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Abstract 

Ewes have high energy and mineral requirements to provide essential nutrients for foetal 

development through the placenta during gestation and to neonates through milk at 

lactation. The high nutritional demands of ewes at late gestation and early lactation and 

often also low content of energy and minerals in pasture result in severe metabolic stress 

on ewes which consequently affect the general health of ewe, fetal growth and later 

neonatal life.  

Clinical deficiency of calcium (Ca), magnesium (Mg) and energy resulting in metabolic 

diseases such as hypocalcaemia, hypomagnesemia and pregnancy toxaemia can cause 

negative impacts on health. In addition subclinical deficiencies have also shown to 

contribute to displaced abomasum, retained placenta, decreased probability of pregnancy 

after the first service, increased risk for culling, poor colostrum/milk production, low 

lamb birthweight and reduced lamb growth rate. 

Animals require Ca and Mg to support the developing fetus and growing lambs, and also 

they are critical for a number of physiological processes such as boosting the immune 

system and improving energy regulation. Therefore, it is hypothesised that supplementing 

with Ca and Mg during high demand states such as gestation and lactation could lead to 

an improvement in mineral status of the animal which in turn would have beneficial 

effects on the immune response in both ewes and their offspring and energy regulation in 

ewes. Thus, this PhD study aimed to evaluate the effect of Ca and Mg supplementation 

on immunity response, the mineral profile and energy regulation of ewes at late gestation 

to early lactation, and also lambs after birth.   

The first experiment for this PhD project was a pilot study which aimed to assess the 

effect of maternal supplementation (2 weeks pre-lambing to 4 weeks post-lambing) with 

Ca and Mg on immune response in lambs and energy regulation in ewes. Forty-eight twin-

bearing ewes (Merino ewes -3-5 years old) were allocated between four dietary treatment 

groups: control (base pellet), Ca group (base pellet + 50 g Limestone/head.day), Mg group 

(base pellet + 50 g Causmag®/head.day) and Ca + Mg group (base pellet + 25 g 

Limestone/head.day + 25 g Causmag®/head.day). Samples including blood, urine and 

milk from ewes at four time points—two weeks before lambing (–2 W), 12 hours after 

lambing (+12 H), two weeks post lambing (+2 W) and four weeks post lambing (+4 W)—

were collected and blood from lambs was collected at +12 H, +2 W and +4 W. Collected 

samples were analysed for mineral concentration (Ca, Mg, P), immunity responses 
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(oxidative burst of leukocytes, total antioxidant capacity (TAC), reactive oxygen 

metabolites (ROM), oxidative stress index (OSi) - calculated as a ratio of ROM/TAC, 

colostrum Immunoglobulin G (IgG) concentration and plasma IgG concentration) and 

non-esterified fatty acids (NEFA) for energy balance.  

The results of this study showed that maternal supplementation with Ca improved 

oxidative burst response in lambs. A significant increase in plasma Mg was noted in ewes 

supplemented with Mg and supplementation of ewes with Ca, Mg and Ca + Mg decreased 

plasma NEFA concentration which suggests an improved energy regulation compared 

with the control group.  

To address the gaps in the first experiment and to investigate the effect of Ca and Mg 

further,  ewes were supplemented with Ca and Mg for a longer duration (5 weeks prior to 

lambing to one-month post lambing) in the second study. Twin-bearing ewes (n=44, 

Merino ewes, 3-5 years old) were allocated to four groups fed with formulated pellet to 

provide different concentration of Ca and Mg: control (0.33% DM Ca and 0.28% DM 

Mg), high Ca (0.72% DM Ca and 0.29% DM Mg), high Mg (0.33% DM Ca and 0.48% 

DM Mg) and high Ca + Mg (0.66% DM Ca and 0.47% DM Mg), offered as part of a 

whole ration. Blood and urine samples were collected weekly starting at five weeks prior 

to lambing (–5 W, –4 W, –3 W, –2 W, –1 W), 12 hours post lambing (+12 H) and then at 

fortnightly intervals (+2 W, +4 W) post lambing. Colostrum/milk samples from ewes and 

blood samples from lambs were collected at +12 H, +2 W and +4 W. The body condition 

score of ewes and the live weight gain of lambs were measured at each time point. 

Collected samples were analysed for mineral concentration, immunity response and 

energy balance (factors measured same as in previous study). In addition, plasma 

hormone concentration (parathyroid hormone (PTH), 1,25-dihydroxyvitamin D3 (1,25-

(OH)2D3) and 25-hydroxyvitamin D3 (25 (OH)D3)), and immunity responses for 

oxidative burst and phagocytosis in ewes were measured as well.  

There was a significant effect of supplementation on plasma NEFA concentration 

suggesting an improvement in energy regulation. Hence, peripheral blood mononuclear 

cell (PMBC) were isolated to assess the effect of Ca and Mg supplementation on genes 

regulating energy balance (Pyruvate dehydrogenase kinase 4 (PDK4), Carnitine 

palmitoyltransferase 1a (CPT 1A), Fatty acid desaturate 1 (FADS1), β-hydroxybutyrate 

dehydrogenase (BDH1), 14α-sterol demethylases (CYP51A)) in the second study.  
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Due to the vital role of Ca and Mg in uterine myometrial contraction, it was hypothesised 

that this could affect parturition behaviour in ewes. Hence, in the second study the 

behaviour of the ewes was continuously recorded from three weeks before the expected 

date of lambing by using CCTV cameras. The analysis of parturition behaviour of each 

ewe started from first visible contraction until two hours after delivery of the first lamb 

and the behaviour of the lambs after birth was recorded until two hours of age.  

The findings of the second study was similar to that of the first study which is Ca and Mg 

supplementation improved immune status in lambs and Mg supplementation improved 

plasma Mg concentration in ewes. Maternal supplementation with Ca boosted the 

immune response in lambs via improving leukocyte function and also plasma IgG 

concentration in Ca group tended to be higher than the other groups. The mechanism by 

which Mg supplementation improved immune responses was through enhancing the total 

antioxidant capacity (TAC) in lambs. Supplementation with minerals improved energy 

balance (as assessed via plasma NEFA concentration), but genes associated with energy 

regulation (BDH1, CPT1A, FADS1 and CYP51A) were not significantly different 

between treatments. The expression of PDK4 tended to be higher in Mg group compared 

to Ca + Mg group. However, the energy regulatory genes were up-regulated at lambing.  

One of the important findings of the study was that longer duration of maternal 

supplementation with Ca and Mg increased live weight gain (204 g/head.day for Ca, 207 

g/head.day for Mg and 245 g/head.day for Ca + Mg) of lambs compared to the control 

group (148 g/head.day).  

The findings from the behavioural analysis showed that the parturition length (P = 0.057) 

for the second lamb (16.9 seconds for Ca group, 16.1 seconds for Mg group and 21.9 

seconds for Ca+Mg group) tended to be shorter in supplemented groups compared to the 

control group (49.2 seconds). It was also noted that for all groups the first born lambs of 

one twin pair (14.1 minutes) received longer grooming (P < 0.001) than the second lambs 

(8.9 minutes), causing the first born lamb to stand (20.1 minutes) quickly (P < 0.001) 

compared to the second lamb (22.1 minutes) that received shorter grooming. 

Both short and long duration of supplementation with Ca and Mg had significant positive 

impact on both ewe’s health during late gestation and early lactation and on lamb’s health 

from birth to lamb marking (4 weeks of age). Hence, the third and final experiment for 

this PhD assessed the effect of Ca and Mg supplementation on the general health of ewes 

and lambs from lamb marking (4 weeks of age) to weaning (8 weeks age) under field 
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condition. A single 10 ha field sown to barley (Hordeum vulgare cv. Moby) was divided 

into eight paddocks and grazed by a flock of 104 Merino ewes (13 ewes/plot, 3-5 years 

old) and their progeny. The Ca and Mg concentration in barley forage was 0.48% DM 

and 0.17% DM, respectively, and ewes in four paddocks had ad libitum access to a 

mineral supplement supplying 12 g/ewe.day of calcium carbonate from limestone, 12 

g/ewe.day magnesium oxide from Causmag® and 6 g/ewe.day sodium chloride as coarse 

salt in a ratio of 2:2:1 by weight (as fed). Control groups were not provided any mineral 

supplement. Blood, milk and urine samples from ewes and blood samples from lambs 

were collected at 30 days after lambing (Day 0), on 14 days after introduction to the 

grazing crop (Day 14) and at weaning (Day 28). Live weight of lambs was measured at 

the same time points.  

It was found in the third study that maternal supplementation with Ca and Mg 

significantly increased the growth rate of twin raised lambs at weaning by 31% and 

improved TAC in lambs. 

The results of this PhD study support the hypothesis that Ca and Mg supplementation 

improves the immune status as well as live weight gain in lambs, which significantly has 

a positive impact on both their production and welfare and could improve lamb survival. 

It should also be noted that the aim of this study is to evaluate the effect of Ca and Mg 

when the concentration of these minerals is adequate in the feed on offer. Thus, the Ca 

and Mg content in all of the above study for all groups were at NRC requirements for the 

control group and above NRC requirements for the supplemented groups. There was no 

incidence of metabolic disorders such as hypocalcaemia or pregnancy toxaemia in ewes 

in these studies. However, Ca and Mg supplementation improved energy regulation, and 

mineral status, both of which might reduce the risk of metabolic disorders. It is concluded 

that an important role of Ca and Mg in regulating energy balance and boosting immune 

system in both ewes and lambs have many implications on reproductive performance of 

ewes, prevention of peripartum metabolic disorders in ewes, lamb strength, lamb vigour 

and also lamb production. Thus, it is recommended that mineral supplementation of ewes 

raising multiple lambs should be considered, even when the mineral content in feed on 

offer appears adequate.  In addition, further studies could be conducted to evaluate the 

effect of Ca and Mg supplementation on lamb survival and lamb performance. Future 

studies on analysing the financial benefits of Ca and Mg supplementation over the 

expense spent for supplying these minerals could provide more insights for farmer to 

manage pregnant and lactating ewes and their offspring more efficiently.  
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Chapter 1. Literature review 

1.1 Introduction 

Ewes have high nutrient requirements during the last weeks of gestation due to 

colostrogenesis, mammary gland development and fetus growth (around 80% of the final 

birthweight) suggesting they require very large amounts of nutrients near parturition, but 

unfortunately feed intake is often depressed at pre-partum (Grummer, 1995; Boland et 

al., 2016). The physical encroachment of the uterus on the rumen reduces the DM intake 

of pregnant ewes, which exacerbates negative energy balance (NEB) (Winkelman, 

Elsasser, & Reynolds; Campion et al., 2016). At the same time, mineralisation of the fetal 

skeleton system occurs. Minerals like Ca, Mg and P play an important role in the 

mineralisation of the skeletal system since approximately 99% of Ca, 85% of P and 60% 

of Mg is present in bone, suggesting high demand by ewes for these minerals for skeleton 

mineralisation of the fetus at late gestation (Lima, Kallfelz, Krook, & Nathanielsz, 1993). 

During lactation, milk production induces high drainage of minerals and energy from the 

blood due to high concentrations of glucose and minerals in sheep milk compared to other 

domesticated mammals, as shown in Table 1.1 (Balthazar et al., 2017).  

Table 1.1: Proximate composition and mineral contents of cow, goat and sheep milk 

(Mean ± SEM) (Balthazar et al., 2017). 

Parameter Cow Milk Goat Milk Sheep Milk 

Moisture (g/100g)a 87.9±0.5 87.6±0.7 82.9±1.4 

Fat (g/100g)a 3.3±0.2 3.8±0.1 5.9±0.3 

Lactose (g/100g)a 4.7±0.4 4.1±0.4 4.8±0.4 

Protein (g/100g) a 3.4±0.1 3.7±0.1 5.5±1.1 

Casein (g/100g) a 3.0±0.1 2.4±0.1 4.7±0.5 

Ash (g/100g) a 0.7±0.0 0.8±0.1 0.9±0.1 

Calcium (mg/100g) b 112.0±14.5 130.0±4.0 197.5±2.5 

Magnesium (mg/100g) b 11.0±0.5 14.5±1.5 19.5±3.0 

Phosphorous (mg/100g) b 91.0±5.5 109.0±12.0 141.0±1.7 
aCited from (Albenzio et al., 2016), (Selvaggi, Laudadio, Dario, & Tufarelli, 2014), 

(Manca et al., 2016), and (Park, Juárez, Ramos, & Haenlein, 2007) 

bCited from (Jenness, 1988), (Raynal-Ljutovac, Lagriffoul, Paccard, Guillet, & Chilliard, 

2008), (Park et al., 2007), 
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Another reason for Ca and Mg deficiency in animals is low availability of minerals in 

pasture and feed on offer. Dual-purpose crops have the potential to fill the winter feed 

gap in systems where low winter pasture growth rates constrain stocking rates (Harrison, 

Evans, Dove, & Moore, 2011). Cereal crops can provide a valuable forage source for 

animals during winter and may be grazed by different livestock species and classes 

depending on the production system (Kirkegaard et al., 2008). Thus, these crops could be 

potential feed on offer for pregnant and lactating ewes and exacerbate the mineral 

imbalance in pregnant ewes. However, these forages have an imbalanced concentration 

of major minerals like Ca, Mg and potassium (K). Forages may be marginal in Ca, Mg 

and sodium (Na), but also have high concentrations of K (Table 1.2). This combination 

of minerals and other nutrients creates an imbalance in supply and increases susceptibility 

to acute Ca deficiency (hypocalcaemia) and Mg deficiency (hypomagnesaemia) (Masters 

et al., 2017).  

Table 1.2: Mineral content of barley, oats and wheat forages (Masters et al., 2017). 

Forage 
Ca (% 

DM) 

Mg 

(%DM) 

P 

(%DM) 

K 

(%DM) 

Na 

(%DM) 

S 

(%DM) 

Cl 

(%DM) 

Barley 0.635 0.225 0.517 3.545 0.565 0.437 2.18 

Oats 0.38 0.162 0.382 3.146 0.316 0.33 0.782 

Wheat 0.285 0.116 0.339 3.671 0.021 0.325 0.76 

 

Maternal mineral balance might be impaired under situations with a low dietary level of 

energy and minerals (White & Broadley, 2005; Teklić, Lončarić, Kovačević, & Singh, 

2013), low mineral availability as a result of mineral interaction with other ruminal 

dietary constituents, variable mineral absorption capacity of the intestine (Masters, 2015; 

Masters et al., 2017) and physiological conditions such as pregnancy, lactation and 

growth (Martinez et al., 2012; McGrath, Lievaart, Virgona, Bhanugopan, & Friend, 

2013). These conditions make ewes more susceptible to the metabolic disorders such as 

pregnancy toxaemia (twin-lamb disease) and hypocalcaemia (milk fever) and post-

partum infections (retained placenta, metritis and mastitis) (Ataollahi et al., 2018b).  
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These requirements force ewes to draw nutrients from body reservoirs and increase stress 

on their homeostatic mechanisms in an effort to maintain sufficient energy at gestation 

and lactation; also, homeostatic adaptations take place to ensure circulating mineral levels 

are maintained within the normal range. Inability to maintain energy and mineral 

concentrations based on their body requirements impose physiological stress on ewes and 

make dams more susceptible to metabolic disorders (Caixeta, Ospina, Capel, & Nydam, 

2015; Campion et al., 2016). Immune suppression is one of the implications caused by 

metabolic stresses at the time of parturition. Extreme changes in metabolism and 

physiology of ewes at gestation and lactation prompt a stress on the ewe resulting in an 

increase in reactive oxygen species (ROS) production that consequently leads to a 

reduction in neutrophil function, antibody responses and cytokine production by immune 

cells. Immunity status of dams affects their colostrum quality and consequently influences 

passive immunity in newborn lambs (Anugu, Petersson-Wolfe, S, Combs, & Petersson, 

2013).  

Metabolic disorders often result in the death of ewes and their lambs around the time of 

lambing, which leads to a major production loss for the Australian sheep industry. 

Metabolic disorders are recognised as the cause of death in ewes in Merino (3.7%), dual 

purpose (8.7%) and prime lamb flocks (15.5%) (Jubb, Shephard, Webb-Ware, & Fordyce, 

2015). Also the results of surveys conducted in New South Wales, South Australia and 

Victoria showed that pregnancy toxaemia is an important cause of death in late pregnancy 

in sheep (Jubb et al., 2015). Pregnancy toxaemia, known as ovine ketosis, twin-lamb 

disease and lambing sickness, occurs when energy output (including maintenance, 

activity, growth, pregnancy and milk expenses) is higher than energy intake (Garcia-

Garcia, 2012). The mortality rate caused by this disorder is sporadic and can exceed 13% 

at late gestation, even approaching 95% among severely affected ewes, which shows the 

economic importance of pregnancy toxaemia to the sheep industry (Schulz & Riese, 

1983). A review paper by Caple (1988) suggests that 100 000–300 000 ewes die in 

Victoria each year from hypocalcaemia, with little change in nutritional strategies to 

reduce this incidence and the increase in grazing young crops may exacerbate the 

problem. 
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It has been reported that pre-partum drop in energy, vitamin and mineral intake, NEB and 

mobilisation of body fat, dramatic changes in progesterone and estrogen levels in late 

gestation, and the massive increase in cortisol level at parturition appear to contribute in 

immune suppression of ewes at gestation and lactation which make animal prone to 

postpartum infections including retained placenta, metritis and mastitis (Figure 1.1) 

(Lamote, Meyer, De Ketelaere, Duchateau, & Burvenich, 2006; LeBlanc, 2008). These 

disorders decrease probability of pregnancy after the first service, increased risk for 

culling, poor colostrum/milk production, low lamb birthweight and reduced lamb growth 

rate (Campion et al., 2016).  

Therefore, it is essential to supply adequate minerals and energy to ewes to support the 

developing fetus and growing lambs as they have the highest demand for these essential 

nutrients. Major minerals like Ca and Mg also are vital for a number of physiological 

processes in improving energy regulation and boosting the immune system.  

  

Figure 1.1: The effects of energy and mineral requirements of ruminants during late 

gestation and lactation on occurrence of metabolic disorders (Goff, 2006b). In sheep the 

chance of immune suppression, hypocalcaemia, negative energy balance, milk fever is 

higher at late gestation, whereas, disorders like retained placenta, mastitis, metritis occurs 

at lactation. 

1.2 Minerals 

Minerals are inorganic substances presenting in all body tissues, and their presence is 

necessary for normal growth and reproduction in animals (Soetan, Olaiya, & Oyewole, 

2010). Minerals in the body have structural, physiological and catalyst functions. 

Structural functions of minerals are amplified through their presence in bone, teeth, 

muscle, metalloenzymes, hormones and cell membranes (Reinhardt, Horst, & Goff, 
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1988). The physiological role of minerals is through their function as electrolytes that 

maintain acid-base balance, osmotic pressure, muscle contraction, nerve-impulse 

transmission and membrane permeability. Minerals also act as catalysts for enzymes and 

the endocrine system, and regulate cell replication and differentiation through their 

regulatory roles in signal transduction and gene transcription. The pivotal role of minerals 

in biochemical reactions leads to widespread repercussions in animal immunology and 

physiology. Besides the role of minerals in biological functions, a multitude of 

immunological responses are dependent on the level of minerals (McClure, 2004; Suttle, 

2010). 

Minerals are broadly classified as macro (major) and micro (trace) elements, and both are 

important for normal growth and reproduction in sheep. The macro-minerals consist of 

Ca, Mg, Na, K and micro-minerals include selenium (Se), manganese, copper (Cu) and 

zinc (Zn).   

1.2.1 Macro-minerals 

1.2.1.1 Calcium 

Calcium is the most abundant mineral in the body. Approximately 99% of Ca in the body 

resides in the skeleton, with 1% in the extracellular and intracellular spaces (Ducusin et 

al., 2003). Although Ca concentration in body fluids is only 1% of the total, this important 

element participates in various physiological functions such as integrity and maintenance 

of skeleton structure, muscle contraction, nerve transmission, energy balance, signal 

transduction, immunity, second messenger in the regulation of various hormones, blood 

clotting and enzyme activation, such as lipase and ATP (Ducusin et al., 2003; Bratic & 

Trifunovic, 2010; Chamberlin et al., 2013). In order for these biological functions to be 

accomplished properly, blood Ca concentration should be maintained within strict 

limits—typically, according the National Research Council (NRC), the total serum Ca 

concentration in ewes is between 8.5 and 11.5 mg/dl (NRC, 2007). 

Calcium homeostasis during pregnancy and lactation is complex. During pregnancy, the 

growth of the fetus and its demand for Ca are superimposed upon the maintenance 

requirements of the ewe. After parturition, fetal demand ceases but provision of Ca for 

milk production constitutes a tremendous challenge to Ca homeostasis of the ewe. 

Susceptibility to hypocalcaemia increases from about six weeks prior to lambing to about 

three or four weeks after lambing (Nosdøl & Waage, 1981; Scott, 2013). However, the 

feto-placental unit in sheep is relatively larger than in cows and they have a relatively 
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lower milk yield, which explains why hypocalcaemia is more likely to occur during late 

gestation rather than during lactation (Treacher & Caja, 2002; Liesegang, Riner, & Boos, 

2007), although it may also occur during lactation (Wooding & Burton, 2008). During 

pregnancy, ewes have a reduction of 20% in skeletal Ca content, and Ca stores can be 

replenished from mid-lactation by giving them sufficient dietary levels, which is 

important in reducing the risk of hypocalcaemia for subsequent pregnancies (Braithwaite, 

2007).  

1.2.1.1.1 Calcium requirements  

The normal range of plasma Ca concentration is 8.5–11.5 mg/dL and hypomagnesemia 

occurs in ewes normally at around the time of parturition due to high Ca demands for 

fetal mineralisation and colostrum/milk production (White, 1996). A pregnant ewe 

grazing a temperate pasture with a DM digestibility of 74% and maintaining a maternal 

weight of 50 kg requires a dietary Ca of 0.399% of DM in late pregnancy, and 0.379% of 

DM during lactation (Dove, Freer, & Nolan, 2007). Larsen, Constable, and Napthine 

(1986) and Elias and Shainkin-Kestenbaum (1990) suggest that a diet deficient in Ca 

during the last month of pregnancy, as may occur due to low Ca in pasture or forage, may 

facilitate hypocalcaemia in ewes, since a constant dietary intake is required to provide a 

sufficient amount of Ca to the developing fetus. 

During late gestation and early lactation when demand for Ca is high, skeletal reserves of 

Ca and phosphate are diminished and they are replenished later during mid-lactation 

given a sufficient dietary level. Ewes are mostly dependent on intestinal absorption within 

the first few weeks after parturition, and bone resorption plays a minor role at this time 

(Kent et al., 1991).  

In dairy cows, the recommended approach for regulating the required Ca is to provide a 

low Ca diet for pregnant cows during the last weeks of gestation to stimulate the 

homeostatic mechanism, including Parathyroid hormone (PTH), and to regulate 

circulating Ca concentration. However, this approach is not applicable in the sheep 

industry since ewes normally lamb over a period of four weeks. Thus, it is not practical 

for producers to provide low Ca diet for a mob of 1000 ewes during last month of lambing 

as their lambing might happen in one month difference (Sykes, 2008). It therefore might 

be beneficial to supplement animals at late gestation and early lactation with limestone to 

prevent hypocalcaemia caused by low dietary Ca levels (Dove & McMullen, 2009). 
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1.2.1.1.2 Calcium homeostasis 

Calcium homeostasis is achieved through the influx of Ca to the blood from the bones, 

kidneys and intestine, and is under tight hormonal control. In humans and many animals, 

Ca in plasma remains constant regardless of variations in the Ca demands to meet milk 

production and fetal growth. In mammals, blood Ca concentration is regulated through a 

coordinated action of hormones, such as the PTH and calcitonin (CT), and steroid 

hormones such as 1,25-dihydroxyvitamin D3 (1,25-(OH)2D3) (Horst, Goff, & Reinhardt, 

1997). 

1.2.1.1.2.1 Parathyroid hormone  

The secretion of PTH is mainly regulated by the blood Ca level. A decrease in ionised Ca 

(iCa) in blood (extracellular fluid) is a stimuli for PTH secretion into the blood (Elias & 

Shainkin-Kestenbaum, 1990). A decline in blood Ca concentration below 10 mg/dl (2.5 

mM) stimulates the parathyroid gland to secrete PTH. This hormone acts directly on bone 

to bring about bone resorption of Ca, on kidneys to cause renal reabsorption of Ca, and 

indirectly on intestine absorption of Ca in order to maintain and restore plasma Ca level. 

The indirect action of PTH on intestinal reabsorption of Ca is through the activation of 

renal hydroxylase in the kidneys that converts 25-hydroxyvitamin D3 (25-(OH)D3) to 

1,25-(OH)2D3 (Horst et al., 1997).  

The effect of PTH on bone is mediated through binding of PTH to its receptors on 

osteoclasts as the major expressers of PTH receptors, causing the release of Ca and P 

from the bone (Elias & Shainkin-Kestenbaum, 1990). Binding of PTH to its receptors 

activates proteins that induce a wave of transcriptional responses through which 

osteoclast precursors are recruited and increased in number. Differentiation and activation 

of osteoclast precursors induce bone resorption by matured osteoclasts (Raggatt & 

Partridge, 2010). The effects of PTH on active Ca absorption in the intestine is mediated 

through renal synthesis of 1,25-(OH)2D3, which in turn causes active absorption of Ca 

from the intestine by stimulating the formation of Ca-binding proteins. PTH in the 

kidneys stimulates Ca reabsorption and inhibits phosphate reabsorption via renal 

production of 1,25-(OH)2D3 (Mundy & Guise, 1999).  

1.2.1.1.2.2 Calcitonin  
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Calcitonin is a peptide that is synthesised by the thyroid gland. The dominant organ in its 

metabolism is the kidney. An increase in ionised Ca concentration acts as a stimulator for 

CT secretion and vice versa, and CT is a potent hypocalcaemic hormone. The function of 

this hormone is inverse to PTH (Mundy & Guise, 1999) and the major targets are bone 

and the kidneys (Austin & Heath, 1981). Calcitonin inhibits osteoclast to decrease bone 

resorption, and consequently decrease Ca level in extra cellular fluid. Moreover, CT 

increases osteoblast proliferation and bone formation (Wallach, Farley, Baylink, & 

Brenner-Gati, 1993). CT’s other role, by which it regulates Ca concentration, is through 

its effect on the kidneys where it enhances renal clearance of Ca ions by decreasing renal 

tubular reabsorption of Ca and P (Austin & Heath, 1981).  

