence 

fetal growth by altering the delivery of oxygen and nutrients and removal 

of fetal waste products. Previous results suggest that the faster growing 

male placenta may render it more susceptible to maternal diet during the 
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1st trimester than the slower developing female fetus (Gotsch et al., 2010, 

Micke et al., 2010a, Micke et al., 2010b, Sullivan et al., 2009c). 

Nevertheless, only a limited number of studies have compared gene 

expression in the male vs. female placenta (Steier et al., 2004, Lehavi et 

al., 2005, Sood et al., 2006, Micke, G. C., et al. 2015), describing genes 

that exhibit sexually dimorphic expression (Sood et al., 2006). For these 

reasons this study sought to investigate the hypothesis that maternal 

dietary interventions influence ovarian granulosa cell and placental gene 

expression. To test this hypothesis, next generation transcriptomic 

approaches, immunohistochemistry and stereological methods were 

used to compare gene expression at day 98dpc and in term placentae 

and in granulosa cells from beef cattle following low and high protein 

interventions.  

 

This current study suggests that maternal dietary protein affects 

placentome development during early gestation, with this response being 

dependent upon fetal sex and the time period of intervention (Fig.6.1). 

For instance, at 98dpc the HPOST diet increased the placentome volume 

compared to the LPOST diet (P=0.032). This was also the case with both 

the maternal and fetal components of the placentome, which showed an 

increase in volume in the HPOST diet (MT; P=0.014, FT; P=0.024). 

These results of the dietary treatment at 98dpc suggest that the volume 

of the placentome may be an early indicator of a functional effect and 

may be more accurate than weight. Although the HPOST diet showed an 

effect on the gross structure of the placentome, the HPERI diet showed 

an increase on the proportion of collagen (P=0.044). Together, these 

results suggest an influence on the structure of the placentome, with 

collagen being stimulated by low protein diet. This could indicate a 

limiting of the growth of other structures, but not adequate enough to 

affect weight seen in other studies (Sullivan et al., 2009b). 

 

For the 98dpc placentae, five diet samples were chosen for gene 

expression comparison using RNA-seq. These included: Male Low/Low 

(MLL), Male High/Low (MHL), Male Low/High (MLH), Female High/Low 
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(FHL), and Female Low/High (FLH). The peri-conception period diet 

showed an effect on gene transcription within the placentomes from male 

offspring. The post-conception comparisons within placentomes from 

male offspring showed a wound response with genes associated with 

collagens and prostaglandins showing increased expression. The diet 

reversal comparisons had increased complexity but did reveal similar 

patterns to the peri- or post-conception changes. Both FLH and MLH 

showed inflammation pathways affected when compared to the HL 

dietary treatment, however gene transcription and nutrient transport were 

key in the male comparison, while mitochondrial genetic differences were 

seen in the female comparison. In 98dpc samples the expression of FHL1 

was reduced in MLH and FLH compared to MLL. This is contrary to the 

term placenta results as these findings indicate a post-conception dietary 

effect. This could suggest the first trimester demonstrated the more acute 

effects of the dietary treatment, whereas the term cotyledon shows long 

lasting effects of the peri-conception diet. These results show important 

differences in gene expression influences by the dietary treatment but 

also showing sexual dimorphism. 

 