1.2.1.1.2.3 Vitamin D 

The role of vitamin D on plasma Ca concentration is exerted through Ca entry, Ca binding 

and basolateral extrusion of Ca in the intestine. Under sunlight, ultraviolent radiation 

converts 7-dehydrocholesterol to pre-vitamin D3 which is transported to the liver for 

further metabolism. Then, it is hydroxylated in the liver to form 25-(OH)D3 as the major 

circulating form of vitamin D (Veldurthy et al., 2016). The level of 25-(OH)D3 in blood 

is the most reliable index of vitamin D status. This form of vitamin D is bound to vitamin 

D binding proteins, and transported in the blood and taken up by the kidneys where it is 

converted to 1,25-(OH)2D3 by renal hydroxylase. This active form of vitamin D is a major 

controlling hormone of Ca absorption in the intestine. Vitamin D receptors are expressed 

in all segments of the small and large intestine. In addition, it has roles in the expression 

of Ca channels and Ca-binding proteins on the apical membrane of the small intestine 

(Reinhardt et al., 1988).  

At late gestation and early lactation, the 1,25-(OH)2D3 concentration increases two or 

three-fold, and in dairy cows it has been shown to have increased 10-fold above the 

normal level for two to three days after calving. Under severe hypocalcaemia, in which 

normal Ca levels cannot be maintained, 1,25-(OH)2D3 acts with PTH to enhance renal Ca 

reabsorption and resorption of Ca from bone. The Ca homeostasis is a mechanism of 1,25-
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(OH)2D3 and PTH as shown in Figure 1.2 (Reinhardt et al., 1988; Veldurthy et al., 2016). 

As figure 1.2 presents, Calcium concentration in blood is mostly regulated by two hormones—

PTH and calcitonin. Parathyroid hormone regulates Ca2+ concentration directly through releasing 

Ca2+ from the bones through the osteoclast activities and increasing the reabsorption of Ca2+in 

kidney and indirectly increase Ca2+ reabsorption from the intestines by conversion of 25-OHD3 

to 1,25-(OH)2D3. The effects of calcitonin on circulating Ca2+ level is through inhibition of 

osteoclast activities to release Ca2+ and also through increasing renal clearance of Ca2+. 

 

Figure 1.2: Calcium homeostasis (Reinhardt et al., 1988). 

 

1.2.1.2 Magnesium 

Magnesium is the second most abundant intracellular cation after K. The distribution of 

Mg in the body is 60–70% in the skeleton, 25% in the soft tissues and 1% in extracellular 

fluid (Dove et al., 2007).  

Magnesium is of great importance in the physiology of the animals, since this element 

serves several important functions within the body, such as intracellular signalling, acting 

as a cofactor in more than 300 enzymatic systems for DNA and protein synthesis, 

oxidative phosphorylation, bone formation, membrane integrity and also acting as a 

second messenger in the immune system, muscle contraction through exchanges with 
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Ca++ and neuromuscular excitability, which is the moderation of nerve impulses and 

neuromuscular transmission (Blaine, Chonchol, & Levi, 2015).  

This mineral has vital importance for animal health, since a reduction in the Mg level of 

cerebrospinal fluid may cause hypomagnesemic tetany through the release of 

acetylcholine at the neuromuscular junction (Dove et al., 2007). 

1.2.1.2.1 Magnesium requirements 

The normal range of plasma Mg concentration is 1.8–3.5 mg/dl, and hypomagnesemia 

occurs in ewes during the early stages of lactation (four–eight weeks after lambing) due 

to the high lactational requirement for Mg and reduced bone turnover rate in old ewes. 

However, hypomagnesemia is less common in ewes than cattle due to greater Mg 

absorption and retention in sheep (Dove et al., 2007) and it is more common in twin-

bearing ewes that are underfed.  

Ruminants have a very small Mg reserve in their body, and the majority of Mg is bound 

in the skeleton and released into the blood only by bone resorption. Therefore, ruminants 

are mainly reliant on dietary supply of Mg. The dietary requirements of lactating ewes 

for Mg is 0.1–0.27% DM (Dove et al., 2007). Thus, sheep cannot readily mobilise Mg 

reserves to meet immediate demandsreduced Mg absorption under conditions like 

reduced dietary supply may cause hypomagnesemia.  

1.2.1.2.2 Magnesium homeostasis 

The main site for Mg absorption is the forestomach, particularly the rumen, and any 

failure in Mg absorption from the forestomach causes hypomagnesemia, which cannot be 

compensated by absorption in the small or large intestine (Martens & Schweigel, 2000). 

The absorption rate is dependent on Mg concentration in rumen fluid and the capacity for 

Mg transport. Magnesium absorption from rumen fluid is affected by factors including 

rumen pH, dietary Mg content, dietary K, Na, fat and crude protein (CP) content. There 

is a linear relationship between oral Mg intake and Mg absorption from the forestomach: 

y = 0.28x – 0.06, r = 0.72, where y is Mg absorption from the forestomach (g/d) and x is 

oral Mg intake (g/d) (Martens & Schweigel, 2000). 

The absorption of Mg through the gastrointestinal tract is through two mechanisms: the 

potential difference dependent mechanism and the potential difference independent 

mechanism. The former is active under low Mg concentration (1.3–3.7 g/kg) (Morgan, 

Fogarty, Nielsen, & Gilmour, 2006) and permits Mg uptake even at very low ruminal Mg 
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concentration. However, at high Mg concentration in the rumen, Mg is most probably 

transported under the independent potential difference mechanism, called passive 

transport, mediated by a carrier exchanging one Mg2+ ion with two hydrogen ions (Care, 

Brown, Farrar, & Pickard, 1984; Martens & Schweigel, 2000). Therefore, a high Mg level 

in the diet can conquer the negative effect of a high K diet through increasing the amount 

of available K in the rumen for absorption (Ram, Schonewille, Martens, Van't Klooster, 

& Beynen, 1998). 

Under high Mg requirements, as in pregnant and lactating ewes, renal excretion of Mg 

plays a critical role in maintaining blood Mg concentration. Mg reabsorption increases 

under high Mg demands and if plasma Mg concentration falls below 1.8 mg/dl, all the 

filtered Mg is reabsorbed in the kidneys (Fontenot, Allen, Bunce, & Goff, 1989). As the 

majority of Mg is bound in the skeleton and only gets released under bone resorption, 

animals are mostly reliant on a dietary supply of Mg. Thus, factors that reduce intestinal 

Mg absorption can cause hypomagnesemia (Sykes, 2008). 

1.2.1.3 Other macro-minerals 

1.2.1.3.1 Phosphorous  

Phosphorous is one of the most abundant elements in the body. This inorganic element 

plays an important role in bone formation, growth and development, productivity, acid-

base regulation and metabolic processes of the body. The normal range of plasma P 

concentration in sheep is between 4 and 8.5 mg/dl. Around 80% of P is found in the bones 

in the form of calcium phosphate salt, called HA, which strengthens the mechanical 

resistance of the organic matrix (Bonjour, 2011). Calcium and P are closely related 

minerals, and imbalance can cause the improper utilisation of either. 

Plasma P concentration is regulated by bone resorption, intestinal absorption and urinary 

reabsorption of P. Hormones involved in Ca regulation also regulate P. 1,25-(OH)2D3 

regulates active absorption of P from the intestine, and PTH stimulates salivary and 

urinary P excretion (Shaker & Deftos, 2014). Feed requirements of P for sheep are 0.13–

0.25% DM, where the lower value is for maintenance and the higher for growth and 

lactation (Dove et al., 2007).  

1.2.1.3.2 Sodium and chloride  

These two minerals have many related mechanisms, functions and requirements in 

humans and animals. Sodium and chloride (Cl) have important roles in the maintenance 
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of osmotic pressure, regulation of acid-base equilibrium and controlling water 

metabolism. The ionic form of Na (Na+) is the main cation in the interstitial fluid and Cl- 

is the main anion. Sodium is an important factor in neuromuscular activity, nerve 

function, body temperature maintenance, and also many transport systems such as the 

absorption of chlorine, amino acids, glucose and water (Suttle, 2010).  

Both these minerals influence the absorption of each other. As the absorption of one ion 

requires the presence of the other, so active transport of Na and Cl are coupled. However, 

normally the rumen is not the site of net Na absorption, rather the main site is the large 

intestine, particularly on high K diets (Suttle, 2010). The nutrition requirements of ewes 

for Na and Cl is 0.07%–0.09% DM and 0.1% DM, respectively (White, 1996).  

1.2.1.3.3 Potassium  

Potassium is the most abundant intracellular cation in the body. Potassium ions are 

involved in many essential biological processes such as the maintenance of osmotic 

potential within the cells, transmission of nerve impulses, enzyme reactions in cellular 

metabolism, cardiac skeletal and smooth muscle function, and the maintenance of normal 

kidney function (Suttle, 2010). Roughly 50% of K that enters the rumen is passively 

absorbed from the rumen, and mechanisms transferring K across the membrane are Na/K 

ATPase pump, hydrogen/K ATPase pump and K channels. The main absorption site for 

K is the rumen and 50% of the K is passively absorbed there and enters the bloodstream 

via conductive channels in the basolateral membrane of the gut mucosa. Body K status is 

regulated predominantly through the kidneys, where aldosterone action limits renal 

tubular reabsorption of K during overload. Potassium requirements for pregnant and 

lactating ewes is 0.5% DM (White, 1996). 

1.2.1.4 Macro-mineral interaction 

Macro-minerals are critical for the survival of animals due to their critical role in the 

body. However, the interaction between the macro-minerals within the body affects their 

utilisation and metabolism. Magnesium status is an important factor in Ca homeostasis 

since Mg increases Ca intake in the gastrointestinal tract. The effects of hypomagnesemia 

on Ca homeostasis might be related to reduced PTH secretion and reduced tissue 

sensitivity to PTH (Goff, 2006a). 

An excessive dietary level of P acts as a predisposing factor in hypocalcaemia through 

two mechanisms. First, high dietary P level decreases bone resorption. Second, high P 
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concentration in the diet increases circulating P concentration, which induces an 

inhibitory effect on the renal enzymes that catalyse the production of 1,25-(OH)2D3, 

which consequently declines the active intestinal Ca absorption mechanism (White, 

1996). Therefore, it is recommended to maintain a Ca:P ratio of the diet in the range 1.4:1 

or 1:1 (Freer & Dove, 2002) (Figure 1.3). 

 

Figure 1.3: The schematic flowchart of the effect of high dietary phosphorous on inducing 

hypocalcaemia (Freer & Dove, 2002). 

 

The K content of the diet has a depressive effect on Mg absorption in the forestomach 

that cannot be compensated for through increased Mg absorption in the small and large 

intestine (Fredeen, 1990; Ram et al., 1998). High K intake affects Mg absorption through 

three variables: 1) a linear increase in ruminal K concentration, which decreases Mg 

absorption more likely through pH changes (Ram et al., 1998) 2) increasing trans-

epithelial potential difference of the rumen epithelium and 3) a reduction of ruminal Na 

concentration observed in grazing animals (Martens & Schweigel, 2000). Young spring 

grass is very low in Na levels, which triggers the secretion of aldosterone causing a 

decrease of Na and an increase of K concentration in saliva that consequently causes a 

high K:Na ratio in rumen liquor by either high saliva secretion or high dietary K:Na ratio, 

both of which influence Mg absorption (Martens & Schweigel, 2000). Therefore, dietary 

supplementation of animals with Na and Mg may alleviate the effects of high K intake on 

Mg absorption (Khorasani & Armstrong, 1990) (Figure 1.4). 
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Figure 1.4: the schematic flow chart presenting the effect of high dietary potassium on 

magnesium absorption (Khorasani & Armstrong, 1990; Ram et al., 1998; Martens & 

Schweigel, 2000) 

 

1.2.2 Micro-minerals 

Micro-minerals have a vital role in several biological processes, acting as components of 

metallo-enzymes, enzyme cofactors and detoxification of free radicals (Khorasani & 

Armstrong, 1990). Micro-minerals are required in much smaller amounts, like milligrams 

or parts per million.  

1.2.2.1 Selenium  

Selenium is an important element in biological mechanisms including antioxidant 

defence, thyroid hormone formation, DNA synthesis, fertility and reproduction. Selenium 

is the main ingredient in the structure of important enzymes like glutathione peroxides 

(GPx), thioredoxin reductase (TrxR) and selenoprotein P (Figure 1.5) (Brown & Arthur, 

2001; Sordillo & Aitken, 2009; Suttle, 2010; Ataollahi, Mohri, & Seifi, 2013a). It has 

been shown that Se triggers the proliferation and responsiveness of T lymphocytes (CD4+ 

and CD8+) by expression of interleukin-2 (IL-2) receptors, antibody function and 

responsiveness, and activation of natural killer cells (Terpilowska & Siwicki, 2011). 



15 

 

1.2.2.2 Copper  

Copper is another micro-mineral that has a high concentration in organs like the spleen, 

liver, thymus and lung, and has a structural role in enzymes like ceruloplasmin and 

superoxide dismutase (SOD) (Figure 1.5) (Andrieu, 2008; Enjalbert, 2009; Ataollahi et 

al., 2013b). Ceruloplasmin is a major Cu carrying protein and SOD a protective factor for 

cardiac muscle against oxidative mediated destruction converts O2
- into the stable 

oxidant—hydrogen peroxide (H2O2) and oxygen (O2) (Branum, 1999). 

1.2.2.3 Zinc  

The other micro-mineral is Zn, which is the second most abundant trace element after 

iron (Fe); essential for all living organisms and an essential component of over 300 

enzymes in the metabolism. Zinc is responsible for cell proliferation, cell growth, bone 

formation, skin integrity, cell-mediated immunity and generalised host defence (Andrieu, 

2008; Yang & Li, 2015). It acts as a cofactor in antioxidant enzymes such as copper zinc-

superoxide dismutase (CuZn SOD), which dismutases O2
- to H2O2 (Figure 1.5) (Jihen, 

Imed, Fatima, & Abdelhamid, 2008). Zinc acts as a cofactor for an active form of serum 

thymulin secreted by the thymic stroma, governs T-lymphocyte proliferation and 

maturation, cytokine production, and IL-2 receptor expression on T cells (Goswami, 

Bhar, Jadhav, Joardar, & Ram, 2005; Chandra et al., 2014). Zinc has an up-regulatory 

role in the synthesis of IL-1 and IL-4, which enhances the effect of Zn on the proliferation 

and activation of T lymphocytes and B cells and also antibody responses to antigens 

(Malavé, Rodriguez, Araujo, & Rojas, 1990). 

1.2.2.4 Iron  

Iron has structural participation in enzymes like catalase, peroxidase and cytochrome 

oxidase, which are necessary in controlling ROS (Yatoo et al., 2013; Overton & Yasui, 

2014). This trace element is essential for gene regulation, cell growth, regulation of cell 

differentiation, electron transfer reaction, binding and transfer of oxygen (Wintergerst, 

Maggini, & Hornig, 2007). Iron involvement in the immune system is applied through its 

involvement in regulation of cytokine production and activation of protein kinase C 

(PKC) which is essential for phosphorylation of factors regulating cell proliferation 

(McClure, 2008). 
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Figure 1.5: the structural role of micro-mineral in antioxidant enzymes involved in 

immune system (Andrieu, 2008; Jihen et al., 2008; Ataollahi et al., 2013b). 

1.3 Critical role of calcium and magnesium for pregnant and 

lactating ewes? 

Calcium plays a critical role in the following physiological functions in ewes during 

gestation and lactation: 

 have an efficient muscle contraction  

 prevent immunosuppression and minimise the incidence of post-parturient diseases  

 prevent the incidence of sub-clinical and clinical hypocalcaemia and thereby avert 

production loss due to incidence of post-parturient diseases. 

 regulate energy balance in pregnant and lactating ewes to prevent pregnancy toxaemia 

or other metabolic disorders 

 produce a high quality and quantity of colostrum/milk, which has a significant effect 

on lamb vigour, lamb survival and lamb immunity. 

1.3.1 Bone formation  

The role of extra cellular Ca in muscle contraction explains the necessity of Ca in 

myometrial contraction in animals (Heppelmann et al., 2015). There are reports about an 
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increase of dystocia, uterine prolapse, retained placenta and displaced abomasum as a 

result of hypocalcaemia in dairy cows (Curtis, Erb, Sniffen, & Smith; Gröhn, Fubini, & 

Smith, 1990), but there are few studies on sheep. Hence, further study is required to 

evaluate the effect of Ca on dystocial and post-partum disorders in sheep. It has been 

shown that hypocalcaemia in ewes causes vaginal prolapse and incomplete/non-dilation 

of the cervix (Robalo Silva & Noakes), since the strength of contractions is dependent on 

Ca concentration and absence of Ca results in the cessation of myometrial contractions 

(Heppelmann et al., 2015). In a study by Robalo Silva and Noakes (1984), hypocalcaemia 

was induced by disodium ethylenediaminetetraacetate dehydrate (Na2EDTA) in different 

phases of parturition (first phase of labour, second phase of labour, third phase of labour 

and postpartum). The highest sensitivity to hypocalcaemia was observed in postpartum 

ewes, from which the authors conclude that steroid hormones (oestrogens and 

progesterone) might affect myometrium responsiveness to Ca fluxes, which is why the 

uterus is more sensitive to Ca status after parturition when the level of steroid hormones 

has fallen to basal value (Robalo Silva & Noakes, 1984). Therefore, impairment of 

myometrial contraction as a result of hypocalcaemia affects the length of parturition, and 

removal of uterine content after parturition most likely makes dams more susceptible to 

infection (Laven & Peters, 1996).  

1.3.2 Muscle contraction 

The fetal skeletal system is formed in two stages. In the first stage the skeleton matrix is 

formed, and then bone mineralisation begins. Minerals—mainly Ca (99%) and P (85%), 

and slightly less Mg (60%)—contribute to bone mineralisation (calcification) in which 

secreted HA and Ca hydroxyl phosphate crystals are deposited in the spaced “hole region” 

of triple helical fibrils of collagen I (Sapir-Koren & Livshits, 2011).  

Calcium and Mg can be transferred to the fetus through the placenta; thus, maternal 

supplementation with these minerals during gestation can cause an increase in fetal bone 

mineralisation (Corbellini, Krook, Nathanielsz, & Kallfelz, 1991; Sapir-Koren & 

Livshits, 2011). A study conducted by Lima et al. (1993) showed that feeding ewes with 

a low Ca diet (0.26% DM) for two months results in delayed fetal skeletal ossification. 

These findings suggest that long-term maternal supplementation with Ca can have a 

significant effect on bone mineralisation.  

It is not only maternal mineral supplementation that has many impacts on the general 

health of the fetus, but also provision of Ca and Mg supplements to ewes during lactation 
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has many implications on lamb growth rate. Birthweight is the largest determinant of 

lamb survival in the first few days of life, and is influenced by maternal nutrition during 

pregnancy (Oldham et al., 2011; Paganoni, Ferguson, Kearney, & Thompson, 2014). 

Management of birthweight is therefore an important strategy in reducing lamb mortality. 

An increase in lamb growth rate was observed in a study by McGrath et al. (2015) as a 

result of supplementation of twin-bearing Merino ewes with Ca/Mg/Na, made more likely 

because of greater milk production in twin-rearing ewes as a result of mineral 

supplementation. Ewes suckling multiple lambs generally have greater milk production 

than those nursing singles, and have increased requirements for minerals such as Ca and 

Mg (Ramsey, Hatfield, Wallace, & Southward, 1994; Danso, Morel, Kenyon, & Blair, 

2016). This may explain why a superior growth rate occurred in twin-raised lambs when 

ewes had free access to minerals.  

1.3.3 Immune system 

Animals with a weak immune system have a decreased growth rate, increased risk of 

morbidity and mortality and low productive performance, with negative economic 

impacts for farmers and severe consequences to animal welfare (Hernández-Castellano et 

al., 2014). Therefore, it is critical that ewes and their offspring have an efficient immune 

system to protect them against pathogens and free oxygen radicals after parturition in 

ewes and after birth for lambs as they are exposed to an environment full of pathogens 

(Abuelo, Perez-Santos, Hernandez, & Castillo, 2014). To combat the new pathogen-rich 

environment, animals have developed defence mechanisms that they use against the 

pathogen invasion, including an innate (non-specific) immune system, an adaptive 

(specific) immune system and a passive immune system (Figure 1.3).   

1.3.3.1 Innate immune system 

The first immune system which serves as the primary immune defence against infection 

in the initial stages is the innate (non-specific) immune system. The innate immune 

system consists of structural barriers, chemical barriers and immune cells such as 

phagocytic cells (dendritic cells, polymorphonuclear cells (PMNC) and macrophages) 

and granulocytic cells (eosinophils, neutrophils and natural killer cells), and the 

complementary factors that either destroy microbes directly or trigger phagocytic cells 

(Doan, Melvold, & Waltenbaugh, 2005; Carroll & Forsberg, 2007; Ingvartsen & Moyes, 

2013; Hernández-Castellano, Argüello, Almeida, Castro, & Bendixen, 2015).The 

phagocytic cells like macrophages have the ability to 1) recognise foreign pathogens 2) 
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produce cytokines like IL and tumour necrosis factor alpha (TNF-α), which attract more 

PMNC from blood to the infection site (chemotaxis) and also initiate innate and specific 

immune responses and 3) invade pathogens and link the innate and adaptive immune 

systems via antigen presentation by the major histocompatibility complex (MHC). The 

aforementioned phagocytic cells engulf and kill pathogens through ROS produced by 

NADPH-oxidase in respiratory burst (Doan et al., 2005; Carroll & Forsberg, 2007; 

Ingvartsen & Moyes, 2013).  

1.3.3.2 Adaptive immune system 

Sometimes infection agents are not completely eliminated by the innate immune system, 

so it interacts with the adaptive immune system, which consists of cell-mediated 

immunity and antibody-mediated immunity (Wintergerst et al., 2007). Antigen presenting 

cells (APC), such as macrophages and dendritic cells, engulf pathogens by 

macropinocytosis or receptor-mediated endocytosis. Then, migration of APCs to regional 

lymph nodes via lymphatic fluid is a pivotal first step in activating the adaptive immune 

system (Yun, Wynn, & Ha, 2014) as the majority of cells in the adaptive immune system 

are lymphocytes (lymphocyte B and lymphocyte T) (Wintergerst et al., 2007). T helper 

cells detect pathogens presented by MHC (internal pathogens by MHC-I and external 

pathogens by MHC-II) and act in two pathways. First, Th1 leads to cellular immunity 

through activation of macrophages and monocytes by pro-inflammatory cytokines in 

response to intracellular pathogens, while Th2 cells recruit B lymphocytes in response to 

extracellular pathogens (humoral immunity) (Wintergerst et al., 2007). The 

communication between B lymphocytes and T lymphocytes determine what antibodies 

should be generated against the presented antigen by B cells (Doan et al., 2005; Carroll 

& Forsberg, 2007; Ingvartsen & Moyes, 2013).  

1.3.3.3 Passive immunity 

The active immunisation of offspring against pathogens at the beginning of their life does 

not occur quickly, and the amount of protection conferred during the primary response is 

relatively small. This delay makes newborns more susceptible to infections that are of 

little threat to adults. This lack of efficient immunity of neonates at the beginning of their 

life is compensated via passive immunity (Hall et al., 2014). Passive immunity is 

transferred to neonates through intestinal absorption of immunity factors like Ig delivered 

by colostrum (Gokce, Atakisi, Kirmizigul, Unver, & Erdogan, 2014).  
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Immunity components like immunoglobulin G (IgG) are important for the protection of 

neonates against pathogens after birth (Levay & Viljoen, 1995; Gokce et al., 2014). 

However, these immunity factors cannot be transferred from the dam to the fetus through 

ruminant synepitheliochorial placenta due to the complexity of this type of placenta 

(Gokce et al., 2014; Hernández-Castellano et al., 2015). Hence neonates after birth are 

entirely dependent on their mothers to receive essential components through colostrum 

for survival. Colostrum consists of ingredients like lactose, fat and vitamins that are vital 

for newborn’s growth, but it also contains minerals (macro-minerals and micro-minerals) 

and unique immune factors that play active roles in the mechanisms of immune responses 

in newborns (Da Silva & Rudkowska, 2015; Hernández-Castellano et al., 2015). Immune 

factors that exist in colostrum are cellular factors (macrophages, leukocytes, lymphocyte 

and natural killer cells) and humoral factors (LF, lactoperoxidase-thiocyanate-hydrogen 

peroxide system, lysosome, the complement system and Ig) (Yilmaz & Kasikci, 2013). 

Figure 1.6 shows the innate and adaptive immune systems. 

 

Figure 1.6: The existence of two types of immune system in the body (Sharpe & Mount, 

2015) 

A: Macrophage  H: Natural killer T cell 

B: Natural killer I: B cells 

C: Neutrophil J: Antibodies 

D: Eosinophil K: T cells 

E: Basophil L: CD4+ T cells 

F: Dendritic cell M: CD8+ T cells 

G: T cell  
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1.3.3.3.1 Colostrum quality 

Colostrum is the first important source that is essential in the protection of infants against 

postpartum environmental challenges and pathogens (Hernandez-Castellano, Almeida, 

Castro, & Arguello, 2014). Colostrum differs in composition from the milk secreted later 

in lactation. Colostrum is rich in energy, proteins, fat, minerals and vitamins. Therefore, 

minerals play an important role in the quality and quantity of colostrum. The mineral 

content of sheep colostrum is 0.59% DM, while dry matter was 24.58 (Ahmadi et al., 

2016).  It is reported that mineral content of colostrum is higher than milk, for instance, 

Ca and P concentration in colostrum is 21.68 mg/kg and 16.35 mg/kg respectively at late 

gestation, while it decreases to 13.42 mg/kg and 9.29 mg/kg at lactation (McGrath, Fox, 

McSweeney, & Kelly, 2016). Ruminant neonates after birth are reliant on their mothers 

since there is limited placental transfer of Ig from the dam to the fetus (Hernández-

Castellano et al., 2015). Hence, newborn neonates need to consume adequate amounts of 

high-quality colostrum as a rich source of immune factors. This process is called passive 

immunity transfer (Gokce et al., 2014). The positive relationship between early uptake of 

colostrum and neonatal survivability of ruminants underlines the importance of feeding 

newborns with sufficient colostrum (Smith & Foster, 2007). The absorption of the 

ingredients of colostrum from intestinal lumen is favoured by intestinal conditions such 

as 1) trypsin inhibitors of the colostrum 2) low proteolytic activity of the infant’s 

gastrointestinal tract and 3) regulated apoptotic process of the neonatal ruminant 

enterocytes that allows the unrestricted passage of large molecules such as Ig (Hernandez-

Castellano et al., 2014). Gut closure will occur within 24–36 hours after birth and this 

phenomenon prevents the absorption of large IgG molecules from then on; thus, feeding 

colostrum within 24–36 hours of birth is vital to promote passive immunity in newborn 

neonates. 

Based on proteomic results obtained in different studies, the important colostrum protein 

involved in immunity of ruminant offspring is outlined below (Toldrá & Nollet, 2012; 

Hernandez-Castellano et al., 2014). 

1.3.3.3.1.1 Immunoglobulins  

Dominant ingredients in colostrum are Ig, particularly IgG, which has an important role 

in protection of neonates against pathogens for the first few days of the neonatal period 

in which their adaptive and innate immune systems are not yet mature (Gokce et al., 2014; 

Scumaci et al., 2015). In the last five weeks of gestation, Ig, such as IgG, are transferred 
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into the mammary gland from the bloodstream, while part of IgA is synthesised by plasma 

cells that migrate into the mammary gland (Yilmaz & Kasikci, 2013). However, a recent 

study by Hernández-Castellano et al. (2014) reveals that just fairly adequate 

concentrations of IgG in colostrum (64.2 – 99.21 mg/ml) does not have an effect on the 

disease susceptibility of neonates, suggesting that there are other significant ingredients 

in colostrum that are involved in passive immunity of neonates  

1.3.3.3.1.2 Lactoferrin  

Lactoferrin is another important protective component, having anti-microbial, anti-

inflammatory, antioxidant and anticarcinogenic properties. This glycoprotein modulates 

the migration, proliferation, maturation and activation of immune cells, stimulates 

cytokine secretion and reduces free radical formation. Its bactericidal mode of action is 

through altering the bacterial lipopolysaccharide (LPS) permeability and neutralising 

bacterial LPS via preventing the expression of cellular cytokines. Lactoferrin has been 

shown to inhibit bacterial biofilm formation, proteolytic activity and bacterial 

translocation across the intestine (Pakkanen & Aalto, 1997; Gokce et al., 2014), and given 

its role as an Fe-binding protein, deprives Fe for bacteria reliant on it, thereby inhibiting 

bacterial growth (Adlerova, Bartoskova, & Faldyna, 2008). As a glycoprotein it fights 

viral infection by preventing entry of the virus into the cells, and its antiparasitic role is 

mediated by the alteration in interaction between the host and parasite (Brock, 2002; 

Adlerova et al., 2008). 

1.3.3.3.1.3 Other factors in colostrum related to immunity 

Apolipoprotein A-IV protein has an antioxidant role and protects the Ig’s molecular 

structure in the neonate’s stomach by decreasing gastric acid secretion and enhancing Ig 

absorption from the intestine (Hernandez-Castellano et al., 2014; Hernández-Castellano 

et al., 2014; Hernández-Castellano et al., 2015). 

Serum amyloid A protein acts as a chemoattractant for neutrophils, monocytes and T 

lymphocytes, stimulates the leukocyte infiltration, adhesion to endothelial cells, and 

secretion of cytokines and matrix metalloproteins (Hernández-Castellano et al., 2014).  

Plasminogen is a glycoprotein that not only has the role of dissolution of blood fibrin clot, 

but also has an immunological role in colostrum and milk. Plasminogen stimulates 

neutrophil migration and attracts neutrophils to the infection site to participate in 
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protection mechanisms against potential infection. Moreover, it is involved in the 

regulation of cellular apoptosis under physiological conditions, such as through renewal 

of intestinal epithelial cells (Hernández-Castellano et al., 2014).  

The concentration of fibrinogen is elevated during the inflammation phase. Fibrinogen 

binds to integrin located on immune cells and acts as an important effector during the 

evolution of the innate immune response (Hernández-Castellano et al., 2014; Hernández-

Castellano et al., 2015). 

Mucin provides a mechanical barrier between epithelium and gastrointestinal lumen. This 

protein protects the gut lumen from physical damage and invasive pathogenic 

microorganisms (Moncada, Kammanadiminti, & Chadee, 2003; Hollingsworth & 

Swanson, 2004; Ballard & Morrow, 2013; Hernandez-Castellano et al., 2014).  

Comparison of the proteome profiles of lambs fed with colostrum within two hours of 

birth (C), and a no-colostrum group (NC) (not fed colostrum within two hours of birth) 

in a study by Hernández-Castellano et al. (2015) showed that the protein contents of 

lamb’s plasma was sourced mostly by plasma-originated proteins (70) and some (eight) 

absorbed from colostrum. However, the large majority of colostrum-specific proteins 

were not detectable in plasma 12 hours after suckling, which is an indication of a 

controlled and selective process of protein transportation from the intestine to plasma in 

lambs. Proteins like caseins and α-lactalbumin as high-abundant colostrum proteins are 

not absorbed, and they might act as protective proteins in the intestinal surface of lambs. 

Ca-transferring proteins like Ca-binding protein, matrix gla protein and nucleobindin-1 

also are found in colostrum, but not in plasma after suckling. The non-colostrum group 

showed a high proteome profile of stress, inflammation, coagulation, catabolic 

metabolism and cell destruction. The authors conclude that an increase in the 

concentration of these types of proteins was because of colostrum deprivation, although 

more investigation should be done to find other possibilities, such as dilution factors that 

can follow colostrum intake in the blood plasma (Hernández-Castellano et al., 2015). 

1.3.3.4 The role of calcium in the immune system 

It has recently been shown that Ca plays a vital role on immune cell function. It acts as a 

second messenger in the activation of immune cells such as B and T lymphocytes, 

macrophages, and mastocytes (Ducusin et al., 2003). 
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Figure 1.7 represents the mode and mechanism of Ca action in the activation of leukocyte 

cells to fight against pathogens. Engagement of antigenic particles by MHC molecules at 

the surface of the APC to their related receptors on immune cells triggers phagocytosis, 

respiratory burst, and degranulation in those cells. Attachment of bacteria and zymosan 

particles to complement receptors or Fc receptors of immune cells induce the activation 

cascade in which phosphatidylinositol 4,5-bisphosphate is hydrolysed to generate inositol 

1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (Kampen, Tollersrud, & Lund, 2004). 

IP3 binds to its receptors (IP3R) on the endoplasmic reticulum (ER) (as an internal Ca 

store) to trigger a Ca-releasing process from ER to cytosol, which starts production of 

immunological mediators. In lymphocytes, a high Ca level in cytosol along with DAG 

activates calcineurin, which dephosphorylates the nuclear factor of activated T-cell 

(NFAT) proteins, then NFAT translocates from the cytosol to the nucleus where the 

transcription of the IL-2 gene and other cytokine genes are regulated (Oh-hora & Rao, 

2008; Robert, Triffaux, Savignac, & Pelletier, 2011). In PMNC, DAG activates protein 

kinase C to activate NADPH-oxidase along with Ca. Activated NADPH-oxidase 

produces O2
-, which digests pathogens and activates the rest of microbicidal system in 

PMNC (Jaconi et al., 1990; Allard, Long, Block, & Zhao, 1999).  

Thus, the release of intracellular Ca from the ER to cytosol is an important mechanism 

that leads to the production of immunological mediators when an antigen attaches to 

receptors in immune cells, causing a cascading effect. 

Thus, Figure 1.7 can be summatized as following. Antigenic peptides presented to immune cells 

by MHC molecules at the surface of APC cells are recognised by T-cell receptors that 

phosphorylate PI2 into PI3 and DAG under some mechanisms. Attachment of PI3 to its receptors 

on the membranes of the endoplasmic/sarcoplasmic reticulum causes the release of Ca from 

endoplasmic/sarcoplasmic reticulum  stores, which results in an increase in the intracellular Ca2+ 

concentration that activates the transcription factor NFAT as an inducer of nuclear translocation 

and activator of the target genes.   
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Figure 1.7: Calcium signalling in immune cells (Robert et al., 2011)  

 

Stromal interaction molecules are located on the ER monitor Ca levels in cells. A low Ca 

level in ER stimulates an influx of extracellular Ca2+ from an external medium into the 

cytosol via store-operated Ca channels and Ca release-activated Ca channel located on 

the plasma membrane (Oh-hora & Rao, 2008; Hogan, Lewis, & Rao, 2010; Robert et al., 

2011).  

Low plasma Ca2+in post-parturient dairy cows causes a decline in phagocytosis, since 

resting intracellular Ca2+, a critical factor in immune function, is decreased under low 

extracellular Ca2+ and cells do not readily increase resting intracellular Ca2+ (Ducusin et 

al., 2003).  

A study by Allard et al. (1998) evaluated the involvement of PKC, phorbol myristate 

acetate (PMA), and intracellular and extracellular Ca in the respiratory burst of bovine 

neutrophils. Findings of this study show that intracellular Ca2+ is essential for the 

production of oxygen radicals in the oxidative burst mechanism upon PMA stimulation 

in bovine neutrophils (Allard et al., 1999). The importance of Ca in the immune system 

is verified further by other studies. Research studies investigating either induced 

hypocalcaemia by ethane-N,N,N',N'-tetraacetic acid (EGTA) or physiological 
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hypocalcaemia during parturition and lactation report that hypocalcaemia impairs 

phagocytosis and the respiratory burst function in PMNC and reduces leukocyte 

population (Ducusin et al., 2003; Kimura, Reinhardt, & Goff, 2006; Martinez et al., 2012; 

Martinez et al., 2014), suggesting Ca has a role in the regulation of the innate immune 

system through its involvement in phagocytosis and oxidative burst. Hypocalcaemia 

mediates high plasma cortisol levels, which decrease the proportion of neutrophils with 

chemotaxis and bactericidal activity. Calcium concentration in neutrophils of 

hypocalcaemic cows in a study by Martinez et al. (2012) declined faster than 

normocalcaemic cows, because they have less intracellular Ca2+ and are unable to 

replenish the intracellular Ca2+ due to low extracellular Ca concentration (Martinez et al., 

2012). 

Hypocalcaemia was induced in dairy cows in a study by Martinez et al. (2014) to assess 

the physiological responses and immune cell function. Immune cells in the induced 

hypocalcaemia group had less ionised calcium available, which impaired function and 

activation of immune cells. Low concentrations of iCa2+ affect mature neutrophils in 

circulation, stored in bone marrow and undergoing final maturation. Cytosolic iCa2+ could 

not be replenished from extracellular iCa2+ due to the lack of an adequate amount of 

extracellular iCa2+. Adaptation of dairy cows to lactation induce further suppression on 

cytosolic iCa2+ stores or supress the leukocytes ability for up-taking of extracellular iCa2+ 

Martinez et al. (2014).  

Jaconi et al. (1990) evaluated the effect of cytosolic free Ca on phagosome-lysosome 

function of human neutrophils. In this study, neutrophils were exposed to yeast particles 

under three conditions: non-depleted cells under existence of extracellular Ca2+, non-

depleted cells without extracellular Ca2+ and Ca+2 depleted cells. Phagocytosis of 

neutrophils reached 100% in an environment rich in Ca within five minutes after exposure 

to yeast particles, while the corresponding time was double for the last two conditions. 

The findings of this study show that Ca2+ is an essential signal for triggering the 

subsequent pathogen-lysosome fusion. Reduction of Ca2+ transient by increasing the 

cytosolic Ca2+ buffering capacity inhibited phagosome-lysosome under dose-dependent 

conditions (Jaconi et al., 1990). Literature reviewed above clearly indicate that there is 

no research study assessing the effect of plasma Ca concentration on leukocyte ability; 

thus, further studies in this area are required. 
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1.3.3.5 The role of Mg role in the immune system  

Magnesium is a cofactor for Ig synthesis, immune cell adherence, C3 convertase 

(complement system), antibody dependent catalysis, Th and B-cell adherence (Tam, 

Gomez, Gonzalez-Gross, & Marcos, 2003; Feske, 2007; Laires & Monteiro, 2008). 

Magnesium might modulate the immune system by potentiation of Fe-transferring 

binding, which is the main contributor to offsetting of oxidative stress (OS), and also 

stabilisation of DNA to reduce OS (Brilla, 2012). Studies in pigs have shown that Mg 

supplementation decreases piglet mortality and increases survivability at weaning time 

(Trawńska et al., 2013; Zang et al., 2014). 

Also, Mg can regulate the stress response through inhibiting the release of acetylcholine 

from presynaptic neurones at neuromuscular junction, blocking the effects of N-methyl-

D-aspartate as an excitatory neurotransmitter of the central nervous system and acting as 

Ca agonist to inhibit IP3 production and reducing neuromuscular contractile stimulation 

(Fawcett, Haxby, & Male, 1999; Shimosawa, Takano, Ando, & Fujita, 2004; Laires & 

Monteiro, 2008). 

One of the issues in experimentally induced Mg deficiency is related to high recruitment 

of phagocytic cells and their efficient function, which results in strongly undesired effects 

like tissue damage, while Mg supplementation, either in vitro or in vivo, attenuate 

phagocyte responses, and activate inflammation and tissue damage. The undesired 

immune response is as a result of reaction of ROS produced in a respiratory burst with 

DNA, cellular proteins and lipids; consequently, OS develops and induces tissue damage 

(Libako, Nowacki, Rock, Rayssiguier, & Mazur, 2010; Chauhan et al., 2014; Abuelo, 

Hernández, Benedito, & Castillo, 2015).  

Studies show that Mg deficiency leads to oxidative/nitrosative stress, T-cell mediated 

lysis of target cells, high thymocyte apoptosis, and pro-inflammatory phenotype, such as 

the production of TNF-α, substance P and ILs (Guerrero-Romero & Rodríguez-Morán, 

2006; Mazur et al., 2007; McClure, 2008; Nowacki, Malpuech-Brugère, Rock, & 

Rayssiguier, 2009). An inverse association between circulating Mg levels, inflammation 

and OS has been found in different studies (Guerrero-Romero & Rodríguez-Morán, 2006; 

Song, Li, van Dam, Manson, & Hu, 2007; Libako et al., 2010). The hypothesis behind 

this phenomenon might be that low Mg (as a natural Ca channel antagonist) levels initiate 

an inflammatory-oxidative cascade via removing the blockage from Ca channels (Libako 

et al., 2010) and regulation of intracellular messenger DAG (Perraud, Knowles, & 
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Schmitz, 2004). High intracellular Ca levels and regulated intracellular DAG are followed 

by respiratory burst and consequently, nitric oxide production, free radical production and 

cytokine secretion, which can kill pathogens (Guerrero-Romero & Rodríguez-Morán, 

2006; Libako et al., 2010). 

1.3.4 The role of minerals on energy balance 

Energy balance is measured as the difference between energy output, including 

maintenance, activity, growth, pregnancy and milk expenses, and energy input as feed 

intake (Garcia-Garcia, 2012). The energy sources for the body are carbohydrates, amino 

acids and fats. Physiological shift in the use and conservation of these energy sources is 

called adaptation to NEB. The primary fuel source is carbohydrates, but if the energy 

requirements of animals are higher than the carbohydrate intake, animals will experience 

NEB (Harmeyer & Schlumbohm, 2006). Carbohydrates undergo microbial fermentation 

by rumen microbes; some parts of digested carbohydrates are mobilised into the rumen 

epithelium and the remaining products from carbohydrate digestion in rumen are 

transported with digesta flow to the small intestine for more digestion and absorption. 

The limited supply of carbohydrates in ruminants takes a special significance in pregnant 

and lactating animals, as the energy requirements are higher than nutrient intake during 

these stages (Garcia-Garcia, 2012). 

The critical period for energy balance in ewes starts from two weeks before parturition 

and extends to two weeks after parturition. Late gestation is a period in which ewes are 

under severe stress due to high energy demands within the last six weeks of pregnancy 

and about 33–36% of the circulating glucose of ewes is directed into the fetoplacental 

unit (Schlumbohm & Harmeyer, 2003). Moreover, the intake capacity of pregnant ewes 

decreases because as fetuses grow, rumen capacity gets smaller, and also sex hormones 

decrease the animal’s appetite and feed intake rate (Tygesen et al., 2008). The developing 

fetus and growing neonates are reliant on their mothers due to a supply of essential 

nutrients by the placenta during gestation and colostrum/milk after parturition for 

optimum fetal growth and lamb survival (Tygesen et al., 2008). Depending on fetus 

requirements for energy and also demands for milk production, ewes might experience 

some degree of NEB since they may not be able to consume sufficient energy to counter 

the energy output (Hunter et al., 2015). Therefore, there is a significant demand on the 

maternal carbohydrate metabolism at late gestation, and this along with other changes in 

late pregnancy make twin-bearing ewes more prone to NEB.  
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Metabolic conditions of animals in NEB shift to catabolic metabolism, which in turn, 

gives rise to insulin resistance, decreased plasma growth hormone level, increased non-

esterified fatty acid (NEFA) concentration and a decrease in glucose level, insulin level, 

plasma insulin-like growth factor-I and leptin concentration in serum (Chilliard et al., 

2000; Garcia-Garcia, 2012). Maternal adaptation to NEB is normally through hepatic 

gluconeogenesis, reduced peripheral tissue glucose utilisation, increased fatty acid 

mobilisation from adipose tissue, and increased amino acid mobilisation from muscle 

tissue. The major and dominant mechanisms to support fetus growth and milk production 

is through fat oxidation (Tygesen et al., 2008). The higher concentration of growth 

hormone to insulin in blood stimulates the mobilisation of triglycerides from adipose 

tissue in support of gestation and lactation (Ingvartsen, 2006). Therefore, body reserves 

may be mobilised into the liver in order to provide the required energy (Hunter et al., 

2015). 

Critical sites of metabolic adaptation are adipose tissue and liver. Adipose tissue consists 

of triglyceride-filled cells called adipocytes in which triglycerides are broken down and 

synthetised continuously. Breakdown of triglycerides resulting in the release of NEFA 

into the plasma serve as an important energy source. Within the liver, NEFA can be 

converted to ketone bodies like β-hydroxybutyrate acid (BHBA), or re-esterified to 

triglycerides. Under hyperketonemia conditions, ketone bodies are oxidised to serve as 

fuel for energy production in peripheral tissues, the heart, skeletal muscle, the kidneys, 

lactating mammary glands and non-fetal related tissues in the uterus (Herdt, 2000). 

Therefore, the concentration of these two factors (NEFA and BHBA) in plasma implies 

the degree of adipose tissue mobilisation (Ingvartsen, 2006). Hyperketonemia depresses 

liver gluconeogenesis, glucose uptake and utilisation in peripheral tissues, which has a 

synergistic effect on NEB. 

Pregnancy toxaemia or ketosis as a well-known metabolic disorder occurs in the last three 

weeks before parturition in sheep and goats (Schlumbohm & Harmeyer, 2008). It is 

believed that the disorder occurs due to the inability of multiple-bearing ewes to meet 

energy requirements of growing fetuses; thus, ewes bearing two or three lambs are more 

susceptible to NEB than ewes bearing only one (Harmeyer & Schlumbohm, 2006).  

Energy balance indicators are NEFA and BHBA (Chamberlin et al., 2013). Non esterified 

fatty acids is a good indicator for monitoring energy status in the last month of pregnancy 
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when changes in energy balance status may also be detectable from BCS changes 

(Letelier, Mallo, Encinas, Ros, & Gonzalez-Bulnes, 2008). 

Energy balance has an important impact on reproductive functions such as hormone 

production, folliculogenesis, fertilisation, ovulation rate and early embryonic 

development (Letelier et al., 2008). Research studies have shown that NEB has profound 

negative impacts on ovarian follicular and oocyte quality, consequently causing poor 

reproductive performance (Garcia-Garcia, 2012).  

A high concentration of NEFA in dairy cows is associated with a high risk of retained 

placenta, developing displaced abomasum and culling. Moreover, high concentration of 

BHBA in the postpartum period is associated with a high risk of decreased milk 

production, developing displaced abomasum, decreased possibility of pregnancy after the 

first service and enhanced risk of culling (Chamberlin et al., 2013). Nutritional issues in 

ewes are shown in the last six weeks before parturition by signs of poor BCS, poor 

colostrum quality and quantity, low lamb birthweight, vaginal prolapse, and specific 

diseases like mastitis and pregnancy toxaemia. Regulation and improvement of energy 

balance can lead to productive success, which is beneficial in improving immunity to 

disease, clinical outcomes and farm animal production systems (Phillips, Phythian, 

Wright, & Morgan, 2014).  

1.3.4.1 The role of calcium on energy balance 

Calcium acts as a second messenger for energy metabolism in hepatocytes and is a key 

element in the regulation of energy balance. As cytosolic Ca concentration increases, it 

gives a parallel rise to Ca concentration in mitochondria, which is critical for the 

stimulation of mitochondrial oxidative metabolism and energy production. 

Hypocalcaemia induces hypoglycaemia via depression on the glucose turnover, 

depression on endogenous glucose production and limitation of the amount of available 

glucose (Schlumbohm & Harmeyer, 2003). Moreover, activation of ionised Ca channels 

in pancreatic cells triggers the release of insulin granules from the pancreatic cells. 

Hypocalcaemia thereby causes reduced circulating insulin levels, increased blood glucose 

and decreased uptake of glucose by the cells. Decreased insulin secretion as a result of 

hypocalcaemia removes the inhibition of hormone-sensitive lipase, which promotes 

lipolysis and consequently elevates NEFA concentration in blood. Insulin supresses 

ketone body formation in the liver, while insulin suppression in hypocalcaemia might 

enhance the synthesis of ketone bodies in the liver and predispose animals to pregnancy 
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toxaemia (Vernon, Faulkner, Hay, Calvert, & Flint, 1990). As Ca is an important factor 

in muscle contraction, animals with hypocalcaemia are more likely to show a decrease in 

feed intake, reduced chewing activity, suppressed rumen, abomasum motility and 

appetite, impaired DM passage rate and decreased digestive tract motility, which have 

negative impacts on feed intake (Martinez et al., 2012). Also, hypocalcaemia makes 

animals more prone to develop metabolic disorders, such as ketosis, displaced abomasum, 

dystocia and uterine prolapse mediated by supressed smooth muscle contraction, which 

supress the animal’s appetite (Mohammadi, Anassori, & Jafari, 2016). 

Furthermore, the increased nutrient needs for fetus growth and colostrum/milk synthesis 

with the decline in feed intake during late gestation and early lactation induces a state of 

NEB, shown by high concentrations of NEFA and BHBA (Schlumbohm & Harmeyer, 

2003). 

1.3.4.2 The relationship between hypocalcaemia, negative energy balance and 

immunity 

The effects of hypocalcaemia on the immune system through impairment of leukocyte 

function links hypocalcaemia to retained placenta and mastitis, which exerts an additive 

suppressive effect on feed intake (Martinez et al., 2012). In addition, negative energy 

status in ewes reduces the concentration of glucose as the main energy source for 

leukocytes and consequently impairs leukocyte function (Galvão et al., 2010).  

1.3.4.3 The role of magnesium on energy balance 

In hepatocytes, the role of Mg is to control ATP production and utilisation by ATPase, 

such as Na+/K+-ATPase in mitochondria. Consequently, all enzymes utilising ATP 

require Mg for substrate formation (Voma & Romani, 2014). Seven enzymes of the 10 

involved in the catabolism of glucose or glycogen to pyruvate by the glycolytic pathway 

are activated by Mg. Moreover, Mg is required by fructose bisphosphatase and pyruvate 

carboxylase as two catabolic regulatory enzymes (Williams, 1953; Cinar, Polat, 

Mogulkoc, Nizamlioglu, & Baltaci, 2008).  

Moreover, it has been shown that Mg acts as a second messenger in synthesis, storage 

and conformational integrity of insulin. Hypomagnesemia decreases insulin’s ability to 

stimulate glucose uptake in tissues such as skeletal muscle cells and adipose cells, impairs 

glucose transport and decreases cellular glucose utilisation (Takaya, Higashino, & 

Kobayashi, 2004). It is documented that insulin resistance caused by hypomagnesemia is 

mediated by defective activity of tyrosine kinase of insulin receptors (Barbagallo et al., 
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2003). A study by Matsunobu, Terashima, Senshu, Sano, and Itoh (1990) showed that 

induction of hypomagnesemia by a high K diet in sheep can cause insulin resistance in 

tissues, which increases blood glucose concentration and elevates glucose excretion 

through the urine. Therefore it is confirmed that insulin action is dependent on cellular 

Mg content. 

1.3.4.4 The effect of energy restriction on gene expression 

The main targets for sample collection in order to evaluate gene expression for energy 

restriction are liver and adipose tissues. However, it has recently been shown that 

peripheral blood mononuclear cells (PBMC) can be used to gain more insights in the 

mechanisms related to energy regulation and parameters changed by nutrition. These cells 

are a subset of blood cells consisting of lymphocytes and monocytes that travel through 

body and reflect gene expression responses to changes in environmental conditions of 

other tissues that are difficult to obtain (Díaz-Rúa et al., 2015). Therefore, PBMC can be 

used for laboratory analysis and clinical purposes as they can be easily obtained, and they 

reflect gene signatures related to infections, inflammation and deficiencies. Interest in the 

use of PBMC for the development of diagnostic tools is growing, and they have been 

shown to be useful for nutritional studies, reflecting specific effects of diets and nutrients 

on gene expression (Oliver, Reynés, Caimari, & Palou, 2013). Studies show that there is 

a relationship between changes in gene expression of PBMC and feeding conditions 

(Oliver et al., 2013; Bouvier-Muller et al., 2017b). 