Finally, this study investigated the effect of dietary protein level within a 

commercial farm setting on the carcass quality at slaughter, ovarian 

gross morphology and granulosa cell gene expression. Heifers were 

group fed either control (10.4%) or high (14.5%) crude protein diets for 

>60 days before slaughter and then ovaries were collected at a 

commercial abattoir. The high protein treatment enhanced the carcass 

quality and growth of lean tissue, which is consistent with other studies, 

(Li, et al. 2014, Long et al., 2012, Sullivan et al., 2009c) but importantly 

this effect was demonstrated in only 60 days of treatment. The number 

of both small and large follicles were greater in the high protein diet, 

indicating an increase in follicle growth when dietary protein is high. Other 

alterations in the high protein diet group include lipid metabolism and 

cholesterol utilisation. The metabolite levels also reveal the UK normal 

(control) energy levels may not be meeting the energy requirements 

sufficient to utilise the protein within the diet formulation as the NEFA 



245 
 

levels were elevated in the low protein diet group. Finally, 37 differentially 

expressed genes were identified in granulosa cells in the two treatment 

groups, including genes involved in regulating steroid metabolism. This 

study has therefore identified potential mechanisms whereby maternal 

diet can influence the environment of maturing oocytes and thereby 

influence the developmental potential of derived embryos and fetuses.    

         

Collectively these findings indicate potential mechanisms whereby 

maternal diet influences both ovarian and placental function which 

thereby affects fetal development and neonatal health. Further insights 

into how these effects can be optimized may enable the use of dietary 

protein interventions with a view to enhancing the efficiency of beef cattle 

reproduction. While the results obtained here relate only to ovarian and 

placental function at the molecular level, further research is currently 

being carried out to determine other aspects of the dietary protein 

treatment. Future work will be able to link these current findings to 

improve reproductive rates in beef cattle. The integration of these 

molecular and reproductive outcomes, combined with feed trials more in 

the UK context, will further inform whether these maternal dietary 

interventions might be useful to improve the efficiency of UK beef herds. 
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Figure 6.1: Summary of key results within the studies carried out in this thesis.  
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Appendix 1: List of successful Taqman® hydrolysis 

probesets  

Gene name 
Taqman hydrolysis probeset 

Identification 

CITED4 Bt03244258_s1 

SUZ12 Bt03649259_u1 

PTGS2 Bt03214486_g1 

FHL1 Bt03226024_m1 

DICER Bt03217763_m1 

SLC44A4 Bt03256242_m1 

DIRAS3 Bt03286556_s1 

GATM Bt03237899_m1 

PFKM Bt03245393_m1 

PTGDS Bt03259631_m1 

ALDOA Bt03265021_m1 

RPS3A Bt03220827_g1 

RARRES1 Bt03246040_m1 

IGFBP5 Bt03258786_m1 

STAR Bt03213117_g1 

KRT18 Bt00989202_g1 

SERPINB1 Bt04299680_g1 

UXT Bt03229278_m1 
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Appendix 2: Non-significant or unsuccessful qRTPCR 

plots 

Appendix 2.1: Chapter 3 
Gene name Assay number Outcome 

ALDOA Bt03265021_m1 Non-significant 

ALPL Bt03244503_m1 Non-significant 

CYP1B1 Bt04311204_m1 Unsuccessful 

FGFR1 Bt03258920_m1 Unsuccessful 

FOXO4 Bt03272695_m1 Non-significant 

HSD17B7 Bt03255626_m1 Non-significant 

PRL Bt03212029_m1 Unsuccessful 

PTGES Bt03223689_m1 Unsuccessful 

RARRES Bt03246040_m1 Non-significant 

RXRa Mm01332429_m1 Unsuccessful 

SERPINB1 Bt04299680_g1 Non-significant 

STRA6 Bt03247229_m1 Non-significant 

Appendix 2.2: Chapter 4 

The qRTPCRs that were carried out on the term cotyledons between the 

four diet groups: 1) HH = High protein/High protein, 2) LL = Low 

protein/Low protein, 3) HL = High protein/Low protein, 4) LH = Low 

protein/High protein, but were either non-significant or unsuccessful. 

Gene name Assay number Outcome 

CITED4 Bt03244258_s1 Unsuccessful 

GATM Bt03237899_m1 Unsuccessful 

HSD17B7 Bt03255626_m1 Unsuccessful 

PFKM Bt03245393_m1 Unsuccessful 

PTGDS Bt03259631_m1 Unsuccessful 

PTGS2 Bt03214486_g1 Non-significant 

SLC44A4 Bt03256242_m1 Non-significant 

  

Appendix 2.5: Chapter 5 

The qRTPCRs that were carried out on the granulosa cells between the 

control (10.4% crude protein) and the high (14.5% crude protein) but 

were either non-significant or unsuccessful.  