There are several reports in which the expression level of genes associated to energy 

regulation—either for carbohydrate metabolism or lipid metabolism—have been 

evaluated under energy restrictions in rats and ewes (Table 1.3) (Oliver et al., 2013; Ikeda 

et al., 2014; Díaz-Rúa et al., 2015; Bouvier-Muller et al., 2017a; Bouvier-Muller et al., 

2017b). One research group evaluated the impact of energy restriction and inflammation 

on gene expression in ewes at two weeks after lambing through imposing energy 

restrictions by a low energy diet, and inflammation in the udder was induced by injection 

of a sterile solution of Pam3CSK4 (Bouvier-Muller et al., 2017a; Bouvier-Muller et al., 

2017b). These studies provide a significant advance in knowledge of metabolic changes 

in the blood cells during the energy restriction. However, there is limited information 

about whether the expression level of genes regulating energy balance changes during 

gestation. Moreover, the lack of information about the effect of Ca and Mg 

supplementation on energy balance and the expression level of genes associated with 
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energy metabolism as minerals and energy regulation are two major focus areas of 

research conducted on ewes at late gestation, and have been shown to be interrelated.  

Table 1.3: Detailed classification of genes involved in energy metabolism expressed in 

peripheral blood mononuclear cell (PBMC). 
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Energy 

Metabolism 

Gene Name Gene 

Symbol 

Reference Species 

Carbohydrate 

Metabolism 

Enolase 1 (alpha) ENO1 (Díaz-Rúa et al., 

2015) 

Rat 

Fructose-1,6- 

biphosphatase 1 

FBP1   

Glyceraldehyde-3-

phosphate 

GAPDH   

Hexokinase 1 HK1   

6-phosphofructo-2-

kinase/fructose-2,6-

biphosphatase 2 

PFKFB2   

Solute carrier family 2, 

member 4 

SLC2a4   

Sterol regulatory element-

binding protein-1 

SREBP-1 (Oliver et al., 2013) Rat 

Pyruvate dehydrogenase 

kinase 4 

PDK4 (Bouvier-Muller et 

al., 2017a; Bouvier-

Muller et al., 2017b) 

Sheep 

Lipid 

Metabolism 

Carnitine 

palmitoyltransferase 1a 

CPT1A (Oliver et al., 2013; 

Bouvier-Muller et 

al., 2017a; Bouvier-

Muller et al., 2017b) 

Rat and sheep 

Acyl-CoA oxidase 1, 

palmitoyl 

ACOX1 (Díaz-Rúa et al., 

2015) 

 

Acyl-CoA synthetase 

long-chain family member 

1 

ACSL1  

Acyl-Coenzyme A 

binding domain 

containing 4 

Acbd4  

Acyl-CoA oxidase 1, 

palmitoyl 

ACOX1  

Dehydrogenase/reductase 

(SDR family) member 3 

DHRS3  

Farnesyl diphosphate 

synthase 

FDPS  

Malonyl-CoA 

decarboxylase 

MLYCD  

Patatin-like phospholipase 

domain containing 7 

PNPLA7  

Preadipocyte factor 1 PREF-

1/DLK1 

 

Protein tyrosine 

phosphatase-like A 

domain containing 2 

PTPLAD2  

Fatty acid desaturate 1 FADS1 (Oliver et al., 2013) Rat 
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Peroxisome proliferator 

activated receptor gamma 

PPARG   

β-hydroxybutyrate 

dehydrogenase 

BDH1   

14α-sterol demethylases CYP51A   

Mevalonate diphosphate 

decarboxylase 

MVD   

Squalene epoxidase gene SQLE   

 

1.3.5 Effect of supplementation with calcium and magnesium on the 

behaviour of ewe and lamb  

Ewes at late gestation and early lactation have high energy (3.94 Mcal/d) and mineral 

requirements (0.3-0.35% DM Ca and 0.1-0.27% DM Mg, 0.13-0.25% DM P, 0.07-0.09% 

DM Na and 0.5% DM K) and without providing these essential components ewes will 

experience NEB which accordingly has implications on their behaviour. Maternal 

undernutrition is associated with a reduction in udder-weight, mammary development, 

colostrum yield and total milk production. Besides, maternal undernutrition can 

significantly affect lamb survival via its effect on ewe-lamb bond, because it takes longer 

time for undernourished mothers to attend their lambs, clean lambs and help lambs to find 

udder. Lambs born from under-nourished mother are weak, are not able to follow mother 

and suck the udder for drinking milk (Dwyer, Lawrence, Bishop, & Lewis, 2003). 

Therefore, it is critical that pregnant ewes are provided with essential nutrients like energy 

and minerals at late gestation particularly Ca and Mg which are important for the birth 

process due to their contribution in muscle contraction and energy regulation. Attachment 

of birth hormones to their receptors affect cytoplasmic Ca level which consequently start 

myometrium contraction via different mechanisms. Moreover, Ca is important for energy 

regulation, because this element is a key for production of mitochondrial ATP, 

maintenance of metabolic homeostasis in hepatocytes and regulation of insulin secretion 

(Glancy & Balaban, 2012; Wray & Arrowsmith, 2012a). Magnesium also has a role in 

muscle contraction and energy regulation. This element can directly regulate membrane 

permeability to Ca2+ or occupy membrane sites that are exchangeable with membrane-

bound Ca (Altura & Altura, 1974). 

It is shown that application of birth hormones in the absence of Ca and energy cause a 

significant decrease in contraction amplitude and initiating only small contractions and 

prolonged deliveries which has implications on suckling and locomotor activity in lambs 

due to central nervous system injury (Kilgour & Haughey, 1993). 
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1.3.6 Oxidative stress generation and the role of minerals on antioxidant 

capacity 

Oxidants, or free radicals, are metabolites with the ability to reduce themselves and 

oxidise agents, atoms or molecules that have one or more unpaired electrons in their outer 

shell. Some molecules, like H2O2, peroxynitrite and single oxygen molecules, do not have 

unpaired electrons, but they have the ability to form free radicals. There are two categories 

of oxidants: ROS and reactive nitrogen species. However, in biological systems, ROS is 

the most abundant free radical, and is a collective term for molecules containing oxygen-

centred free radicals and non-radical derivatives from oxygen. Oxidants are generated 

either endogenously or exogenously. The endogenous production of free radicals is 

through inflammation, immune cell activation, excessive exercise, ischemia, infection, 

cancer and ageing. Exogenous free radicals are caused by air and water pollution 

(Ozsurekci & Aykac, 2016). 

However, ROS are cellular metabolism products and are essential not only for cell 

differentiation and proliferation, but also for the destruction of engulfed particles and 

upregulating the expression of genes associated with inflammatory responses (Ozsurekci 

& Aykac, 2016). 

Cells and tissues are protected against the harmful effects of overproduction and 

accumulation of free radicals via a network of substances called the antioxidant system. 

Antioxidants are the molecules that delay, prevent and remove oxidative damage to target 

molecules (Chauhan et al., 2014). The endogenous antioxidant system is categorised into 

two groups (Bernabucci, Ronchi, Lacetera, & Nardone, 2005): 

 Enzymatic antioxidants such as SOD and GPx: The former is the first defence against 

pro-oxidants converting O2
- to H2O2. Glutathione peroxidase (GSH-PX) is associated 

with the contents of plasma lipid peroxides.  

 Non-enzymatic enzymes: This group of antioxidants is found in plasma and consist 

of ascorbic acid, glutathione and uric acid. 

Excessive production of ROS can lead to a loss of cell function and tissue damage via 

oxidation of DNA, cellular proteins, and lipids (Bernabucci et al., 2005). Under some 

circumstances, ROS production overwhelms the antioxidant defence mechanisms, 

causing the development of OS (Figure 1.87) (Bernabucci et al., 2005; Abuelo et al., 

2015). 
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Figure 1.8: The imbalance between pro-oxidants and antioxidants leading to oxidative 

stress (Abuelo et al., 2015) 

Normally, ewes particularly those carrying more than one foetus and the mineral and 

energy content of feed on offer is not adequate for foetus growth and milk production, 

fail to cope with the high nutritional demands in late gestation and early lactation. 

Increased metabolic stress elevates production of free radicals in mitochondria as a part 

of cellular respiration at the electron transport chain reaction (Abuelo et al., 2015). 

Moreover, β-oxidation of NEFA under hypoglycaemia condition enhances ROS 

production, which has an impact on the inflammatory responses. Oxidative stress causes 

extra lipolysis and thereby more NEFA production and ROS generation. These two 

factors are characteristics of metabolic stress, and increase the susceptibility of animals 

to infection and diseases like metritis, retained placenta, mastitis, fatty liver and ketosis, 

which are important for animal welfare, reproductive performance and milk production, 

and could lead to economic loss (Abuelo et al., 2015). An approach has recently been 

assessed, called oxidative stress index (OSi), which is based on the ratio between ROS 

and antioxidant capacity. This approach more accurately indicates the oxidative status of 

animals (Abuelo et al., 2015).  

Although animals are equipped with an efficient antioxidant system and they are easily 

able to counteract the oxidative challenges, there are studies showing that a high 

generation rate of ROS in newborns is a threatening factor. Intrinsic production of ROS 
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increases after birth as a result of breathing. When neonates start to breath, they are 

exposed to an oxygen-rich environment for the first time. Therefore, breathing in 

newborns results in an increase in the production of ROS (Abuelo et al., 2014). Also, a 

few hours after birth, newborns are exposed to pathogens such as Enterococcus spp, 

Escherichia coli and Lactobacillus spp from parenteral contact or through feed. 

Pathogens start to attach and colonise on the digestive tract within 38 hours of birth 

(McAllister, Bae, Jones, & Cheng, 1994; Thormar, 2012). Newborns with a weak immune 

system within the first week of life have decreased growth rate (less lamb vigour and not 

able to suckle a sufficient amount of colostrum) (Nowak & Poindron, 2006), increased 

risk of morbidity and mortality (43%), low productive performance (Ahmad, Khan, 

Javed, & Hussain, 2000; Smith & Foster, 2007), with negative economic effect to farmers 

and severe consequences to animal welfare (Hernández-Castellano et al., 2014). 

Therefore, it is critical for neonates to have an efficient immune system to protect them 

against pathogens and free oxygen radicals (Abuelo et al., 2014). 

Abuelo et al. (2014) evaluated the ROS concentration and antioxidant capacity level in 

newborn calves. The results of this study show that consumption of colostrum does not 

affect ROS concentration a few hours after birth, but the ROS level increases a few days 

after birth as a result of feed consumption. However, the development of antioxidant 

capacity took place over time; the antioxidant capacity remained stable from birth until 

the second and third month of life (Abuelo et al., 2014).  

Given the above, it is vital to improve antioxidant capacity in newborns. One such method 

that we propose to improve the antioxidant system in animals is through mineral 

supplementation. Previous literature has shown that major elements like Ca and Mg 

influence antioxidant capacity (Abuelo et al., 2015; Ozsurekci & Aykac, 2016), which is 

discussed below in detail. 

1.3.6.1 Role of calcium on antioxidant capacity 

Involvement of Ca in leukocyte function, efficiency of the immune system, inflammation 

and energy balance, makes it a key factor in the oxidative system. A study by Allard et 

al. (1999) evaluated the involvement of PKC, PMA, and intracellular and extracellular 

Ca in respiratory burst in bovine neutrophils. Findings of this study show that intracellular 

Ca2+ is required for the production of oxygen radicals in the oxidative burst mechanism 

upon PMA stimulation in bovine neutrophils.  
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A study by Martinez showed that cows with a low level of plasma Ca have an impaired 

immune system as a result of decreased circulating neutrophils and impairment of 

neutrophil function (Martinez et al., 2012). An impairment of immune system at late 

gestation causes an increase in ROS production which consequently enhances the ewes’ 

susceptibility to post-partum disorders. It is shown that impairment of immune system 

has a suppressive influence on feed intake in pregnant and lactating animals which cause 

NEB and an increased production of NEFA (Galvão et al., 2010). However, there is no 

research study evaluating the antioxidant capacity of ewes at late gestation to the best of 

author’s knowledge. Thus, dairy cows literature is used to provide inputs related to the 

immune function at parturition time. The role of magnesium on antioxidant capacity and 

reactive oxygen species production 

Hypomagnesemia elevates circulating pro-inflammatory neuropeptide. Low levels of Mg 

decrease the blockade on Ca channels; consequently, elevation of intracellular Ca level 

and the release of substance P initiate a cascade of inflammatory-oxidative events 

(Guerrero-Romero & Rodríguez-Morán, 2006). Figure 1.9 presents a summary of the 

interaction of hypocalcaemia, energy balance and OS in animals during late gestation and 

early lactation. A high nutrient requirement in late gestation for fetus growth and early 

lactation for colostrum/milk synthesis causes negative energy balances leading to a high 

generation rate of NEFA, which can easily be oxidised and generate ROS. Moreover, 

hypocalcaemia, as a common phenomenon at gestation and lactation, reduces glucose 

turnover, endogenous glucose production and stimulates lipolysis. Under hypocalcaemia, 

less muscle contraction causes metabolic diseases that act as a source for ROS production. 

The impaired immunity caused by hypocalcaemia mediates parturition diseases 

producing ROS. All of these disorders affect feed intake in animals and give a rise to the 

concentration of NEFA acting as a source for generation of ROS. Low levels of minerals 

and negative energy balance impair antioxidant capacity to neutralise generated ROS. 

Thus, the imbalance between ROS and the neutralised capacity of antioxidants leads to 

oxidative stress (Figure 1.9).  
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Figure 1.9: The interaction of hypocalcaemia, energy balance and oxidative stress in 

animals during late gestation and early lactation  

RP: retain placenta; NEFA: non-esterified fatty acids 

1.4 Conclusion 

Nutritional management during pregnancy and lambing are necessary to 1) prevent 

metabolic diseases (e.g., hypocalcaemia, hypomagnesaemia and pregnancy toxaemia) 

during the peri-partum period and reduce ewe mortality 2) synthetise an appropriate 

quantity and quality of colostrum to improve lamb’ health and accordingly lamb 

survivability 3) produce healthy lambs and 4) support an increase in milk yield during 

subsequent lactation. As macro-minerals like Ca and Mg have essential roles in the 

immune system, antioxidant system, energy balance, skeleton development and muscle 

contraction, it is hypothesised that supplementing animals with high quantities of Ca and 

Mg (above NRC requirements) through diet will result in an improvement in animal 

health and survivability of both the mothers and their offspring. It is clearly indicated 

from the literature review that dairy cows literature is used to pinpoint the effect of 

mineral (macro-minerals like Ca and Mg and also micro-minerals like Se, Cu, Zn and Fe) 

supplementation on immune system, antioxidant capacity and energy regulation. There is 

limited research with respect to mechanisms by which mineral like Ca and Mg affect the 
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physiological response in sheep. In addition there are very limited research related to 

maternal supplementation of minerals and its effect on the general health of offspring in 

ruminants both cattle and sheep. These are the gaps in knowledge identified in the 

literature which indicate a potential benefit of supplementation for improving health and 

welfare of ewes and lambs. 

This study identifies the physiological role of mineral supplementation of Merino ewes 

at late gestation and lactation on immune response, energy balance, expression of energy 

associated genes, and parturition behaviour in ewes. Also the effect of maternal mineral 

supplementation on efficiency of immune status and weight gain of lambs were evaluated. 

The significance of this research is that it would be beneficial for identifying and 

preventing metabolic problems in pregnant ewes and address animal health and welfare 

aspects in young growing lambs. 

1.5 Objectives 

This research has five objectives, as listed below. 

1. To determine the effectiveness of supplementation with Ca and Mg during late 

gestation and lactation on the immunity status of ewes and their lambs. 

 

2. To investigate the effect of Ca and Mg supplementation on energy regulating factors 

in plasma and genes regulating energy in leukocyte cells of ewes. 

 

3. To determine the impact of Ca and Mg supplementation on plasma mineral 

concentration of ewes and lambs. 

 

4. To examine the influence of Ca and Mg supplementation on parturition duration and 

lamb vigour. 

 

5. To assess the effect of maternal mineral supplementation on growth rate of lambs 

from birth to weaning. 

 

Hypothesis:  

 

Thus the following three hypotheses are proposed for this PhD study: 

 

1. Calcium and Mg supplementation will improve immune response in ewes and 

their lambs via an improvement in oxidative burst response and phagocytosis 

response of leukocyte cells and also through an improvement in TAC 

concentration. 



42 

 

2. Supplementation with Ca and Mg will improve energy regulation of pregnant 

ewes at lambing by decreasing the concentration of NEFA; and also high energy 

requirements of ewes at lambing induce a greater expression of gens regulating 

energy (BDH1, CPT1A, FADS1, CYP51A and PDK4). 

3. Maternal supplementation with Ca and Mg will improve weight gain of lambs 

from birth to lamb marking (one month of age) and from lamb marking to weaning 

(8 weeks of age). 
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Chapter 2. The effect of calcium and magnesium 

supplementation on the mineral profile, immune 

responses, and energy profile of ewes and their lambs 

2.1 Summary 

The effect of maternal supplementation of Ca and Mg during late gestation and early 

lactation on the immune function of offspring is unknown. Calcium and Mg are vital for 

a number of physiological mechanisms including the immune and skeletal systems. This 

study investigated the effect of Ca and Mg supplementation of ewes from late gestation 

to early lactation on plasma mineral concentration, the immune response and energy 

profile of ewes and their offspring. 

Forty-eight Merino ewes (3-5 years old) were allocated between four treatment groups: 

Ca, Mg, Ca + Mg and control groups and fed at maintenance energy requirement. The 

ewes in the Ca, Mg and Ca + Mg treatment groups were supplemented with 50 g calcium 

carbonate (lime), 50 g magnesium oxide (Causmag®) and 25 g calcium carbonate + 25 g 

magnesium oxide respectively, from 12 ± 4 days before gestation to one month after 

lambing. Blood and urine samples were collected from ewes at two weeks prior to the 

commencement of lambing (–2 W), 12 hours post lambing (+12 H), two weeks post 

lambing (+2 W) and four weeks post lambing (+4 W). Colostrum/milk samples from ewes 

and blood samples from lambs were collected at +12 H, +2 W and +4 W. Lambs were 

weighed at the same time points. 

Lambs born from the ewes in the Ca and Ca + Mg treatments had a higher oxidative burst 

response (P = 0.001) and total plasma antioxidant capacity (TAC) (P = 0.041) compared 

to the Mg and control groups. Oxidative burst response (P < 0.001) and IgG production 

(P < 0.001) in lambs improved from birth to four weeks of age, while the TAC was highest 

at two weeks of age (P < 0.001). Ewes supplemented with Ca, Mg and Ca + Mg regulated 

energy balance more efficiently at lambing compared to the control group (P = 0.010). 

Supplementation of ewes with Mg improved plasma Mg concentration (P = 0.010). 

Overall, these results indicate that supplementation of ewes with Ca and Ca + Mg during 

late gestation and early lactation improves the immune response in their lambs at least in 

part via changes in the oxidative burst response and antioxidant capacity. Mineral 

supplementation had a beneficial effect on energy balance regulation in ewes at lambing.  
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2.2 Introduction 

A major production loss for the Australian sheep industry is lamb mortality. The majority 

of lamb deaths (80%) occur in the first two to three days of life, and 30% of all newborns 

die before weaning (Hinch & Brien, 2014). Therefore, low immunity has the potential to 

contribute to lamb mortality and boosting the immune system of the newborn would be 

beneficial under such critical conditions. 

Exposure of lambs to a pathogenic environment within the first few hours after birth 

through parenteral contact or feed, provides ideal conditions for pathogens to attach and 

colonise the neonate digestive tract within 38 hours of birth. Moreover, exposure of the 

lambs to an oxygen-rich environment for the first time also generates a high concentration 

of ROS. If ROS production overwhelms antioxidant capacity, lambs will undergo OS, 

which may initiate conditions such as pneumonia or diarrhoea (Abuelo et al., 2014), 

making them more vulnerable to infection during the first few months of life, and 

increasing the risk of morbidity and mortality.  

In addition to the role of minor minerals on the immune system, it has been shown that 

major minerals such as Ca (Martinez et al., 2014) and Mg (Laires & Monteiro, 2008) play 

vital roles in the regulation of the immune function. Calcium is an important factor 

involved in the innate immune system to induce oxidative or respiratory burst processes 

in which O2
- is produced to digest engulfed pathogens. The oxidative burst response, the 

last stage of the immune response, is responsible for invading internalised 

microorganisms and plays an important role in the protection of lambs against pathogens 

(Kimura et al., 2006; Martinez et al., 2014). Martinez et al. (2014) evaluated the effects 

of hypocalcaemia on leukocyte function in dairy cows, reporting that hypocalcaemia 

impairs neutrophil function and elevates the incidence of postpartum disorders. In 

addition to Ca, the other mineral that has vital functions in the immune response cascade 

is Mg. This element acts as a cofactor for Ig synthesis, immune cell adherence, C3 

convertase (complement system), antibody dependent catalysis, Th and B-cell adherence 

(Feske, 2007; Laires & Monteiro, 2008).  

In addition to the importance of Ca and Mg in immune system, these minerals are vital 

for regulating energy through their involvement in glucose turnover, ATP production, 

insulin secretion and preventing lipolysis (Schlumbohm & Harmeyer, 1999; Denton, 

2009).  
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Despite the link between Ca and Mg with the immune function, metabolic disorders and 

energy regulation, there is limited research with respect to the effect of maternal 

supplementation of ewes with Ca and Mg on the general health of dams and their 

offspring. Due to the importance of Ca and Mg at gestation and lactation, and the vital 

roles of these minerals in the immune response cascade, we hypothesise that the provision 

of Ca and Mg to ewes during late gestation and early lactation could increase the 

efficiency of the immune system in newborns. Thus, the aim of this study was to 

investigate the effect of maternal supplementation of ewes with Ca and Mg during late 

gestation and early lactation on lamb immune function, lamb live weight and ewe energy 

balance. 

2.3 Materials and methods 

The study was conducted at Charles Sturt University, Wagga Wagga, New South Wales, 

Australia from late May 2016 to late July 2016. The research study was approved by the 

Charles Sturt University Animal Care and Ethics Committee (protocol number 16/016). 

2.3.1 Sheep management and measurements 

Merino ewes were naturally mated in from late 25 January 2016 to mid-February 2016, 

and pregnancy scanned on 30 March 2016. Forty-eight (48) twin-bearing ewes (three–

five years old) with mean BCS 2.8 ± 0.3 (scale of 1 to 5, with 1 = thin and 5 = fat) 

(Jefferies, 1961) were randomly allocated to 24 pens (area 25 m2) with two ewes per pen. 

All ewes had an adaptation and habituation period of at least 10 days, during which time 

they were fed and gradually transitioned to the base pellet (nutritional value of the base 

pellet is in Table 2.1). The base pellet was made from barley, lupins, oat hulls, mill-mix 

and canola. Ewes were then randomly allocated to one of four treatments: control group 

fed with commercial pellet (basal pellets), Ca group (basal pellets + added Ca), Mg group 

(basal pellets + added Mg) and Ca + Mg group (basal pellets + added Ca + added Mg). 

The animals had access to water at all times throughout the experimental period.  
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2.3.2 Feeding and experimental diets 

The feed offered to the ewes before the start of this experiment was a basal pellet which 

included lupins, oats and barley that was not deficient in Ca or Mg. Ewes were fed 2.5 kg 

DM of pellets/head.day (metabolisable energy (ME) = 12.3 MJ/kg DM, CP = 156 g/kg 

DM (Table 2.1)) during gestation and this was increased to 3 kg DM of pellets/head.day 

during lactation which was sufficient to meet NRC energy and protein maintenance 

requirements (NRC, 2007). The control group received basal customised commercial 

pellets at which Ca and Mg concentrations were within requirements (NRC, 2007) and 

the amount of Ca and Mg for the treatment groups was increased by the addition of Ca in 

the form of limestone (50 g/head.day) for the Ca group, Mg in the form of magnesium 

oxide (50 g/head.day) for the Mg group and the Ca + Mg group received 25 g 

limestone/head.day + 25 g magnesium oxide/head.day. These mineral supplements were 

mixed with the customised pellets before daily feeding. The minerals were balanced to 

provide greater than the NRC requirements (NRC, 2007) for Ca and Mg. 

2.3.2.1 Proximate and mineral analysis of pellets 

The proximate and mineral contents of the four treatment diets are given in Table 2.1. 

Proximate analyses (% DM) were determined using near infra-red reflectance (NIR) 

spectroscopy with Bruker multi-purpose analyser and OPUS software using calibration 

developed by the NSW Department of Primary Industry Feed Quality Service (NSW DPI 

FQS, Wagga Wagga, New South Wales). Mineral analyses were determined using 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Varian 710-ES) 

at the Environmental Analysis Laboratory (EAL), Charles Sturt University. The 

metabolisable energy and CP for the pellets were 12.3 MJ/kg DM and 15.6% DM, 

respectively. The concentration of Ca and Mg in the base pellets was 0.32% DM and 

0.18% DM, respectively. Ewes in the control group were not supplemented with Ca and 

Mg. Therefore, the amount of Ca and Mg delivered to the ewes in this group was the same 

as in the base pellets. However, adding 50 g/head.day of limestone to the base pellet 

increased the Ca concentration on offer to 0.93% DM, adding 50 g/head.day magnesium 

oxide (Causmag®) to base pellet increased the Mg concentration on offer to 1.13% DM 

and adding 25g limestone/head.day + 25g magnesium oxide/head.day to base pellet 

increased the Ca and Mg concentration on offer to 0.61% DM and 0.65% DM, 

respectively. 
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Table 2.1: Proximate and mineral analysis of feed on offer for ewes during late gestation 

and early lactation. 

Pellet content 

 Treatment   

Control Calcium Magnesium 
Calcium + 

Magnesium 

DM (%) 92.00 92.00 92.00 92.00 

NDF (%) 31.00 31.00 31.00 31.00 

ADF (%) 13.00 13.00 13.00 13.00 

CP (%) 15.60 15.60 15.60 15.60 

ME (MJ/Kg DM) 12.30 12.30 12.30 12.30 

CF (%) 4.00 4.00 4.00 4.00 

Ca (%) 0.32 0.93 0.32 0.61 

Mg (%) 0.18 0.18 1.13 0.65 

K (%) 0.77 0.77 0.77 0.77 

Na (%) 0.18 0.18 0.18 0.18 

P (%) 0.27 0.27 0.27 0.27 

DM: dry matter; NDF: neutral detergent fibre; ADF: acid detergent fibre; CP: crude protein; ME: 

metabolised energy; CF: crude fibre; Ca: calcium; Mg: magnesium; K: potassium; Na: sodium; 

P: phosphorous.  

 

2.3.3 Collection of blood, urine and milk samples 

Blood and urine samples were collected from the ewes two weeks prior to the expected 

commencement of lambing for the flock (–2 W), 12 hours after lambing (+12 H), two 

weeks post lambing (+2 W) and four weeks post lambing (+4 W). Colostrum samples 

from ewes were collected within +12 H of lambing, and milk samples were collected at 

+2 W and +4 W and stored at –30 °C for further analysis. Midstream urine samples were 

collected by the nasal occlusion (animal’s nostrils were blocked to avoid breathing for 10 

seconds) method into 50 ml vials and then liquated into 5 ml sample tubes and stored at 

–30 °C for further analysis. Blood samples were collected from the lambs at +12 H of 

birth, +2 W after birth and +4 W after birth. Lambs were weighed with a hanging scale 

and a bucket at three time points namely lambing time (+12 H), +2 W and +4 W. 

Lambing commenced on 10 June 2016 and took 3 weeks for all ewes to lamb (due to 

natural joining). However, the dates for samples collection (+12 H, +2 W, +4 W) for each 

ewe and her lambs were calculated based on her specific lambing date. The dates for pre-

lambing sample collection were calculated based on the pregnancy scanning result. 
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Blood samples were collected from the jugular vein using an 18-gauge needle into 

heparinised vacutainer tubes (Greiner bio-one, #455084) and immediately placed on ice. 

Blood samples were centrifuged within five hours of sampling at 2000 × g at 4 °C for 15 

minutes. Plasma was removed and stored at –30 °C for further analysis. The remaining 

blood was used for isolation of leukocytes.  

2.3.4 Calcium, Mg and P determination in plasma, milk and urine samples 

A solution of 1 % nitric acid was used to process and dilute plasma, urine and milk 

samples (dilution 1:10). Samples were then analysed for concentrations of Ca, Mg and P 

using ICP-AES (Varian 710-ES) with 10 mg/L Lutetium as the internal standard at the 

Environmental Analysis Unit (EAL), Charles Sturt University, Wagga Wagga, New 

South Wales, Australia. Calcium, Mg and P levels in plasma, urine and milk samples 

were measured at wavelengths 315.887 nm, 279.078 nm and 213.618 nm, respectively.  

2.3.5 Urine creatinine 

The traditional way to estimate the rate of excretion of urinary constituents is the 

collection of a 24-hour urine sample, which is difficult to collect in the field. However, 

the excretion of creatinine through urine is constant within 24 hours. Therefore, the ratio 

of urine constituent to creatinine is a good, simple and reliant indicator of each constituent 

excreted through the urine (Wills, 1969). In this ratio, creatinine excretion can be used as 

a reference standard. However, the excretion of creatinine through urine is constant within 

24 hours. The ratio of urine constituent to creatinine is a good, simple and reliant indicator 

of each constituent excreted through the urine. Urine creatinine was measured 

quantitatively by kinetic colour test on a Beckman coulter auto-analyser at the Veterinary 

Diagnostic Laboratory (VDL), Charles Sturt University, Wagga Wagga, New South 

Wales, Australia. 

2.3.6 Determination of oxidative burst response in leukocytes 

Leukocyte cells were isolated from the blood sample after plasma removal. The 

erythrocytes were separated and lysed by adding an erythrocyte digest buffer. After 

centrifugation at 400 × g for five minutes, the supernatant was decanted and cells were 

resuspended in phosphate buffered saline (PBS) (# P4417, Sigma Aldrich). The isolated 

leukocyte cells were counted by hemocytometer chamber. These cells were then 

reconstituted to a concentration of 2 × 105 cells/100 µl of medium (PBS containing 5% 

fetal bovine serum (# 12003C, Sigma Aldrich)). 
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For the measurement of oxidative burst, 100 µl of leukocytes was pipetted in triplicate 

into a 96-well plate (# O2222381, Nunc). A negative or non-activated control for this 

assay was made by pipetting 100 µl of the medium, with 80 µl of PMA (# P1585, Sigma 

Aldrich) at a final concentration of 400 nM added to all wells containing leukocyte cells. 

Also, 20 µl luminol was added to all wells at the final concentration of 10 µM. The plate 

was incubated at 37 °C and luminescence was recorded every five minutes for two hours 

using a FLUOstar Omega microplate reader. Production of ROS was calculated as 

follows: 

(Sum of luminescence measurement of leukocytes over two hours) – (Sum of 

luminescence measurement of negative control wells over two hours). 

2.3.7 Plasma oxidative status determinations 

Reactive oxygen metabolites were quantified as an indicator of ROS by d-ROM test (# 

MC 003, Diacron international). Results are expressed in arbitrary Carratelli Units 

(CarrU), where 1 CarrUnit is equivalent to the oxidising power of 0.08 mg H2O2/dL. 

TAC was evaluated using the OXY-Adsorbent test (# MC435, Diacron International) to 

assess all antioxidants present in plasma. Results are expressed as µmol HClO/ml.  

The OSi was calculated as ROM/TAC. 

2.3.8 Plasma Non-esterified fatty acid measurement 

Plasma NEFA concentrations were measured using a commercial kit (Wako Diagnostic 

kit, # 413-19501, NEFA-HA2 R1 set and # 419-19601, NEFA-HA2 R2 set) and 

calculated from the standard curve created from standard absorbance. 

2.3.9 Immunoglobulin G measurement in lamb plasma and colostrum  

Plasma IgG concentration was measured by sheep IgG enzyme-linked immunosorbent 

assay (ELISA) kit (#CSB-E14400Sh, Cusabio). Colostrum IgG concentration was 

measured by Calokit Ovino ELISA kit (# ZE/CKO96, Zeulab). 

2.3.10 Statistical analysis 

All data were analysed using IBM SPSS Statistics for Windows, Version 20.0. Armonk, 

NY: IBM Corporation. Distributions of the residuals of continuous data were evaluated 

for normality by using frequency histograms and QQ plots. All data were analysed by the 
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linear mixed model. Both the main effects (treatment, timepoint and rearing status), and 

their interaction effects (timepoint × treatment, treatment × rearing status and timepoint 

× treatment × rearing status) were considered as fixed factors. Ewe and pen were random 

factors. The effect of the difference between treatment groups at the start time point was 

included as a covariate where there was a significant difference between treatments at the 

start time point in the statistical model. 

A p-value of < 0.05 was used to identify differences that were statistically significant and 

0.05≤ p ≤ 0.1 used to show the tendencies.  

2.4 Results 

2.4.1 Calcium and magnesium concentrations in plasma, milk and urine 

samples in ewes  

Table 2.2 represents the concentration of Ca, Mg and P in plasma of ewes. The overall 

effect of time on plasma Ca concentration was significant (p = 0.005), and the plasma Ca 

concentration in ewes at +12 H was greater than at the other time points. Treatment did 

not have a significant effect on the plasma Ca level of ewes (p =0.840). Mean plasma Mg 

concentration of ewes at +12 H, +2 W and +4 W were significantly higher than at –2 W 

(p = 0.010). The time × treatment interaction was significant for plasma Mg, with ewes 

in the control group having a lower plasma Mg level compared to the other groups at +2 

W, and ewes in the Mg treatment having a higher plasma Mg concentration at +4 W in 

comparison to other groups (p = 0.040). The overall effect of time on plasma P 

concentration was significant (p = 0.005); plasma P concentration was greater at +12 H 

than at the other time points. Treatment did not have a significant effect on plasma P 

concentration (p = 0.587) (Table 2.2). 
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Table 2.2: Mean concentration (±SE) of calcium (mg/dL), magnesium (mg/dL) and 

phosphorus (mg/dL) in plasma of ewes at 2 weeks prior to lambing (-2 W), 12 hours post 

lambing (+12 H), 2 weeks post lambing (+2 W) and 4 weeks post lambing (+4 W) as a 

result of calcium and magnesium supplementation from two weeks pre lambing to one-

month post lambing.  

Time 

Treatment  p-value 

Control Calcium Magnesium 
Calcium+ 

Magnesium 
Time Treatment 

Time × 

Treatment 

Plasma Calcium 

–2 W 10.5±0.67 9.9±0.78 10.1±0.82 10.5±0.90 

 

0.005 

 

 

0.840 

 

 

0.100 

 

+12 H 9.6±0.64 10.0±0.82 9.5±0.82 9.9±0.78 

+2 W 9.8±0.67 11.2±0.75 9.7±0.75 9.3±0.78 

+4 W 10.1±0.55 10.8±0.75 10.6±0.77 8.2±0.78 

Plasma Magnesium 

–2 W 2.6±0.14 2.3±0.16 2.4±0.19 2.7±0.18 

0.010 0.536 0.040 
+12 H 2.9±0.14 2.7±0.17 2.9±0.12 2.9±0.19 

+2 W 2.4±0.15 2.8±0.16 3.0±0.14 2.8±0.18 

+4 W 2.8±0.18 2.7±0.17 3.1±0.11 2.6±0.23 

Plasma Phosphorus  

–2 W 8.9±0.56 9.02±0. 68 9.4±0.66 8.2±1.07 

0.005 0.587 0.420 
+12 H 9.9±0.69 13.5±0.69 9.6±0.69 9.1±0.78 

+2 W 9.2±0.66 8.4±0.68 8.7±0.63 8.8±0.76 

+4 W 8.6±0.56 8.3±0.66 8.8±0.67 8.3±0.76 

Table 2.3 shows the changes in Ca, Mg and P concentration of milk over time in different 

treatment groups. Milk Ca, Mg and P concentration at +4 W was significantly greater 

than at the other time points (p < 0.001). Calcium concentration in milk did not differ 

significantly between treatments at any time point (p =0.380). The overall concentration 

of milk Mg was significantly higher in the Ca treatment group compared to the other 

groups (p = 0.007). The mean concentration of milk Mg differed significantly between 

treatments over time (time × treatment) (p = 0.040), as the Ca group at +4 W had greater 

milk Mg levels compared to the other groups. Treatment did not have a significant effect 

on plasma P concentration (p = 0.682).  
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Table 2.3: The effect of calcium and magnesium supplementation on mean (±SE) milk 

concentration of calcium (mg/dL), magnesium (mg/dL) and phosphorus (mg/dL) in ewes 

at 12 hours post lambing (+12 H), 2 weeks post lambing (+2 W) and 4 weeks post lambing 

(+4 W). 

Time 

Treatment   p-value 

Control Calcium Magnesium 
Calcium+ 

Magnesium 
Time Treatment 

Time × 

Treatment 

Milk Calcium   

+12 H 153.5±15.39 165.0±18.57 163.6±31.09 154.0±17.86 

0.000 0.380 0.869 +2 W 141.5±14.56 152.8±17.19 145.4±17.49 136.4±17.19 

+4 W 244.6±15.36 279.4±17.86 224.3±20.07 233.7±16.87 

Milk Magnesium  

+12 H 16.3±1.68 21.6±2.08 19.4±3.38 15.0±2.09 

0.000 0.007 0.040 +2 W 14.2±1.69 15.1±1.89 14.1±1.96 14.9±1.88 

+4 W 24.6±1.66 32.7±2.0  19.6±2.28 21.6±1.87 

Milk Phosphorus  

+12 H 175.7±15.39 181.7±17.4 173.9±29.14 171.4±17.40 

0.000 0.682 0.458 +2 W 137.9±13.77 139.7±16.15 150.8±16.48 148.1±16.15 

+4 W 221.9±17.40 278.2±16.86 214.2±19.48 240.9±15.90 

 

Table 2.4 shows the excretion of Ca, Mg and P through urine. Change in the excretion of 

the minerals through urine was reported in this study as a ratio of minerals to creatinine. 

The concentration of creatinine was 3.80 µmol/L, 3.75 µmol/L, 3.75 µmol/L and 3.65 

µmol/L at –2 W, +12 H, +2 W and +4 W, respectively. The urine Ca: creatinine ratio was 

greater at –2 weeks than other time points (p = 0.003). There was no effect of treatment 

on Ca excretion (p = 0.895). The urine Mg: creatinine ratio did not change significantly 

over time (p = 0.429) and treatment did not have a significant effect on urine Mg excretion 

(p = 0.406). The urine P: creatinine ratio was greater at +12 H than other time points (p = 

0.040), but did not differ with treatment (p = 0.353) (Table 2.4). 
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Table 2.4: The effect of calcium and magnesium supplementation from two weeks pre 

lambing to one-month post lambing on mean (±SE) urine calcium: creatinine, urine 

magnesium:creatinine and urine phosphorous:creatinine ratio in ewes at 2 weeks prior to 

lambing (-2 W), 12 hours post lambing (+12 H), 2 weeks post lambing (+2 W) and 4 

weeks post lambing (+4 W). 

Time 

Treatment  p-value 

Control Calcium Magnesium 
Calcium+ 

Magnesium 
Time Treatment 

Time × 

Treatment 

Urine Calcium: Creatinine ratio 

–2 W 0.040±0.006 0.080±0.005 0.060±0.007 0.040±0.044 

0.003 0.895 0.982 
+12 H 0.030±0.006 0.020±0.007 0.030±0.004 0.020±0.009 

+2 W 0.005±0.004 0.020±0.005 0.009±0.002 0.008±0.006 

+4 W 0.003±0.0004 0.002±0.003 0.010±0.003 0.010±0.003 

Urine Magnesium: Creatinine ratio 

-2 W 2.3±0.72 2.2±0.72 1.5±0.66 2.00±1.08 

0.429 0.406 0.921 
+12 H 3.3±0.66 1.5±0.72 2.2±0.78 2.20±1.08 

+2 W 2.4±0.66 1.3±0.82 1.7±0.60 2.30±0.68 

+4 W 1.6±0.46 1.6±0.45 1.6±0.65 1.77±0.48  

Urine Phosphorus: Creatinine ratio   

–2 W 1.1±0.61 0.7±0.005 0.50±0.006 0.7±0.007    

+12 H 1.8±0.61 0.5±0.010 0.05±0.009 0.5±0.030 0.040 0.353 0.148 

+2 W 0.2±0.002 0.07±0.007 0.03±0.009 1.5±0.009    

+4 W 0.3±0.002 0.3±0.002 0.70±0.006 0.2±0.002    

 

2.4.2 Calcium and magnesium concentration in lamb plasma 

At +12 H, lambs in all groups had greater plasma Ca and Mg concentration in comparison 

with +2 W and +4 W (p < 0.001). Treatment had no effect on mean plasma Ca (p = 0.208) 

and Mg (p = 0.407) in lambs (Figure 2.1, A-B).  
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Figure 2.1: The effect of maternal supplementation with calcium and magnesium on the 

concentration of (A) Ca (mg/dL) and (B) Mg (mg/dL) in the plasma of lambs at 12 hours 

post lambing (+12 H), 2 weeks post lambing (+2 W) and 4 weeks post lambing (+4 W). 

Error bar represents SE. 

2.4.3 Immune factors in ewes and lambs 

2.4.3.1 Immunoglobulin G in colostrum and lamb plasma 

The concentration of IgG in lamb plasma at +2 W and +4 W after birth was significantly 

higher than 12 H after birth (p < 0.001). Treatment did not have a significant effect on 

plasma IgG concentration (p = 0.960) (Figure 2.2-A). Moreover, supplementation did not 

affect IgG concentration in colostrum (p = 0.553) (Figure 2.2-B).  
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Figure 2.2: A: Changes in plasma immunoglobulin G concentration (µg/ml) in lambs at 

12 hours post lambing (+12 H), 2 weeks post lambing (+2 W) and 4 weeks post lambing 

(+4 W) as a result of maternal supplementation with calcium and magnesium B: The 

effect of calcium and magnesium supplementation of ewes on immunoglobulin G 

concentration (mg/ml) in colostrum at 12 hours post lambing (+12 H). 

Error bar represents SE. 

2.4.3.2 Oxidative burst response in lambs 

Figure 2.3 represents the effects of time × treatment on the oxidative burst response in 

lambs. There was a significant increase in the oxidative burst response of lambs over time 

(p < 0.001), and a significant time × treatment interaction on the oxidative burst response 

of lambs (p = 0.001). Lambs in the Ca and Ca + Mg groups at +4 W had a greater oxidative 

burst response compared to the Mg and control groups. Also, lambs raised as singles (85 
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× 103 Relative Light Unit (RLU)) had a greater oxidative burst response in comparison 

with twin-reared lambs (61 × 103 RLU) (p = 0.008). 

 

Figure 2.3: Changes in the mean (±SE) oxidative burst response (Luminescence in RLU) 

of leukocyte cells in lambs in different treatment groups at 12 hours post lambing (+12 

H), 2 weeks post lambing (+2 W) and 4 weeks post lambing (+4 W). 

Error bar represents SE 

2.4.3.3 Oxidative status in lambs 

The mean TAC in lambs at +2 W was greater than at the other time points (p < 0.001), 

and mean TAC in lambs in the Ca and Ca + Mg groups was higher than the Mg and 

control groups (p = 0.041; Table 2.5). The interaction of time × treatment showed a trend 

towards significance for mean TAC in lambs (p = 0.073). Mean ROM and OSi in lambs 

was significantly higher at +4 W compared to other time points (p < 0.001), and there 

was no difference between treatments for ROM (p = 0.225) and for OSi (p = 0.372) (Table 

2.5). 
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Table 2.5: The effect of maternal calcium and magnesium supplementation on the mean 

(±SE) total antioxidant capacity (TAC) (µmol Hcl/ml), reactive oxygen metabolites 

(ROM) (Carr U) and oxidative stress index (OSi) (ROM/TAC) in plasma of lambs at 12 

hours post lambing (+12 H), 2 weeks post lambing (+2 W) and 4 weeks post lambing (+4 

W). 

Time 

Treatment p-value 

Control Calcium Magnesium 
Calcium+ 

Magnesium 
Time Treatment 

Time × 

Treatment 

TAC  

+12 H 432.1±88.6 448.2±111.2 514.8±90.8 506.9±76.1    

+2 W 608.7±88.6 1096.0±116.8 747.9±87.1 1036.9±70.5 <0.001 0.041 0.073 

+4 W 448.9±88.6 519.6±113.2 353.1±92.2 399.7±74.1    

ROM  

+12 H 121.5±36.4 108.2±36.5 147.2±36.5 131.5±63.4    

+2 W 114.1±38.8 106.1±38.9 103.5±38.9 83.9±38.9 <0.001 0.225 0.192 

+4 W 410.5±36.5 206.6±36.5 317.7±46.7 286.3±63.0    

OSi 

+12 H 0.25±0.1 0.24±0.1 0.34±0.1 0.32±0.9    

+2 W 0.11±0.1 0.10±0.1 0.15±0.1 0.10±0.1 <0.001 0.372 0.113 

+4 W 1.10±0.1 0.44±0.1 0.94±0.1 0.59±0.1    

 

2.4.4 Lamb weight and lamb survival 

The effect of time (p < 0.001) and rearing status (p = 0.001) was significant for lamb 

weight. The weight of lambs at +4 weeks (8.6±0.17 kg) was greater than +2 W (6.9±0.17 

kg) and +12 H (4.2±0.19 kg). Also, lambs raised as singles (7.0±0.18 kg) had a higher 

weight than twins (6.3±0.10 kg) (p = 0.003). Treatment did not have a significant effect 

on lamb weight (p = 0.280). Figure 2.4 represents the effect of time × treatment 

interaction on lamb weight over time (p = 0.870).  

The overall survival rate for lambs was 66% for the Ca group, 67% for the Mg group, 

71% for the Ca + Mg group and 68% for the control group. 
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Figure 2.4: The effect of maternal supplementation with calcium and magnesium on lamb 

weight (kg) at 12 hours post lambing (+12 H), 2 weeks post lambing (+2 W), 4 weeks 

post lambing (+4 W). 

Error bar represents SE 

2.4.5 Oxidative status in ewes  

Table 2.6 represents the effect of Ca and Mg on mean TAC, mean ROM and OSi in ewes. 

Mean TAC in ewes at –2 W was significantly higher than all the other time points. Mean 

TAC was significantly higher at +4 W compared with +12 H and +2 W, but was still 

lower than recorded at –2 W (p < 0.001). Also, the mean TAC of ewes rearing singles 

(451.8±28.6 µmol HCl/ml) was significantly greater than twins (345.6±20.3 µmol 

HCl/ml) (p = 0.040). Treatment did not affect mean TAC level in ewes significantly (p = 

0.680).   

Mean ROM  in ewes at +4 W was significantly greater than at the other time points (p = 

0.002) and Ca and Mg supplementation of ewes had no significant effect on their mean 

ROM (p =0.841). Mean OSi (ROM/TAC) in ewes at +12 H and +2 W was greater than 

the other time points and mean OSi at +4 W was greater than -2 W (p < 0.001). Treatment 

had no effect on mean OSi (p = 0.100). 
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Table 2.6: The effect of maternal calcium and magnesium supplementation on mean 

(±SE) total antioxidant capacity (TAC) (µmol Hcl/ml), reactive oxygen metabolites 

(ROM) (Carr U) and oxidative stress index (OSi) in plasma of ewes at 2 weeks prior to 

lambing (-2 W), 12 hours post lambing (+12 H), 2 weeks post lambing (+2 W) and 4 

weeks post lambing (+4 W). 

Time 

Treatment  p-value 

Control Calcium Magnesium 
Calcium+ 

Magnesium 
Time Treatment 

Time × 

Treatment 

TAC  

–2 W 803.2±59.67 654.4±87.35 636.7±62.41 640.6±66.72    

+12 H 69.1±39.67 223.1±81.71 159.1±62.41 274.7±66.72 0.00 0.680 0.666 

+2 W 149.3±59.67 217.3±61.77 199.9±62.41 279.1±66.72    

+4 W 280.2±62.41 411.4±94.35 426.4±98.72 486.8±66.72    

ROM  

–2 W 221.9±36.44 229.2±35.32 230.8±36.51 268.5±34.47    

+12 H 212.4±32.18 206.5±46.12 201.7±30.85 183.6±35.31 0.002 0.841 0.768 

+2 W 190.6±30.79 218.6±34.48 165.9±38.43 171.6±44.97    

+4 W 317.2±30.79 254.6±45.48 265.4±46.09 311.7±33.86    

OSi 

–2 W 0.28±0.165 0.35±0.168 0.36±0.158 0.42±0.177    

+12 H 3.07±0.189 0.93±0.197 1.27±0.158 0.67±0.177 0.00 0.100 0.620 

+2 W 1.28±0.177 1.01±0.168 0.83±0.158 0.61±0.177    

+4 W 1.13±0.211 0.62±0.185 0.62±0.158 0.64±0.177    

 

2.4.6 The effect of calcium and magnesium supplementation on plasma 

non-esterified fatty acid concentration in ewes  

There was a significant time, treatment and time × treatment effect on NEFA 

concentration (Figure 2.5). Mean NEFA was greater at lambing compared to the other 

time points (p < 0.001). Mean NEFA in the control group was greater than the 

supplemented groups (p = 0.002). The interaction of time × treatment was significant and 

the control group at +12 hours had greater NEFA concentration compared to the other 

treatments and time points (p = 0.010).  



60 

 

 
 

Figure 2.5: The effect of calcium and magnesium supplementation on the concentration 

of non-esterified fatty acids (NEFA) (µEq/ml) in ewes at 2 weeks prior to lambing (-2 

W), 12 hours post lambing (+12 H), 2 weeks post lambing (+2 W) and 4 weeks post 

lambing (+4 W). 

Error bar represents SE 

2.5 Discussion 

Supplementation of ewes with Mg improved the mean plasma Mg concentration at +4 W. 

Calcium and Mg supplementation of ewes also improved energy regulation in ewes at 

+12 H compared to the control group as shown by the NEFA concentrations in blood. 

This study showed that maternal Ca and Ca + Mg supplementation improves immunity 

responses at least in part via changes in the oxidative burst response and TAC of lambs.  

Primary immunity of lambs in this study was assessed by measuring the IgG 

concentration in blood, the oxidative burst response of leukocytes and plasma oxidative 

status (as shown by the mean TAC and ROM production). In this study, the oxidative 

burst response of newborns was lower at +12 H. Thereafter it increased significantly at 

+2 W and +4 W after birth, suggesting that the leukocyte function increases with age. A 

research study conducted on human neutrophils showed that there is a lack in neutrophil 

function in neonates after birth, due to an insufficient number of membrane surface 

receptors, inefficient signal transduction and a delayed mobilisation of intracellular Ca 

(Makoni, Eckert, Anne Pereira, Nizet, & Lawrence, 2016). An increased number of 

immature leukocytes in neonates reduces concentrations of cell substrate for having an 

efficient and robust immunity in neonates (Makoni et al., 2016). The improved oxidative 
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burst response over time in lambs in the current study could therefore be due to the 

maturation of leukocytes as the level of surface adhesion and responsiveness of mature 

leukocytes normalises to adult levels over time. Studies have shown that Ca contributes 

to immune system function through its role in activation of NADPH in leukocyte cells 

(Kimura et al., 2006; Nemec et al., 2012; Martinez et al., 2014). Activated NADPH-

oxidase produces O2
-, which digests pathogens and activates the rest of microbicidal 

system in leukocyte cells (Jaconi et al., 1990; Allard et al., 1999).  

In the current study, lambs from mothers supplemented with only Ca and Ca + Mg 

showed a higher oxidative burst response at +4 W. Therefore, maternal supplementation 

of Ca through late pregnancy and early lactation may have improved oxidative burst 

response of their lambs through improvement of the leukocyte maturation process. 