Gene name Assay number Outcome 

IRF1 Bt03231114_m1 Non-significant 

EGR Bt03237885_m1 Non-significant 

FOSB Bt03274158_m1 Non-significant 

JUNB Bt03246919_s1 Non-significant 
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Appendix 3: Additional work 

Appendix 3.1. PIP reflective statement 

Note to examiners: 

This statement is included as an appendix to the thesis in order that the 

thesis accurately captures the PhD training experienced by the candidate 

as a BBSRC Doctoral Training Partnership student. The Professional 

Internship for PhD Students is a compulsory 3-month placement which 

must be undertaken by DTP students. It is usually centred on a specific 

project and must not be related to the PhD project. This reflective 

statement is designed to capture the skills development which has taken 

place during the studentôs placement and the impact on their career plans 

it has had. 

PIPS Reflective Statement 

For my PIP placement I spent 3 months in Aberystwyth (Wales) working 

for the sheep breeding company Innovis. This company utilises science 

in a practical setting to breed both ewes and rams with the production 

traits needed in the industry. The innovative practices try to both meet 

the changing needs of the consumers, but also to monitor the large scale 

genetic consequences during breeding.  

 

The project during my time at Innovis was to both analyse embryo data 

gathered over the last few years and also to help out with artificial 

insemination procedures. 

 

During the data analysis portion of the placement I typed up the recorded 

embryo and animal information from several years of artificial 

insemination (AI) and embryo transfer (ET) procedures. This was to 

determine any influences on production traits or embryo survival that had 

previously been over looked. To do this, I carried out statistical analyses 

and presented the results in a written report to communicate any useful 

observations to the senior members of the company. This work was 

carried out in their busy office which enabled me to observe the day to 

day activities of the company. The lively and friendly people taught me 
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many things about how the company worked and also made me feel 

useful while I was on site. Further to this, they allowed me to help out in 

several different roles so I could both learn a greater variety of clerical 

skills and also be helpful to the team where needed. I was also given the 

opportunity to help out on the sale days, which allowed me to interact 

with the main consumer base (the farmers). From this I leant valuable 

communication skills. I enjoyed talking to the different people about what 

they needed from the company and then seeing how Innovis 

endeavoured to meet these needs. This time among the office staff 

demonstrated to me how the skills I already developed during my PhD 

could be utilised in a business situation. 

 

For the practical element of my placement I acted as a technician for the 

vet carrying out the AI procedures. This involved tasks such as; setting 

up equipment, helping hold instruments during the procedures and 

keeping track of identification numbers of animals to ensure the correct 

animal was brought to the vet. From that I could both learn from watching 

how she carried out the specific checks and procedures, as well the 

valuable advice about a career in the animal production industry.  

 

I found this placement invaluable, as it showed me how my skills could 

be used outside academia while also giving me insights into a potential 

career option. 
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Appendix 3.2. Conference abstract list  

JL Edwards, RS Robinson, NP Mongan, KJ Copping and VE Perry. The 

effect of dietary protein on ovarian development in beef heifers. Society 

for Reproduction and fertility annual meeting, 2014. 

JL Edwards, KJ Copping, A Alibhai, H Graham, S Barnett, RS Robinson, 

VEA Perry, NP Mongan, CS Rutland. Effects of maternal peri-conception 

and first trimester protein supplementation on placental development. 

World Congress of Reproduction Biology conference, 2014. 

JL Edwards, NP Mongan, CS Rutland, VE Perry and RS Robinson. The 

effect of dietary protein level on bovine follicular dynamics in beef heifers. 

Society for Reproduction and fertility annual meeting, 2016. 
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Appendix 4: Ethical approval document 

 



253 
 

 



254 
 

 



255 
 

 



256 
 

 



257 
 

 



258 
 

 



259 
 

 



260 
 

 

  