Similar results have been reported in a study by Martinez et al. (2014), where cytoplasmic 

ionised Ca is essential for leukocyte functions such as chemotaxis, phagocytosis and 

oxidative burst response. The function of leukocytes was impaired in their study during 

the period in which 1,2-bis (o-aminophenoxy) EGTA was infused for induction of 

hypocalcaemia in cows, but leukocytes showed normal activity six hours after cessation 

of infusion because hormone regulation could normalise plasma Ca concentration 

(Martinez et al., 2012). Another function of leukocyte cells is phagocytosis which can 

provide further insight into the effect of Ca and Mg supplementation on leukocyte 

function. Leukocyte cells were not assessed for phagocytosis in this study due to 

equipment limitation, but will be evaluated in the next experiment (Chapter 3). 

There was no difference in the lamb plasma IgG concentration between treatments. 

However, there was an increase in plasma IgG concentration from birth to four weeks of 

age. Enhancement of IgG concentration in lamb plasma over time is most likely due to 

exposure of lambs to different pathogens as they grow older, showing that the immune 

responses against the pathogens normalises to mature level as they grow. This suggests 

that the ability of the adaptive immune system for generating specific immunity against 

the pathogens improves as lambs mature or grow (Gaál et al., 2006). 

The higher mean TAC in lambs born to mothers supplemented with Ca and Ca+ Mg 

compared to ewes that received no Ca supplementation (Mg and control) at +2 W suggests 

that Ca acts as the main element in the functional improvement of antioxidants, which 

might be through increased concentration of transferred antioxidants through the 

colostrum or the milk. Mean TAC measured in lambs was highest at two weeks of age in 
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the current study. This may indicate that the improvement of TAC in lambs can be 

associated to passive immunity transferred from the colostrum and fat-soluble 

antioxidants transferred by milk (Albera & Kankofer, 2011). Studies in dairy cows have 

shown that TAC in neonates reach higher values in the second or third months compared 

to the first days of life (Gaál et al., 2006; Albera & Kankofer, 2011), suggesting that 

development of TAC in ruminant neonates takes place over a long period of time. Further 

research is therefore needed to assess the antioxidant capacity of colostrum and milk.  

The results of this study showed a higher ROM level in lamb’s plasma at +4 W, which is 

most likely due to the lack of an efficient antioxidative system to neutralise excessive 

ROM production. Lambs at this age are introduced to solid feed, which accelerates 

oxidative metabolism and consequently an increase in ROS production (Gaál et al., 2006).  

In this study, a decrease in mean TAC in the ewes at +12 H suggests that the ewes 

underwent a period of dysfunctional immune response at lambing, which suppressed the 

function of antioxidant enzymes to counteract ROM and consequently ewes experienced 

OS. These results indicated that there is a possibility of immune suppression occurrence 

in ewes at lambing and even pre-lambing which needs further investigations. This gap is 

addressed in the second study of this PhD project through evaluating the oxidative burst 

and phagocytosis function of leukocyte cells in ewes (Chapter 3). The concentration of 

antioxidants has been shown to decrease in dairy cows after calving (Li et al., 2016), 

which is similar to the response observed in the current study.  

The lamb survival in this study was recorded and there was no significant difference 

between lamb survival in different treatment groups. However, The mob size number of 

lambs born in total was n=75. This sample size (power for statistical analysis) was not 

adequate was not large to determine the effect of Ca and Mg on lamb survival. Thus, 

further study is required to assess the effect of Ca and Mg supplementation on lamb 

survival under field condition.   

The concentration of ROM in ewes increased at +2 and +4 weeks. This may be due to 

stress associated with peak lactation, which occurs at approximately 21 days postpartum 

in Merino ewes (Morgan et al., 2006). Maintaining homeostasis and providing nutrients 

for neonates makes lactogenesis a challenge for mothers, particularly when they are in 

the peak of lactation due to increased milk production. These mechanisms are regulated 

by steroid hormones, prostaglandins and other biologically active factors that are based 
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on aerobic metabolic pathways that act as the main sources for generating ROM (Albera 

& Kankofer, 2011). Rizzo et al. (2008) observed that the concentration of ROM in ewes 

increased from 36 hours pre lambing to 36 hours post lambing. This phenomenon may be 

due to a physiological inflammatory process as a result of parturition. The higher ROM 

observed in ewes at +2 W and +4 W in the current study indicates that the upward trend 

in ROM observed by Rizzo et al. (2008) may continue in the period following parturition.  

Ewes supplemented with Ca, Mg and Ca + Mg showed higher efficiency in energy 

regulation in comparison with the control group, as shown by the lower NEFA plasma 

concentration compared to that of the control ewes, especially at +12 H. Calcium acts as 

a second messenger for energy metabolism in hepatocytes. As cytosolic Ca levels 

increase, it gives a parallel rise to Ca concentration in mitochondria, which is critical for 

the stimulation of mitochondrial oxidative metabolism and energy production (Martinez 

et al., 2012; O’Brien & Corpe, 2016). Moreover, glucose turnover, endogenous glucose 

production and circulating insulin levels decline in hypocalcaemia; consequently 

promoting lipolysis and elevation of NEFA concentration in blood. As Ca is an important 

element in muscle contraction, animals with hypocalcaemia are more likely to show a 

decrease in feed intake, reduced chewing activity, suppressed rumen and abomasum 

motility, and decreased digestive tract motility (Martinez et al., 2012). The role of Mg in 

energy regulation is through controlling ATP production and utilisation in mitochondria. 

Magnesium is required as a cofactor by fructose bisphosphatase and pyruvate carboxylase 

as two catabolic regulatory enzymes. Moreover, Mg acts as a second messenger in 

synthesis, storage and conformational integrity of insulin. Hypomagnesemia has been 

shown to decrease insulin ability to stimulate glucose uptake in tissues (Cinar et al., 2008). 

A decrease in NEFA concentration in the supplemented groups (Ca, Mg and Ca + Mg) 

compared to the control group at lambing suggests that Ca and Mg might regulate energy 

through alteration in expression of genes associated with glucose regulation and fatty acid 

utilisation as an alternative energy source which to some extend is supported by study of 

Bouvier-Muller et al. (2017b). Therefore, the expression level of energy regulating genes 

in the second study will be evaluated (Chapter 4).  

All ewes in this study received adequate amounts of Ca and Mg through the base pellet, 

as the concentration of these minerals in the base pellet (3.2 g/kg DM for Ca and 1.8 g/kg 

DM for Mg) was within the NRC requirements (NRC, 2007) for the pregnant and 

lactating ewes. There were no incidences of metabolic diseases such as hypocalcaemia 



64 

 

and hypomagnesemia in this study. Other studies have also shown that ewes can maintain 

normal Ca and Mg concentrations in blood even if levels of these minerals in the forage 

diet are apparently low (McGrath et al., 2015). In the current study, the mean Ca 

concentration at +12 H in all the groups was higher than at the other time points, and the 

plasma Ca concentration in the Ca supplemented group had a trend towards being higher 

than the other groups. The concentration of Ca in blood is tightly regulated by hormones 

like PTH and calcitonin; thus, measurement of these hormones provide more insight 

about Ca regulation which will be addressed in the second study (Chapter 3) (Horst et al., 

1997). 

Supplementation of ewes with Mg supplements (Mg and Ca + Mg groups) improved the 

plasma Mg level compared to the start time point when ewes were not on treatment. 

Circulating Mg status is regulated by its absorption from the rumen and reabsorption from 

the kidneys and is not under tight hormonal control like Ca (De Baaij, Hoenderop, & 

Bindels, 2012). Therefore, the level of supplementation is an effective factor in plasma 

Mg concentration.  

However, limitations of this study were 1) adding loose powder of Limestone and 

Causmag® to base pellet which could cause variable intake of minerals by ewes, 2) short 

period of maternal supplementation of animal with Ca and Mg (2 weeks pre-lambing to 

4 weeks post lambing), 3) allocating two ewes per each pen which affected the evaluation 

of feed intake and 4) lack of comprehensive evaluation of leukocyte functions in lambs.  

These findings and limitations led us to design the second experiment which is presented 

in three chapters (Chapter 3, Chapter 4 and Chapter 5). 

Ewes in the second experiment were supplemented with a formulated pellet to provide 

different concentration of Ca and Mg (high Ca, high Mg, high Ca + high Mg and control) 

for longer duration (5 weeks pre lambing to 4 weeks post lambing). Beside determining 

same factors measured in first study, immune system of ewes were evaluated at 5 time 

points pre-lambing and 4 time points post-lambing and also leukocyte function of lambs 

was evaluated for both oxidative burst and phagocytosis at three time points after lambing 

(Chapter 3).  

Ewes supplemented with Ca and Mg were able to regulate energy more efficiently which 

is likely to reduce the risk of metabolic diseases and resultant death, particularly under 

sub-optimal nutritional conditions, but also has a potential effect on ewe-lamb bond, lamb 
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vigour, colostrum/milk production and accordingly on lamb survival. Hence, in the 

second study, the effect of Ca and Mg on energy regulation was measured by detection 

of NEFA concentration in plasma, and by assessment of expression level of genes 

regulating energy balance in leukocyte cells. (Chapter 4). Also, the effect of Ca and Mg 

supplementation on the behaviour of ewe and lamb were evaluated at parturition time in 

the second study (Chapter 5). 

 

2.6 Conclusion 

The findings of this study indicated that 1) Ca and Mg play important roles in boosting 

immune system, 2) these minerals regulate energy balance at lambing, and 3) ewes 

experienced high energy demands and a period of immune suppression at pre-lambing 

and lambing. Maternal supplementation with Ca and Mg from two weeks prior to lambing 

to one month post lambing had positive impacts on the general health of both ewes and 

lambs, even though the Ca and Mg content in feed on offer was within the maintenance 

requirements of animals. Improvement of the immune system in lambs via improving 

leukocyte cells has the potential to increase lamb growth rates and survival, and so 

financial return to farmers. 
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Chapter 3. The effect of maternal supplementation of 

ewes with calcium and magnesium for longer duration 

on the immune status and weight gain of their lambs 

3.1 Summary 

High energy and mineral demands in late gestation and early lactation make animals more 

prone to immune suppression and increases the susceptibility of ewes to metabolic 

disorders. Moreover, lambs are vulnerable to infection during the first weeks after birth 

since their immune system is underdeveloped. It is well known that Ca and Mg are vital 

for a number of physiological processes in improving energy regulation and boosting the 

immune system. Therefore, this study aimed to evaluate the effect of supplementation of 

ewes with Ca and Mg in late gestation and early lactation on the plasma mineral 

concentration, hormone profile and immunity responses of ewes and their lambs.  

Forty-four Merino twin-bearing ewes were allocated between four dietary treatment 

groups: control (0.33% DM Ca and 0.28% DM Mg); high Ca (0.72% DM Ca); high Mg 

(0.48% DM Mg); and high Ca + Mg (0.66% DM Ca and 0.47% DM Mg), offered as part 

of a whole ration. Ewes were fed the treatment supplement from around one-month prior 

to lambing to one-month after lambing. Blood and urine samples were collected weekly 

starting at five weeks prior to lambing (–5 W, –4 W, –3 W, –2 W, –1 W), 12 hours post 

lambing (+12 H) and then at fortnightly intervals at two weeks (+2 W) and at four weeks 

(+4 W) post lambing. Colostrum/milk samples from ewes and blood samples from lambs 

were collected at +12 H, +2 W and +4 W. Live weight gain of lambs was measured at 

each time point.  

Low Ca concentration at pre-lambing time points switched on hormone-mediated Ca 

regulatory mechanisms to meet Ca demands (p < 0.001). Also, Mg supplementation 

improved the plasma Mg concentration over time in both ewes and their lambs (p < 

0.001). The oxidative burst response in lambs supplemented with Ca had a trend to be 

greater than the other groups (p = 0.051) and Mg supplementation increased mean TAC 

concentration in lambs (p = 0.040). The average daily weight gain of lambs from the 

supplemented groups was 204 g/head.day, 207 g/head.day, 245 g/head.day for Ca, Mg 

and Ca + Mg group respectively, which was significantly higher than the control group 

(148 g/head.day) (p < 0.001). 
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It is concluded that long-term Ca and Mg supplementation of ewes regulated the Ca 

homeostasis mechanism and plasma Mg concentration in ewes and improved immune 

status and weight gain in lambs. 

3.2 Introduction 

Fetal skeletal mineralisation and colostrogenesis occur during the last month of gestation 

when approximately 80% of final birth weight of the fetus is reached, which results in 

mineral drainage from the blood causing metabolic stress on ewes. It develops to sever 

metabolic stress if animal are bearing twin and multiple foetuses and are fed with low 

mineral content diet (Kenyon et al., 2009; Campion et al., 2016). Moreover, an increase 

in milk production during lactation places a large demand for minerals on ewes during 

lactation (Thirunavukkarasu, Kathiravan, Kalaikannan, & Jebarani, 2010). The 

concentration of Ca and Mg in ewe colostrum/milk is high and almost double that 

observed in cow milk. High drainage of Ca and Mg from plasma for fetal growth and 

colostrum/milk synthesis normally exceeds the available plasma pool by a factor of 

several times (Moreno-Rojas, Zurera-Cosano, & Amaro-Lopez, 1994; Brozos, 

Mavrogianni, & Fthenakis, 2011).  

Another essential nutrient that dams should provide for their fetuses and newborns is 

glucose. High drainage of glucose can impose NEB in ewes. It has been reported that the 

development of NEB in cows from transition to lactation impairs neutrophil cell function 

since glucose uptake and glycolysis are essential for immune cell function (Galvão et al., 

2010). Metabolic stress caused by mineral and energy imbalance imposes immunity 

suppression in ewes which results in an increase in ROS production and consequently 

leads to the impairment of neutrophil function (chemotaxis, phagocytosis and oxidative 

burst), and a decrease in antibody response and cytokine production (Anugu et al., 2013). 

The study of Nonnecke, Kimura, Goff, and Kehrli (2003) showed that mastectomised 

cows did not develop hypocalcaemia and did not suffer from the same degree of immune 

suppression as milk-producing cows, which suggests the importance of Ca in the immune 

system. It is reported that cows with hypocalcaemia suffer more from the immune 

suppression due to high cortisol concentration, reduced blood neutrophil counts and 

impaired neutrophil function (Martinez et al., 2012; Bicalho et al., 2014). High mineral 

demands, parturition and lactation stress and immune suppression increase ewe 

susceptibility to develop metabolic disorders and reproductive wastage caused by 

abortion or neonatal death (Bernabucci et al., 2005). 
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Besides the high requirement of pregnant and lactating ewes for major minerals like Ca 

and Mg (McClure, 2004), these minerals are also vital for boosting the immune system 

(Nemec et al., 2012; Ataollahi et al., 2018b). Calcium is critical for rapid generation of 

free radical to digest engulfed pathogen under oxidative burst response of leukocyte cells 

(Allard et al., 1999; Ducusin et al., 2003). Magnesium acts as a cofactor for many Ig 

synthesis, antibody dependent catalysis (Feske, 2007; Laires & Monteiro, 2008) 

The results of the first experiment suggested that ewes experienced immune suppression 

at lambing and also maternal supplementation with Ca and Mg for s short duration 

boosted the immune status of lambs (Ataollahi et al., 2018b) which accordingly might 

have implications on lamb health and production. Therefore, the objectives of the present 

study were to identify the effect of Ca and Mg supplementation for a longer duration (one 

month prior to lambing to one month post lambing) on the immune response of ewes and 

their lambs, and also on the growth rate of newborn lambs.  

3.3 Materials and methods 

The study was conducted at Charles Sturt University, Wagga Wagga, New South Wales, 

Australia from April 2017 to August 2017. The research study was approved by the 

Charles Sturt University Animal Care and Ethics Committee (protocol number A16077). 

3.3.1 Sheep management and measurements 

Merino ewes (three to five years) were joined to Merino rams in late January 2017. Ewes 

were pregnancy scanned by trans-abdominal ultrasound on 15 March at which time they 

were identified as carrying one or two fetuses. Ewes were maintained on pasture until two 

weeks before trial commencement. The 44 twin-bearing ewes were weighed (mean live 

weight 60.7±0.3kg) and condition scored (mean BCS 2.6 ± 0.3 (Jefferies, 1961)). The 

subsample ewes were stratified by BCS and randomly allocated to 44 pens (area 12 m2) 

with one ewe per pen. All ewes were fed with barley grain and wheaten hay during an 

adaptation and habituation period of 10–14 days and then gradually transitioned to the 

custom-made pellets (made from barley, lupins, oat hulls, bentonite, mill-mix and canola) 

(Quayle Milling Pty. Ltd. Yass, New South Wales, Australia).  

Unlike the experiment explained in the previous chapter in which mineral was added and 

mixed to the pellet by hand, the pellet in the experiment explained in this chapter were 

formulated by the feed company to provide different concentration of Ca and Mg to ewes. 
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Daily pellet samples from each treatment were collected and made into composite 

fortnight samples and submitted for proximate analysis using near infrared reflectance 

(NIR) spectroscopy by the New South Wales Department of Primary Industries Feed 

Quality Service (NSW DPI FQS, Wagga Wagga, New South Wales). Mineral analyses 

were determined using ICP-AES (Varian 710-ES) at wavelengths 315.89 nm for Ca, 

279.08 nm for Mg, and 213.62 nm for P at the EAL, Charles Sturt University, Wagga 

Wagga, New South Wales, Australia. 

The proximate and mineral content of the four treatment diets are given in Table 3.1. 

Pellets provided for the Ca group had higher Ca concentration (0.72% DM), for the Mg 

group had higher Mg content (0.43% DM) and for the Ca + Mg group had higher Ca and 

Mg concentration (0.66% DM for Ca and 0.47% DM for Mg) than the control group, 

whose pellets were lower in Ca and Mg (0.33% DM for Ca and 0.28% DM for Mg), 

which was within NRC requirements (NRC, 2007).  

Table 3.1: Proximate and mineral analysis of pellets for ewes during late gestation and 

early lactation (Mean±SE). 

Feed Contents 

Treatment  

Control Calcium Magnesium 
Calcium + 

Magnesium 

DM (%) 89.50±0.760 90.90±0.210 90.60±0.190 90.70±0.390 

NDF (%) 33.00±0.760 34.30±0.890 33.50±1.200 33.50±1.200 

ADF (%) 15.80±0.460 16.80±0.460 15.30±0.460 15.50±0.530 

CP (%) 14.70±0.140 14.40±0.220 14.40±0.160 14.40±0.090 

ME (MJ/Kg DM) 12.40±0.100 12.10±0.090 12.10±0.290 12.10±0.200 

Ca (%) 0.33±0.020 0.72±0.027 0.33±0.021 0.66±0.012 

Mg (%) 0.28±0.005 0.29±0.005 0.43±0.012 0.47±0.008 

K (%) 0.72±0.012 0.73±0.005 0.79±0.004 0.81±0.005 

Na (%) 0.20±0.005 0.21±0.005 0.20±0.021 0.23±0.005 

P (%) 0.36±0.011 0.34±0.017 0.43±0.012 0.43±0.008 

DM: dry matter; NDF: neutral detergent fibre; ADF: acid detergent fibre; CP: crude protein; ME: 

metabolised energy; CF: crude fibre; Ca: calcium; Mg: magnesium; K: potassium; Na: sodium; 

P: phosphorous; S: sulphur 

 

 Ewes were then randomly allocated to one of four treatments: control group, Ca group, 

Mg group and Ca + Mg group. The animals had free access to water at all times 

throughout the experimental period.  
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3.3.2 Feeding and experimental diets 

The animals were fed daily from five weeks prior to the commencement of lambing (late 

gestation) to four weeks post lambing (early lactation). Ewes were fed 2.5 kg DM of 

pellets/ewe.day during gestation and this was increased to 3 kg DM of pellets/ewe.day 

during lactation which met the maintenance requirements for energy and protein.  

3.3.3 Collection of blood, urine and milk samples 

Blood and urine samples were collected weekly starting at five weeks prior to expected 

lambing (–5 W, –4 W, –3 W, –2 W, –1 W), 12 hours post lambing (+12 H) and then at 

fortnightly intervals at two weeks (+2 W) and at four weeks (+4 W) post lambing. 

Colostrum samples from ewes were collected at +12 H, and milk samples were collected 

at +2 W and at +4 W and stored at –30 °C for further analysis. Blood samples from lambs 

were collected at +12 h, +2 W and at +4 W of age. Live weight of lambs was recorded at 

each time point. Lambing commenced on 18 June 2017 and took 2 weeks for all ewes to 

lamb (due to natural joining). However, the dates for sample collection (+12 H, +2 W, +4 

W) for each ewe and her lambs were calculated based on her specific lambing date. The 

dates for pre-lambing sample collection were calculated based on the pregnancy scanning 

result. 

The procedure of sample collection was same as study 1 (Chapter 2). 

3.3.4 Parathyroid hormone, 25 hydroxy vitamin D3 and 1,25-

dihydroxyvitamin D3 assays 

Plasma concentration of PTH, 1,25(OH)2D3 and 25-(OH)D3 were measured by ELISA 

kits (Cusabio, # MBS109006; Cusabio, # MBS017166; Cusabio, # MBS046451, 

respectively, Houston, USA). 

3.3.5 Determination of phagocytosis in leukocytes 

Leukocyte cells were isolated from the blood sample after plasma removal. The 

erythrocytes were separated and lysed by adding an erythrocyte digest buffer. After 

centrifugation at 400 × g for five minutes, the isolated leukocyte cells were resuspended 

in PBS (# P4417, Sigma Aldrich, Saint Laius, Missouri, USA) and counted by 

hemocytometer chamber (Ataollahi et al., 2018b).  

Cayman’s phagocytosis assay kit (IgG-FITC) (Cayman Chemical, Michigan, USA, # 

500290) was used to measure the phagocytosis function of leukocyte cells. This kit 
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employs latex beads coated with fluorescently-labelled rabbit IgG as a probe to measure 

the phagocytic process in vitro. The counted cells were then reconstituted to a 

concentration of 1 × 106 cells/100 µl of medium (PBS containing 5% fetal bovine serum 

(# 12003C, Sigma Aldrich) and was added to 1.5 ml centrifuge tubes in duplicate. Latex 

beads-rabbit IgG-FITC complex were added to cell suspension to a final dilution of 1:200. 

Tubes were covered with aluminium foil incubated at 37 °C for two hours. To assess the 

degree of phagocytosis, the cells were centrifuged in the tubes at 400 × g for five minutes, 

removed from the supernatant and resuspended in a 500 µl assay buffer. The engulf 

fluorescence beads were detected using Gallios Flow Cytometer (# 773231AD, Beckman 

Coulter, Georgia, USA) immediately. To distinguish cells that had phagocyted the beads 

from those simply binding the beads at the surface, a short incubation with trypan blue 

quenching solution quenched surface FITC fluorescence, and was followed by a wash 

with assay buffer.  

3.3.6 Other measurements 

The other measurements such as mineral analysis (Ca, Mg and P) in different samles 

(plasma, milk and urine samples), urinary creatinine, oxidative burst response in 

leukocyte cells, plasma OS (TAC, ROM and OSi), plasma NEFA concentration and IgG 

concentration in plasma and colostrum were determined by the same method as study 1 

(Chapter 2). 

3.3.7 Statistical analysis 

All data were analysed using IBM SPSS Statistics for Windows, Version 20.0. Armonk, 

New York: IBM Corporation. Distributions of the residuals of continuous data were 

evaluated for normality by using frequency histograms and QQ plots. All data were 

analysed by the linear mixed model. Main effects (treatment, timepoint and rearing 

status), and their interaction effects (timepoint × treatment, treatment × rearing status and 

timepoint × treatment × rearing status) were considered as fixed factors. When the 

residual variance was not normally distributed for variables, data were transformed on 

the log scale and back-transformed for reporting means. 

A p < 0.05 was used to identify differences that were statistically significant and p ≥ 0.05 

and p ≤ 0.1 were used to show the tendencies.  
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3.4 Results  

3.4.1 The concentration of calcium, magnesium and phosphorus in plasma, 

milk and urine in ewes  

Plasma Ca concentration in the ewes increased from one week prior to the commencement 

of lambing to the end of study (p < 0.001). However, treatment did not have a significant 

effect on plasma Ca concentrations (p = 0.178). The interaction of time × treatment was 

not significant (p = 0.966) for plasma Ca concentration (Figure 3.1-A). Plasma Mg 

concentration increased over time (p < 0.001) and ewes supplemented with Mg (Mg and 

Ca + Mg groups) had greater plasma Mg concentration throughout the experimental 

period compared to the control and the Ca groups (p < 0.001). The interaction of time × 

treatment was significant and was higher in Mg and Ca + Mg groups at +4 W compared 

to the other time points (p = 0.002) (Figure 3.1-B). Plasma P increased over time (p < 

0.001) and treatment had no significant effect on the plasma P concentration (p = 0.672). 

The interaction of time × treatment was not significant for plasma P concentration (p = 

0.156) (Figure 3.1-C).  
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Figure 3.1: Plasma mean (±SE) concentration of calcium (mg/dL) (A), magnesium 

(mg/dL) (B) and phosphorous (mg/dL) in ewes fed different levels of calcium and 

magnesium from one-month pre lambing to one-month post lambing. 

5 W: 5 weeks prior to lambing, -4 W: 4 weeks prior to lambing; -3 W: 3 weeks prior to lambing, 

-2 W: 2 weeks prior to lambing; -1 W: 1 week prior to lambing, +12 H: 12 hours post lambing; 

+2 W: 2 weeks post lambing; +4 W: 4 weeks post lambing.; error bar represents SE. 
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The urinary Mg:creatinine ratio was lowest (p = 0.002) and urinary Ca:creatinine was 

highest at lambing (p < 0.001). The urinary P:creatinine ratio increased from lambing 

onwards (p < 0.001). Treatment did not have a significant effect on the urine Ca:creatinine 

ratio (p = 0.109) and time × treatment interaction was significant (p = 0.036). However, 

Mg supplementation increased Mg excretion through urine (p < 0.001), and P excretion 

through urine was higher in the control and Ca + Mg groups than the other groups (p = 

0.001) (Table 3.2). 

Table 3.2: The effect of calcium and magnesium supplementation on mean (±SE) urine 

calcium:creatinine ratio, urine magnesium:creatinine ratio and urine 

phosphorus:creatinine ratio. 

Time 

Treatment  p-value 

Control Calcium Magnesium 
Calcium + 

Magnesium 
Time Treatment 

Time × 

Treatment 

Urine Calcium: Creatinine ratio 

–5 W 4.2±0.20 3.3±0.19 2.4±0.21 3.5±0.24 

0.000 0.109 0.036 

–4 W 1.6±0.19 3.9±0.17 2.8±0.24 2.6±0.24 

–3 W 3.1±0.20 4.5±0.17 4.0±0.22 1.7±0.24 

–2 W 3.0±0.20 1.5±0.17 1.8±0.20 1.8±0.24 

–1 W 2.2±0.19 1.6±0.20 2.1±0.20 2.7±0.24 

+12 H 2.7±0.23 5.5±0.20 1.3±0.34 3.5±0.23 

+2 W 1.9±0.24 2.2±0.19 1.5±0.20 1.8±0.24 

+4 W 1.8±0.24 2.0±0.20 1.6±0.19 1.8±0.20 

Urine Magnesium: Creatinine ratio 

–5 W 0.4±0.07 0.3±0.07 0.3±0.09 0.4±0.08 

0.002 0.000 0.577 

–4 W 0.3±0.08 0.4±0.07 0.5±0.08 0.7±0.08 

–3 W 0.3±0.08 0.3±0.07 0.7±0.08 0.5±0.07 

–2 W 0.3±0.08 0.26±0.07 0.4±0.08 0.6±0.08 

–1 W 0.2±0.08 0.3±0.08 0.5±0.08 0.5±0.08 

+12 H 0.1±0.08 0.2±0.08 0.2±0.10 0.3±0.08 

+2 W 0.3±0.09 0.2±0.08 0.5±0.08 0.5±0.08 

+4 W 0.4±0.09 0.3±0.08 0.5±0.08 0.6±0.08 

Urine Phosphorus: Creatinine ratio 

–5 W 1.3±0.46 1.0±0.43 1.0±0.49 1.2±0.48 

0.00 0.001 0.036 

–4 W 1.2±0.46 1.1±0.43 1.0±0.52 1.2±0.48 

–3 W 1.1±0.49 1.0±0.41 1.0±0.52 1.2±0.45 

–2 W 1.2±0.49 1.0±0.41 1.0±0.49 1.3±0.48 

–1 W 2.8±0.46 1.3±0.48 1.3±0.46 1.3±0.48 

+12 H 27.3±0.49 13.2±0.48 31.0±0.64 26.2±0.52 

+2 W 20.5±0.57 9.6±0.48 10.7±0.48 24.1±0.47 

+4 W 9.5±.57 15.1±0.46 11.7±0.48 31.2±0.47 

-5 W: 5 weeks prior to lambing, -4 W: 4 weeks prior to lambing; -3 W: 3 weeks prior to lambing, -2 W: 2 weeks 

prior to lambing; -1 W: 1 week prior to lambing, +12 H: 12 hours post lambing; +2 W: 2 weeks post lambing; 

+4 W: 4 weeks post lambing. 
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The concentration of Ca (p = 0.308), Mg (p = 0.532) and P (p = 0.329) in colostrum did 

not differ significantly between treatment groups (Figure 3.2, A-C). Calcium 

concentration in milk was significantly higher at +4 W compared to +2 W (p = 0.021), 

while milk Mg and P concentration decreased over the same period (p < 0.001) (Figure 

3.3, A-C). However, milk Ca (p =0.381), Mg (p = 0.115) and P concentration (p = 0.268) 

did not differ significantly between treatments at any time point (p > 0.115). 
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Figure 3.2: The effect of calcium and magnesium supplementation from one-month pre 

lambing to one-month post lambing on mean (±SE) concentration of calcium (mg/dL) 

(A), magnesium (mg/dL) (B) and phosphorous (mg/dL) (C) in colostrum at 12 hours post 

lambing (+12 H).  

Error bar represents SE. 
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Figure 3.3: The effect of calcium and magnesium supplementation from one-month pre 

lambing to one-month post lambing on mean (±SE) concentration of calcium (mg/dL) 

(A), magnesium (mg/dL) (B) and phosphorous (mg/dL) (C) in milk at 2 weeks post 

lambing (+2 W) and 4 weeks post lambing (+4 W). 

Error bar represents SE. 
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3.4.2 Parathyroid, 1,25-dihydroxyvitamin D3, 25-hydroxyvitamin D3 

concentration in ewes  

The mean plasma concentration of PTH, 1,25(OH)2D3 and 25(OH)D3 is shown in Table 

3. 3. The mean plasma concentration of PTH, 1,25(OH)2D3 and 25(OH)D3 was the highest 

at –1 W compared to the other time points (p ≤ 0.002). Ewes from the Ca + Mg group 

had the lowest mean concentration of 1,25(OH)2D3 (p = 0.005) compared to the other 

groups, and the mean concentration of PTH in this group tended to be lower than the other 

groups (p = 0.060).  

Table 3.3: The effect of calcium and magnesium supplementation on the mean (±SE) 

plasma concentration of parathyroid hormone (PTH (pg/mL)), 1,25 dihydroxyvitamin D3 

(1,25(OH)2D3 (pg/mL)), and 25-hydroxyvitamin D3 (25(OH)D3 (ng/mL)) in ewes at 5 

weeks prior to lambing (-5 W), 1 week prior to lambing (-1 W), 12 hours post lambing 

(+12 H) and 2 weeks post lambing (+2 W).  

Time 

Treatment  p-value 

Control Calcium Magnesium 
Calcium 

+Magnesium 
Time Treatment 

Time × 

Treatment 

PTH  

–5 W 87.9±1.29 82.2±1.28 88.5±1.30 51.9±1.29 
 

0.002 

 

 

0.06 

 

 

0.08 

 

–1 W 110.9±1.29 77.4±1.29 105.7±1.31 57.4±1.31 

+12 H 69.3±1.30 92.7±1.28 142.9±1.31 44.3±1.38 

+2 W 77.6±1.32 66.2±1.29 72.4±1.30 24.5±1.33 

1,25(OH)2D3  

–5 W 50.5±1.34 
112.9±1.3

2 
185.7±1.38 54.4±1.32    

–1 W 72.0±1.34 98.6±1.34 143.8±1.32 56.3±1.32 0.001 0.005 0.450 

+12 H 37.8±1.32 
103.0±1.3

9 
119.6±1.34 54.7±1.33    

+2 W 27.6±1.40 40.0±1.40 52.1±1.32 39.3±1.33    

25(OH)D3  

–5 W 31.0±1.35 50.2±1.35 41.7±1.35 52.5±1.33    

–1 W 49.9±1.36 54.4±1.36 61.4±1.36 82.6±1.36 0.001 0.320 0.208 

+12 H 18.0±1.35 38.4±1.34 30.6±1.35 36.2±1.37    

+2 W 48.5±1.39 49.0±1.35 43.8±1.36 50.2±1.36    

 

3.4.3 Immune regulation in ewes as a response to calcium and magnesium 

supplementation  

3.4.3.1 Leukocyte function in ewes 

The oxidative burst response of leukocytes in ewes improved from the beginning of 

lambing through to four weeks post lambing (p < 0.001). Treatment did not have a 

significant effect on the oxidative burst response of ewes (p = 0.149) (Figure 3.4-A). 
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In ewes, the phagocytosis function of leukocytes was highest at lambing compared to the 

other time points (p < 0.001). No significant effect of treatment was observed on the 

phagocytosis function of leukocytes (p = 0.401) (Figure 3.4-B). 

 

Figure 3.4: The effect of calcium and magnesium supplementation from one-month pre 

lambing to one-month post lambing on leukocyte functions in ewes — A: oxidative burst 

response (Luminescence in RLU) and B: phagocytosis function. 

-5 W: 5 weeks prior to lambing, -4 W: 4 weeks prior to lambing; -3 W: 3 weeks prior to lambing, 

-2 W: 2 weeks prior to lambing; -1 W: 1 week prior to lambing, +12 H: 12 hours post lambing; 

+2 W: 2 weeks post lambing; +4 W: 4 weeks post lambing ; error bar represents SE. 

3.4.3.2 Changes in the oxidative stress in ewes  

Mean TAC in ewes was lowest and mean ROM and OSi (ROM/TAC) were the greatest 

at lambing (p < 0.001), and there was no treatment effect on either TAC (p = 0.940) or 
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ROM (p = 0.181) at any time point. Figure 3.5 shows how TAC and ROM worked in 

opposite directions.  

 

Figure 3.5: Alterations in total antioxidant capacity (TAC) (µmol HCl/ml) and reactive 

oxygen metabolites (ROM) (Carr U) concentration in plasma in ewes over time from one-

month pre lambing to one-month post lambing in ewes. 

-5 W: 5 weeks prior to lambing, -4 W: 4 weeks prior to lambing; -3 W: 3 weeks prior to lambing, 

-2 W: 2 weeks prior to lambing; -1 W: 1 week prior to lambing, +12 H: 12 hours post lambing; 

+2 W: 2 weeks post lambing; +4 W: 4 weeks post lambing; error bar represents SE.  

 

3.4.4 Mineral profile in lamb plasma  

Plasma Ca and Mg in lambs decreased over time (p < 0.001). Plasma Ca concentration in 

lambs in the Ca and Ca + Mg groups showed a trend to be higher than the control group 

(p = 0.082) (Figure 3.6-A), although the time × treatment interaction was not significant 

(p = 0.385). Plasma Mg concentration in lambs from the supplemented groups was higher 

than the control group (p = 0.023). There was a significant time × treatment interaction 

on plasma Mg concentration in which lambs from the control group had lower plasma 

Mg concentration compared to the treatment groups at +4 W (p = 0.001), but not at other 

sampling times (Figure 3.6-B). Plasma P in lambs was highest at +2 W (p < 0.001). Lambs 

in the control group had lower plasma P concentration compared to the other treatment 

groups (p = 0.037) (Figure 3.6-C). The interaction time × treatment on plasma P was not 

significant (p = 0.364).        
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Figure 3.6: Changes in plasma calcium (mg/dL) (A), magnesium (mg/dL) (B) and 

phosphorous (mg/dL) (C) concentration in lambs at 12 hours post lambing (+12 H), 2 weeks 

post lambing (+2 W) and 4 weeks post lambing (+4 W) as a result of maternal supplementation 

with calcium and magnesium.  

Error bar represents SE  
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3.4.5 Immunity status of lambs  

There was a significant increase in oxidative burst response and phagocytosis function of 

leukocytes in lambs over time (p ≤ 0.015). There was a significant time × treatment 

interaction on the oxidative burst response of lambs at +4 W (p = 0.051). Lambs in the 

Ca group had a greater oxidative burst response compared to the other groups at +4 W 

(Figure 3.7).However, the phagocytosis function of leukocytes did not differ with 

treatment (p = 0.450).  

 

Figure 3.7: The effect of maternal supplementation with calcium and magnesium on 

oxidative burst response (Luminescence in RLU) of leukocytes in lambs at 12 hours post 

lambing (+12 H), 2 weeks post lambing (+2 W), 4 weeks post lambing (+4 W). 

Error bar represents SE.  

 

Treatment did not have a significant effect on colostrum IgG concentration (p = 0.250). 

The concentration of IgG at +2 W (20.1±1.48 µg/ml) in lambs was the highest compared 

to lambing (14.0±1.74 µg/ml) and +4 W (11.7±1.32 µg/ml) (p < 0.001). The effect of 

treatment on plasma IgG concentration was not significant, but showed a trend to be 

higher in the Ca group (19.4±1.68 µg/ml) compared to the Mg group (14.7±1.98 µg/ml), 

Ca + Mg group (13.6±1.69 µg/ml) and the control group (14.2±2.38 µg/ml) (p = 0.055). 

The time × treatment interaction showed that plasma IgG concentration showed a trend 

to be higher in lambs from the Ca group at +4 W (p = 0.097).  
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The mean concentration of TAC in lambs significantly decreased from +12 H to 

+2 W (p < 0.001) but did not change significantly from +2 W to +4 W. Lambs in the Mg 

(395.5±20.40 µmol HCl/ml) and Ca + Mg (362.1±19.49 µmol HCl/ml) groups had higher 

mean TAC compared to the Ca (315.3±16.57 µmol HCl/ml) and control groups 

(296.5±24.30 µmol HCl/ml) (p = 0.04) (Figure 3.8).  

  

Figure 3.8: The effect of calcium and magnesium supplementation on total plasma 

antioxidant capacity (TAC) (µmol HCL/ml) in lambs. 

Error bar represents SE  

Mean concentration of ROM in lambs was higher at +2 W (262.8±14.50 Carr U) than at 

+12 H (53.9±13.58 Carr U) and +4 W (147.3±13.02 µmol Carr U). Also, mean ROM at 

+4 weeks was significantly higher than at lambing (p < 0.001). However, no significant 

effect of treatment was observed on mean concentration of ROM (p = 0.900). The OS 

index in lambs at +2 W was significantly greater than at the other time points (p < 0.001). 

Lambs in the Mg groups at +2 W experienced lower OSi than the other groups (p = 0.031) 

(Figure 3.9).  
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Figure 3.9: The effect of maternal supplementation with calcium and magnesium from 

one-month pre lambing to one-month post lambing on oxidative stress index (OSi) in 

lambs at 12 hours post lambing (+12 H), 2 weeks post lambing (+2 W) and 4 weeks post lambing 

(+4 W). 

Error bar represents SE  

3.4.6 The effect of maternal supplementation with calcium and magnesium 

on the live weight of lambs and lamb survival 

Live weight of lambs over time increased significantly (p < 0.001) over time, and there 

was a significant treatment × time interaction for lamb weight (p = 0.008) (Figure 3.10). 

Lambs in the supplemented groups had greater weight gain from birth to four weeks of 

age compared to the lambs from the control group (p = 0.007), with most of this benefit 

being apparent in the period from two weeks of age to four weeks of age. The average 

daily weight gain of treatment groups (from birth to four weeks of age) was 204 

g/head.day, 207 g/head.day, 245 g/head.day for Ca, Mg and Ca + Mg groups respectively, 

which was significantly higher than the control group (148 g/head.day) (p < 0.001).  

The effect of treatment on lamb survival was 66% for Ca, 74% for Mg, 68% for Ca + Mg 

and 67% for control group. 
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Figure 3.10: The effect of maternal calcium and magnesium supplementation on live 

weight (kg) in lambs at 12 hours post lambing (+12 H), 2 weeks post lambing (+2 W) and 4 

weeks post lambing (+4 W). 

Error bar represents SE.  

3.5 Discussion 

There was no incidence of metabolic diseases such as hypocalcaemia and 

hypomagnesemia in any of the treatment groups throughout the study. Supplementation 

of ewes with Mg improved plasma Mg concentration in ewes because plasma Mg level 

is regulated by ruminal absorption and kidney excretion and is not under tight hormonal 

control. The rumen is the main site of Mg absorption (Greene, Fontenot, & Webb, 1983) 

and active transport is the primary mechanism of Mg absorption from rumen under high 

luminal Mg concentration (Ram et al., 1998; Suttle, 2010). Therefore, a high 

concentration of Mg in the rumen is an impelling cause of Mg absorption (De Baaij et al., 

2012).  

As demands for Ca are high in late gestation and early lactation, ewes try to cope with 

high Ca requirements through hormonal homeostasis (Braithwaite, 2007). The plasma 

concentrations of these hormones (PTH and 1,25(OH)2D3) in this study were high at all 

pre-lambing time points compared to post lambing time points supported by the lower 

plasma Ca concentration at these time points, in line with the findings of Kadzere, 

Llewelyn, and Chivandi (1997). This suggests that lower plasma Ca concentration at pre-

lambing time points compared to the post lambing time points acts as a signal to switch 

on the Ca homeostatic mechanisms so as to meet high Ca demands of ewes during late 

gestation when the growing fetus requires an increasing amount of Ca from circulation 
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for skeletal mineralisation (Schlumbohm & Harmeyer, 2003). In comparison, ewes did 

not rely on hormonal regulation of plasma Ca at post lambing as much as they did during 

pre-lambing and lambing. Lower concentration of PTH and 1,25(OH)2D3 in the Ca + Mg 

group than the other groups in this study suggests that ewes in the Ca + Mg group required 

less of this homeostatic response to maintain their plasma Ca concentrations. This 

phenomenon could be due to increased availability of Ca in the diet facilitating intestinal 

Ca absorption and decreasing the demand for Ca regulating mechanisms. These findings 

are further supported with high Ca excretion through their urine in the Ca + Mg group. 

Ewes from this group had higher Ca excretion through urine compared to the other 

treatment groups. It is reported that urinary excretion of Ca can be used as an index to 

ascertain the Ca status of the animal (Bhanugopan, Fulkerson, Hyde, & Fraser, 2015; 

Masters et al., 2017). Thus, higher urinary Ca excretion represents higher Ca status in the 

Ca + Mg supplemented group. 

Ewes in this study underwent a period of immune suppression evidenced by lower 

phagocytic function of leukocyte cells at pre lambing and high OS at lambing. Oxidative 

stress was induced in ewes at the time of lambing due to an imbalance between the 

concentration of oxidants and antioxidants. The antioxidant capacity in ewes within this 

study was lowest at lambing, a time when mean ROM concentration reached its 

maximum. These findings are in line with the findings of Nawito, Hameed, Sosa, and 

Mahmoud (2016), who found TAC concentration in pregnant animals in the last month 

of pregnancy was lower than in non-pregnant animals. It showed that an enhancement in 

generation of ROM during late gestation and at lambing is a common phenomenon due 

to high hormonal and metabolic fluctuations, and also the onset of inflammatory 

processes caused by parturition (Anugu et al., 2013). High ROM generation results in OS 

in ewes and impairs their immune responses (Goff & Horst, 1997; Mordak & Anthony, 

2015). Oxidative stress could lead to damage of lipids and other macromolecules, and 

contribute to an increase in the susceptibility of the dam to development of peri-parturient 

infections and poorer fertility (Celi, 2010; Chauhan, Celi, Leury, Liu, & Dunshea, 2016). 

Leukocyte function of ewes in this study was impaired pre-lambing, whereas at 

parturition and post-parturition ewes had a higher ability to phagocyte and digest 

pathogens. Other studies have shown that steroid hormones such as estrogen and 

progesterone can impair leukocyte function, which may explain why leukocytes had an 

efficient oxidative burst after parturition when the concentration of steroid hormones had 

fallen to the basal value (Lippolis, Peterson-Burch, & Reinhardt, 2006).  
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The highest plasma concentration of TAC in lambs was at 12 hours after birth and it 

significantly decreased at two weeks of age, suggesting that high mean TAC at birth is a 

result of passive immunity transferred by colostrum. Maternal supplementation from one-

month pre lambing to one-month post lambing significantly boosted the immune response 

in lambs. Improvement of mean TAC in lambs from maternal supplementation with Mg 

in this study (both the Mg and Ca + Mg treatments) could be associated with passive 

transfer of TAC through the consumption of colostrum, since Mg has a structural role in 

antioxidants such as GSH-PX, which is well known to be a superoxide radical scavenger 

(Nawito et al., 2016). Further studies are required to evaluate the level of TAC in 

colostrum and evaluate the effect of Mg supplementation on TAC concentration in 

colostrum. Results cannot be easily compared with the literature, since to the best of our 

knowledge this is the first study that has evaluated OS in neonatal lambs born to mothers 

supplemented with Ca and Mg.  

Mean ROM in the first few hours of life in lambs was low compared to two and four 

weeks of age, which is in agreement with Abuelo et al. (2014), in which calves showed 

higher mean ROM at first weeks after birth compared to the first days after birth. There 

is no research study in sheep reporting the ROM concentration in newborn lambs. Thus, 

the results are compared with calves in order to provide some insights about the possible 

involved mechanisms. 

It seems that the high concentration of TAC present at birth is capable of neutralising the 

ROM generated at the same time in lambs of the current study, since antioxidants are the 

main elements that neutralise ROM (Albera & Kankofer, 2011; Abuelo et al., 2015).  

Leukocyte function for both the oxidative burst response and phagocytosis in lambs 

increased over time, which was most likely due to normalisation of leukocyte function to 

the adult level with age. In human neonates, there is a lack in the function of neutrophil 

cells after birth due to an insufficient number of membrane surface receptors, inefficient 

signal transduction and delayed mobilisation of intracellular Ca (Makoni et al., 2016). At 

four weeks of age, lambs from dams supplemented with Ca had a greater oxidative burst 

than the other groups, which could be the result of an improvement in the mobilisation of 

intracellular Ca into the leukocyte’s cytoplasm, consequently resulting in an efficient 

signal transduction that speeds up the process of leukocyte maturation. These findings are 

further supported when lambs in the Ca group tended to have higher plasma IgG 

concentration at four weeks of age compared to the other groups at this time point, which 
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could be related to the effect of Ca in leukocyte maturation and accordingly higher IgG 

synthesis by B cells. Future research should evaluate Ca concentration in mature and 

immature leukocytes to investigate the mechanisms involved in leukocyte maturation. 

Besides the role of Ca and Mg in boosting immune responses, supplementation with these 

minerals improved the live weight of lambs. (Bratic & Trifunovic, 2010; Chamberlin et 

al., 2013; McGrath et al., 2018). The immunity status of lambs has been shown to increase 

nutrient absorption from the intestines (Walkden-Brown & Kahn, 2002) and consequently 

may affect lamb weight gain. An improvement  in the dam-lamb bond caused by positive 

effect of supplementation on energy regulation of ewes (Ataollahi et al., 2018b) could be 

another reason for an improvement in the immune status of lambs, which accordingly 

affects milk consumption and lamb weight. The weight of lambs at around one month of 

age is an important factor contributing to weaning weight. There is no fixed age for 

weaning lambs, and their size and weight at weaning is generally more important than 

their actual age. Lighter weaning weight of lambs makes mating management of hoggets 

difficult (Kenyon, Morel, & Morris, 2004). Early weaning gives ewes a greater period to 

rest and recover their body condition (Arnold, Wallace, & Maller, 1979; Lee, Majluf, & 

Gordon, 1991; Silva et al., 2014), which may be a good strategy to increase the 

reproductive performance of ewes. 

3.6 Conclusion 

The findings of this study show that long-term supplementation is beneficial via helping 

ewes to maintain plasma mineral level through hormone mediated mechanisms which is 

evident by measurement of PTH and 1,25(OH)2D3. The longer duration of 

supplementation also had a production benefit via improving the weight gain of lambs 

from lambing to one month of age (lamb marking). Further evaluation of immune system 

in ewes over time showed that ewes underwent a period of immune suppression at pre-

lambing which is very important finding for better management of ewes at these critical 

periods. In addition, the results of this study confirmed the findings of previous study. 

Therefore, it is beneficial to supplement ewes at late gestation and early lactation with Ca 

and Mg to improve production and immune function in lambs.   
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Chapter 4. The expression of genes regulating energy 

balance during pregnancy in ewes supplemented with 

calcium and magnesium for longer duration 

4.1 Summary 

Negative energy balance is a common phenomenon at late gestation in sheep, caused by 

high energy requirements for colostrogenesis, udder development and growing fetuses. 

Mineral deficiencies like hypocalcaemia and hypomagnesemia that may occur at late 

gestation exacerbate the effects of NEB. However, the mechanism through which they 

affect NEB is poorly understood. The objectives of this study were to evaluate the effect 

of supplementation with Ca and Mg during gestation on plasma NEFA concentration and 

expression of genes regulating energy metabolism in twin-bearing ewes. 

The plasma samples collected from study 2 (Chapter 3) were analysed for mineral 

concentration and NEFA concentration. Peripheral blood mononuclear cell (PBMC) were 

isolated from the blood samples collected from study 2 (Chapter 3) and stored at -80°C 

for RNA extraction. The expression level of genes regulating carbohydrate and lipid 

metabolism (PDK4, CYP51A1, FADS1, CPT1A, BDH1, and GAPDH) were evaluated 

in PBMC isolated from blood samples by quantitative polymerase chain reaction (qPCR). 

Data were analysed by the linear mixed model using IBM SPSS Statistics for Windows, 

Version 20.0. 

Ewes at +12 hours had a greater (p < 0.001) concentration of NEFA compared to the other 

time points, which coincided with lower BCS (p < 0.001) in ewes at this time point. The 

overall concentration of NEFA in the control group was higher than the supplemented 

groups (p = 0.035). The expression level of CPT1A, BDH1, FADS1 and PDK4 at +12 H 

was higher than at –5 W (p = 0.013, p = 0.002, p = 0.017 and p = 0.044, respectively). 

However, the expression level of CYP51A1 did not change over time (p = 0.964). 

Treatment did not have a significant effect on the expression of energy regulating genes 

(CPT1A, BDH1, FADS1 and CYP51A1) compared to the control (p > 0.366). The 

expression of PDK4 tended to be higher in Mg group compared to the Ca + Mg group (p 

= 0.089). 

This study indicated that high energy demands of twin-bearing ewes at late gestation 

imposes NEFA mobilisation into the blood circulation and affects the expression level of 
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genes mediating energy balance. All these mechanisms improve ewe adaptation to energy 

restriction by shifting away from glycolysis towards the generation of more ketone 

bodies. These results reinforce the hypothesis of an association between pregnancy and 

energy metabolism, opening the way to further studies on the biological basis for this 

association. 

4.2 Introduction 

Ewes enter a state of NEB around late gestation and early lactation when the energy 

demands for maintenance, developing neonates and growing newborns exceeds dietary 

energy intake due to low feed intake or deficiency in energy from pasture or the feed base 

(Fenwick et al., 2008). Late gestation is a period in which high energy demands cause 

severe stress in pregnant ewes, especially twin and multiple-bearing ewes, since 

approximately 80% of fetal growth takes place within the final six weeks of pregnancy 

and about 33–36% of the circulating glucose of ewes is directed into the fetoplacental 

unit (Schlumbohm & Harmeyer, 2003). At the same time, pregnancy can reduce intake 

capacity, because the uterus encroaches the rumen as the fetus increases in size, and 

because sex hormones decrease the ewe’s appetite and feed intake rate (Tygesen et al., 

2008). Mammary gland development and colostrum synthesis during the last month of 

gestation bring about an increase in the nutrient requirements of pregnant ewes (Campion 

et al., 2016).  

Maternal undernutrition during late gestation impairs the supply of essential nutrients to 

the fetus and, depending on the restriction level, may have different implications such as 

reproductive wastage resulting from either abortion or neonatal death, reduced colostrum 

and milk production, impaired maternal-infant bond, poor weight gain of newborns and 

consequent lamb mortality (Rosales Nieto et al., 2015). Therefore, proper maintenance of 

energy homeostasis is of importance for animal welfare, health and productivity 

(Remppis, Steingass, Gruber, & Schenkel, 2011). Increased severity and duration of NEB 

leads to an extensive mobilisation of NEFA from adipose tissue into the liver (Bouvier-

Muller et al., 2017b) to be used for the synthesis of ketone bodies, including BHBA 

(Martinez et al., 2012). 

Moreover, high requirements of pregnant animals for minerals like Ca and Mg and also 

deficiency of these minerals from pasture is an additional effect of NEB due to the role 

of these minerals in energy metabolism (Cinar et al., 2008; Remppis et al., 2011; Martinez 
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et al., 2012). The activity of enzymes involved in the stimulation of the respiratory chain, 

and hence ATP production, are regulated by Ca (Denton, 2009). Calcium has important 

roles in insulin secretion, regulation of glucose concentration and preventing lipolysis 

(Vernon et al., 1990). In hepatocytes, the role of Mg is to control ATP production and 

ATP utilisation by ATPase in mitochondria. Consequently, all enzymes utilising ATP 

require Mg for substrate formation (Voma & Romani, 2014).  

Measurement of parameters like NEFA, BHBA and BCS have been identified as 

indicators for the assessment of metabolic imbalance and adaptive performance, but 

limited information is available about the indicators of these physiological processes at 

the molecular level in pregnant ewes. In order to understand the mechanisms behind 

energy regulation, it is necessary to investigate key regulatory pathways affecting energy, 

carbohydrate and lipid metabolism (McCarthy et al., 2010). Organs including adipose 

tissue and liver are important metabolic organs which regulate body energy metabolism, 

but these tissues cannot be collected easily and repeatedly (Rui, 2014; Choe, Huh, Hwang, 

Kim, & Kim, 2016). The amount of the collected samples from these tissues normally is 

not sufficient for performing gene expression profiling and confirming by RT-PCR.  

Peripheral blood mononuclear cells can reflect metabolic responses of adipocytes or 

hepatocytes at the level of gene expression since these cells can migrate through the blood 

circulation and infiltrate various tissues such as the endothelium and adipose tissue. 

Moreover, PBMCs are convenient because they can be easily and repeatedly collected in 

sufficient quantities, in contrast to adipose and liver tissues (Caimari, Oliver, Rodenburg, 

Keijer, & Palou, 2010; Díaz-Rúa et al., 2015). Therefore, they have been the subject of 

great interest in clinical and intervention studies for transcriptomics profiling (Ferreira, 

Marjukka, Ursula, Leena, & Matti, 2012). The use of PBMC in the development of 

diagnostic tools for metabolism is increasing for these reasons, and such an approach has 

been shown to be useful for nutritional studies elucidating the specific effects of diets and 

nutrients on gene expression (Oliver et al., 2013).  

Studies have shown that there is a relationship between changes in gene expression of 

PBMC and feeding conditions (Oliver et al., 2013; Bouvier-Muller et al., 2017b). There 

are several reports in which the expression level of genes associated with energy 

regulation have been evaluated under NEB, either imposed by an energy-restricted diet 

or under natural physiological conditions in dairy cows (Dann & Drackley, 2005; Graber 
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et al., 2010; Ikeda et al., 2014; Díaz-Rúa et al., 2015; Bouvier-Muller et al., 2017a; 

Bouvier-Muller et al., 2017b).   

The first study of this PhD project showed that Ca and Mg supplementation regulated 

energy balance evidenced by plasma NEFA concentration suggesting that one of the 

mechanisms by which Ca and Mg regulate energy might be related to altering the 

expression level of energy regulating genes. Yet, to the best of our knowledge, no study 

has evaluated the effect of Ca and Mg supplementation on the expression level of genes 

regulating energy balance in leukocytes of pregnant ewes. Thus, this study aimed to 

determine how gestation and long-duration of supplementation with Ca and Mg at 

gestation affect factors regulating energy balance and also gene expression of key 

enzymes involved in carbohydrate and lipid metabolism in PBMC of ewes. 

4.3 Materials and methods 

The study was conducted at Charles Sturt University, Wagga Wagga, New South Wales, 

Australia from April 2017 to August 2017. The research study received approval from 

the institutional Animal Care and Ethics Committee, Charles Sturt University (protocol 

number A16077). 

4.3.1 Sheep management and sample collection 

As this experiment is part of study 2 (Chapter 3), the sheep management and the time 

points at which blood samples were collected, were same as study 2. 

4.3.2 Gene expression quantification and analysis 

Peripheral blood mononuclear cell from blood samples were isolated by LymphoprepTM 

(# 07861, Stemcell Technology), which is a density gradient medium. SepMateTM tubes 

(15 ml) (# 86415, Stemcell Technology) were used for the separation of PBMC by 

LymphoprepTM. Granulocytes and erythrocytes have a higher density than mononuclear 

cells and therefore sediment through the LymphoprepTM layer during centrifugation. 

Blood samples were diluted with an equal amount of a medium of PBS + 2% Fetal Bovine 

Serum (# 12003C, Sigma Aldrich). Then LymphoprepTM was added to SepMateTM tubes 

and a layer of diluted blood was added on top of LymphoprepTM. Tubes were centrifuged 

at 800 × g for 30 minutes at room temperature with the brake off. The upper layer 

including plasma and PBMC was transferred to a new tube without disturbing the 

erythrocyte/granulocyte pellet. The collected PBMC were washed with PBS. The isolated 
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PBMC were kept in 500 µl RNAlater® overnight (# R0901, Sigma Aldrich, St. Louis, 

USA) at +4 °C and transferred to –80 °C for storage up to three months. 

Total RNA (ribonucleic acid) from PBMC was extracted using the RNeasy mini kit (# 

74104, Qiagen) and eluted into 30 µl water. RNA yield was quantified on a UV 

absorbance at A280 nm and calculating absorbance ratio (260/A280) respectively using 

a NanoDrop 2000/2000c spectrophotometer (Thermo Fisher Scientific). An amount of 

0.1µg of total RNA was reverse transcribed to complementary DNA (cDNA) using the 

Superscript III First Strand Synthesis System Kit (#18080-051, Invitrogen) following the 

manufacturer’s instruction. 

Five genes involved in the metabolic process and a housekeeper gene (Bouvier-Muller et 

al., 2017b) were assessed by qPCR on PBMC isolated from blood samples collected from 

44 twin-bearing ewes at –5 W and +12 hours. Messenger Ribonucleic acid (mRNA) 

expression levels were determined for PDK4, CYP51A1, FADS1, CPT1A, BDH1, and 

the housekeeper gene GAPDH. Each PCR was performed from the cDNA template (100 

ng), forward and reverse primers (1 µl each) (primer sets that are currently published 

(Bouvier-Muller et al., 2017b)) and SensiMixTM SYBR No-ROX kit (# QT650-05, 

Bioline) in a total volume of 25 µl with the following standard step cycling: 10 minutes 

at 95 °C for polymerase activation followed by a total of 40 temperature cycles. The 

cycling steps were followed by 15 seconds at annealing temperature (54 °C) and a final 

cycle of 15 seconds at 72 °C (Rotor‐GeneTM 6000; Qiagen, Chadstone, Australia). The 

GAPDH gene was used as a consistently and independently transcribed housekeeper gene 

and was used for the normalisation of metabolic gene expression. The threshold cycle 

(Ct) was calculated by the instrument’s software (Rotor‐Gene 1.7.27 software; Qiagen, 

Chadstone, Australia). The relative expression of each gene was calculated as an 

expression index calculated by the ratio of Ct target gene to Ct GAPDH at each time 

point.  

In order to verify the purity of the products, select amplicons were purified using a 

commercial kit (QIAquick, Qiagen) and were commercially sequenced in both directions, 

using the same primers as in the qPCR reactions (Australian Genome Research Facility 

Ltd., Sydney). Sequences were aligned and their identity confirmed against GenBank 

accessions using the Basic Local Alignment Search Tool (BLAST).  
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4.3.3  Other measurements  

Mineral analysis and NEFA concentration were determined by the methods described in 

study 1 (Chapter 2). 

4.3.4 Statistical analysis 

All data were analysed using IBM SPSS Statistics for Windows, Version 20.0. Armonk, 

NewYork: IBM Corporation. Distributions of the residuals of continuous data were 

evaluated for normality by using frequency histograms and Q-Q plots. Where residual 

variance was not normally distributed, data were transformed on the log scale and back-

transformed for reporting means. A p-value of < 0.05 was used to identify differences 

that were statistically significant and 0.05 ≤ p ≤ 0.1 are used to show the tendencies. The 

main effects (time and treatment) and their interaction effects (time × treatment) were 

considered as fixed factors. Ewes and pens were random factors.  

4.4 Results 

4.4.1 Proximate and mineral analysis of pellet and mineral analysis of 

plasma samples 

Please refer to Table 3.1 for pellet content and Figure 3.1 for plasma analysis in Chapter 

3. 

4.4.2 Non-esterified fatty acid concentration in plasma and body scoring of 

ewes 

The overall concentration of NEFA at +12 hours was greater than at the other time points 

(p < 0.001), and ewes from the control group had the greatest NEFA level (p = 0.035) 

compared to the other treatments. Moreover, the effect of time × treatment interaction 

was significant (p < 0.001) on plasma NEFA concentration, in which ewes from the 

control group at +12 hours had the highest NEFA level compared to the other groups 

(Figure 4.1).  
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Figure 4.1: The effect of calcium and magnesium supplementation on mean (±SE) 

concentration of plasma non-esterified fatty acids (NEFA) (µEq/ml) in ewes. 

5 weeks prior to lambing (-5 W); 4 weeks prior to lambing (-4 W); 3 weeks prior to lambing (-3 

W); 2 weeks prior to lambing (-2 W); 1 week prior to lambing (-1 W); 12 hours post lambing 

(+12 H); 2 weeks post lambing (+2 W); 4 weeks post lambing (+4 W); error bar represents SE  

Ewes were thin and had less fat and muscle coverage at +12 hours (p < 0.001) compared 

to the other time points (Figure 4.2). Treatment did not affect BCS at any of the time 

points (p = 0.920). 

 
Figure 4.2: Changes in mean body condition score from five weeks prior to lambing to 

one-month post lambing.  

-5 W: 5 weeks prior to lambing; -4 W: 4 weeks prior to lambing; -3 W: 3 weeks prior to lambing; 

-2 W: 2 weeks prior to lambing; -1 W: 1 week prior to lambing; +12 H: 12 hours post lambing; 

+2 W: 2 weeks post lambing; +4 W: 4 weeks post lambing; error bar represents SE.  
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4.4.3 The effects of mineral supplementation on gene expression level 

The expression level of BDH1, CPT1A, FADS1 and PDK4 at +12 hours was higher than 

–5 W (p = 0.013, p = 0.002, p = 0.017 and p = 0.04, respectively). However, the expression 

level of CYP51A1 did not change over time (Figure 4.3).  

 

Figure 4.3: Alteration in expression level of genes regulating energy balance at five 

weeks prior to lambing (-5 W) and at 12 hours post lambing (+12 H).  

Error bar represents SE.  

Treatment did not significantly affect the expression level of the corresponding genes (p 

= 0.658 for BDH1, p = 0.287 for CPT1A, p = 0.110 for CYP51A1 and p = 0.532 for 

FADS1). However, the expression of PDK4 in Mg group tended to be higher than Ca + 

Mg group (p = 0.089) (Figure 4.4). The sequencing results were confirmed with the 

BLAST result.  
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Figure 4.4: The effects of long-term supplementation of ewes with calcium and 

magnesium on the expression level of genes regulating energy balance.  

Error bar represents SE.  

4.5 Discussion 

An increase in NEFA concentration and a decrease in BCS at lambing in the ewes in this 

study suggest a higher metabolic load resulted from high energy demands of ewes at this 

time point. Approximately 80% of fetal growth takes place within the last six weeks of 

pregnancy, and about 33–36% of the circulating glucose of ewes is directed into the 

fetoplacental unit (Schlumbohm & Harmeyer, 2003). The chance of NEB in sheep being 

high at late gestation is inconsistent with dairy cows because of a relatively larger 

fetoplacental unit in sheep and high fetal demands for energy (Treacher & Caja, 2002). 

Therefore, insufficient gluconeogenesis leads to utilisation of stored fuels and shifting 

away from glucose towards adipose fat stores. As a result of lipolysis in adipose tissue, 

NEFA is released into the blood circulation and serves as an important fuel source 

(Bouvier-Muller et al., 2017a) during periods of high energy demand.  

Ewes from the control group had severe NEB compared to the supplemented groups, 

indicating the beneficial role of Ca and Mg supplementation in energy regulation, since 

the ME level in feed on offer was identical in all groups (ME = 12.2 MJ/Kg DM). High 

glucose concentration after feed digestion in the intestine triggers the secretion of 

glucose‐dependent insulinotropic polypepide and glucagon‐like peptide‐1 (O’Brien & 

Corpe, 2016). Binding of these hormones to their receptors on pancreatic B-cells activates 

cyclic adenosine monophosphate and protein kinase A, which enhance intracellular Ca2+ 
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concentration through mobilising Ca from the sarcoplasmic reticulum, which in turn 

triggers insulin secretion from the B cells. With the presence of insulin, cells are able to 

uptake glucose and prevent the malabsorption of glucose from the gastrointestinal system 

(Seino, Fukushima, & Yabe, 2010). Thus, under hypocalcaemia conditions, animals do 

not secrete enough insulin. Decreased insulin secretion as a result of hypocalcaemia 

removes the inhibition of hormone-sensitive lipase, which promotes lipolysis and 

consequently elevates NEFA concentration in the blood (Vernon et al., 1990). Thus, 

measurement of insulin can provide more insights.  

The activity of enzymes like FAD-glycerol phosphate dehydrogenase, pyruvate 

dehydrogenase, NADisocitrate dehydrogenase and oxoglutarate dehydrogenase is 

important in the stimulation of the respiratory chain and hence ATP supply under 

conditions of increased ATP demand. The activity of these enzymes is regulated by Ca 

concentration (Sweet & Gilbert, 2006; Denton, 2009). Schlumbohm and Harmeyer 

(1999) report that hypocalcaemia depresses the hepatic output of glucose, and thereby 

lowers the turnover of glucose in hepatocytes in piglets. The same research group in 2003 

evaluated to see whether the similar depressive effect of hypocalcaemia on glucose 

production is present in sheep, which might play a role in development of pregnancy 

toxaemia (Schlumbohm & Harmeyer, 2003). The study of this current research group 

showed that high energy requirements of ewes at late gestation induce high concentration 

of ketone bodies, which consequently constitute a significant inhibitory factor on 

endogenous glucose production and limit the amount of available glucose. The presence 

of hypocalcaemia as a common phenomenon in late pregnancy acts as an additive to the 

effect through depressing glucose turnover in pregnant sheep and causing further 

stimulation of the lipolysis rate, and further elevation of fatty acids and ketone bodies 

concentration (Schlumbohm & Harmeyer, 2003). Moreover, Ca has an important role in 

muscle contraction, through which supplemented ewes can have more efficient chewing 

activity, and improved gastrointestinal motility that hence improves diet digestibility, DM 

passage rate and nutrient absorption from the intestines (Martinez et al., 2014). Therefore, 

evaluation of gastrointestinal motility might provide more understanding about the 

mechanisms by which Ca supplementation develops energy metabolism. 

Magnesium is the second most abundant intracellular cation, and serves as a cofactor in 

a number of mechanisms regulating glucose—especially those associated with the 

reactions involving ATP (Chaudhary, K Boparai, & Bansal, 2007). In hepatocytes, the 

role of Mg is to control ATP production and ATP utilisation by ATPase, such as Na+/K+-
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ATPase in mitochondria. Consequently, all enzymes utilising ATP require Mg for 

substrate formation (Voma & Romani, 2014).  

Glycolysis is a metabolic pathway that converts glucose into the pyruvate, which leads 

directly to the Krebs cycle. However, this pathway is blocked and pyruvate 

dehydrogenase complex is inhibited under NEB to regulate glucose homeostasis. One of 

the genes accelerating this mechanism is PDK4, which limits dehydrogenase of pyruvate 

to acetyl-CoA and enhances the use of pyruvate for gluconeogenesis (Grala et al., 2013). 

The expression level of this gene increased in this study at lambing, which most likely 

aims to block glucose oxidation and favours fatty acid oxidation for the energy 

production.  

Non-esterified fatty acids released into blood circulation are taken up by the liver to be 

used for synthesis of ketone bodies such as BHBA and acetoacetate, which are served as 

fuels for the other tissues (Goff, 2006b; Chapinal et al., 2011). It is reported that β-

oxidation of fatty acids is a vital cellular process responsible for supplying 80–90% of 

cellular energy requirements during prolonged energy restriction (Nyman et al., 2005).  

Non-esterified fatty acids is translocated into the cytoplasm by the enzyme CPT-1, 

encoded by CPT1A and oxidated to the ketone bodies by BDH1 (Graber et al., 2010). 

Upregulation of CPT1A and BDH1, along with high NEFA concentration at lambing 

suggests that ewes were under energy flux at this time point, which consequently 

increased fatty acid oxidation to generate more energy (Graber et al., 2010). These 

findings are in line with a study by Grala et al. (2013) in which a three-week energy 

restriction via changes to milking frequency in dairy cows influenced molecular 

mechanisms in the liver. An enhancement in fatty acid oxidation is regulated by the 

expression of key genes like CPT1A, and is driven by an abundance of NEFA as substrate 

rather than enzyme activity (Grala et al., 2013). 

Beside the β-oxidation of NEFA in mitochondria, some of the fatty acids are saturated to 

form triglycerides through the lipogenesis pathway. Upregulation of FADS1 as an 

important gene in the fatty acid desaturation indicates higher lipogenesis in this study, 

which was further supported by non-significant changes in the expression level of 

CYP51A1 that is responsible for cholesterol synthesis. These changes indicate that ewes 

were not under severe NEB, which explains why all NEFA transferred to the 

mitochondria were not used for ketone body synthesis. Provision of sufficient ME (12 
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MJ/kg DM), and Ca and Mg supplementation to ewes helped them to regulate energy 

without shifting much to adaptation mechanisms.  

Although NEFA concentration in the control group was significantly higher than the 

treatment groups, the expression level of genes regulating energy metabolism was not 

significantly different by treatment, which was probably associated with three reasons: 

First, the ewes in the control group received adequate amounts of ME (12.1 MJ/kg DM), 

Ca content (0.33% DM) and Mg content (0.28% DM) by the consumption of pellets. 

Provision of a comprehensive pellet for ewes in the control group helped them to regulate 

energy metabolism and meet the energy demands of pregnant and lactating ewes, which 

was proved by a moderate increase in NEFA concentration. Therefore, the ewes were not 

required to shift to the adaptation metabolism towards high expression of genes regulating 

ketone body synthesis. In a study by Bouvier-Muller et al. (2016), severe NEB induced 

by an energy-restricted diet (60% of energy requirements) increased NEFA concentration 

dramatically to 1300 mEq/ml, while NEFA concentration in ewes from the control group 

in this study was 700 mEq/ml. Also, the induced NEB in study of Bouvier-Muller et al. 

(2016) resulted in a significant difference in the expression level of genes, including CPT-

I, 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2), BDH1, Fatty Acid Synthase 

(FASN), Stearoyl-CoA Desaturase (SCD), FADS1, 3-Hydroxy-3-Methylglutaryl-CoA 

Synthase 1 (HMGCS1), mevalonate diphosphate decarboxylase, Isopentenyl-

Diphosphate Delta Isomerase 1 (IDI1), Farnesyl-Diphosphate Farnesyltransferase 1 

(FDFT1), squalene epoxidase gene, Lanosterol Synthase (LSS), CYP51A1 and 24-

Dehydrocholesterol Reductase  (DHCR24) between groups, while the current study did 

not show any significant difference between the evaluated genes. Thus, these findings 

together suggest that ewes in the current study did not undergo severe NEB, rather it was 

only moderate. Moreover, for ethical reasons in this study, we were not able to create Ca 

and Mg deficiency in the control group, but further studies could be conducted to 

understand how mineral supplementation influences gene expression compared to 

deficient ewes. In addition, utilisation of techniques like RNA-sequencing analysis can 

provide more information about the genes altered by Ca and Mg supplementation.  

Second, the energy regulating genes in the current study were only measured at the start 

time point and at lambing because NEFA concentration showed a significant difference 

at lambing. However, changes in gene expression might occur at the time points close to 
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lambing not measured in this study. Thus, evaluation of these genes at the other time 

points in this study might provide more insights. 

Third, the literature indicates that the mechanisms by which Ca improves energy 

metabolism are through insulin secretion, glucose turnover in hepatocytes and muscle 

contraction (Schlumbohm & Harmeyer, 2003; Martinez et al., 2014). In addition, Mg acts 

as a cofactor for a number of glucose-regulating mechanisms (Chaudhary et al., 2007). 

These mechanisms might be the reason why supplementation had an effect on NEFA 

concentration, but not gene expression. 

4.6 Conclusion 

Supplementation with Ca and Mg improved energy regulation in pregnancy ewes by 

decreasing NEFA concentration, because Ca and Mg are important in glucose turnover 

and ATP production. This reason explains why expression level of genes regulating 

energy was measured at lambing in this experiment. Treatment did not have a significant 

effect on expression of BDH1, CPT1A, CYP51A1 and FADS1. However, high energy 

demands of ewes increase the expression of these genes at lambing when ewes need to 

regulate energy to meet requirements. 
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Chapter 5. The impact of supplementation with 

calcium and magnesium on the behaviour of ewes and 

their lambs at parturition 

5.1 Summary 

Involvement of Ca and Mg in a number of physiological process in regulating energy and 

triggering muscle contractions makes these elements critical for the birth process. 

However, fetal growth and colostrum production raise the possibility of a NEB and 

mineral deficiency in the last trimester of gestation that might have negative impacts on 

parturition and lamb behaviour. Therefore, this study aimed to evaluate the effect of long-

term supplementation of pregnant ewes with Ca and Mg on pre-parturition, parturition 

and post-parturition behaviour of ewes and their lambs. 

Therefore, this experiment is part of study 2 (Chapter 3)  the study design and sheep 

management was same as this study (Chapter 3). The behaviour of ewes was continuously 

recorded from three weeks before the expected date of lambing by using CCTV cameras. 

The analysis of the lambing behaviour of each ewe started from the first visible 

contraction until two hours after delivery of the first lamb. The behaviour of the lambs 

after birth was recorded until two hours of age.  

The findings of this study showed that contraction duration (p = 0.075) and parturition 

duration (p = 0.057) of ewes for the second lamb of a twin pair tended towards being 

shorter in the supplemented groups compared to the control group. First born lambs of 

one twin pair received longer grooming (p < 0.001) and consequently time taken to stand 

(p < 0.001) and suckle (p < 0.001) for the first lamb was shorter than for the second lamb. 

The gender of the lambs had a significant effect on their birthweight (p = 0.012), with 

male lambs (4.7±0.16 kg) heavier than female lambs (4.1±0.15 kg). There was a positive 

correlation between birthweight and head length (p = 0.004) and time taken to stand (p = 

0.057), and another positive correlation between time to stand and time to successfully 

suckle (p = 0.022). A positive correlation between parturition duration and head size (p = 

0.059) was observed in this study. 

The results of this study demonstrate that long-term supplementation of ewes with Ca and 

Mg likely improves the parturition process in twin-bearing ewes, which is an important 

finding and likely to have many beneficial effects on the health and survivability of 
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multiple-bearing ewes and their lambs. As grooming has a positive effect on lamb activity 

and colostrum consumption, it is suggested that improvement of grooming behaviour of 

ewes is a factor that should be brought into consideration to increase lamb survival. 

5.2 Introduction 

Fetal growth and colostrum production in the late gestation induce high energy and 

mineral requirements to pregnant ewes that consequently affects parturition-related 

factors such as the length of labour, contraction frequency, contraction amplitude and also 

the behaviour of ewes and lambs after lambing (Dwyer et al., 2003). 

Prolonged deliveries can impair suckling and locomotor activity in lambs due to central 

nervous system injury (Kilgour & Haughey, 1993). Lambs that had a difficult birth were 

less active in the early postnatal period than lambs with uncomplicated deliveries or those 

requiring minimum assistance (Dwyer et al., 2003). Birth difficulties alone have been 

reported to account for up to 11% of lamb mortality (McHugh, Berry, & Pabiou, 2016). 

Lamb vigour, an ability to stand up and move to the udder to suckle, is critical for 

consumption of adequate amounts of colostrum by the lamb and in establishing an 

appropriate bond with their dam (Rooke et al., 2009; Hergenhan, Hinch, & Ferguson, 

2014). Active lambs also receive more attention from their mothers compared to less 

active lambs (Garcia Gonzalez & Goddard, 1998). However, the NEB of ewes during the 

last trimester of gestation reduces lamb vigour via a decrease in birthweight and growth 

retardation (Holst, Killeen, & Cullis, 1986), and delay in lactation onset and a lower milk-

secretion rate (Dwyer et al., 2003). Light lambs are at greater risk of hypothermia due to 

reduced body reserves and reduced thermogenic capability of brown adipose tissue 

(Mellor & Murray, 1985). Moreover, maternal undernutrition impairs maternal 

attentiveness and attachment between a ewe and her lamb (Dwyer et al., 2003).  

In particular, Ca and Mg are essential elements for the birth process due to their 

contribution in muscle contraction and energy metabolism (Baker, McCormick, & 

Robergs, 2010; Wray & Arrowsmith, 2012a). As labour approaches, a group of proteins 

called contraction-associated proteins in the myometrium is activated, and these proteins 

are essential to augment the response to birth hormones such as oxytocin and 

prostaglandins to initiate excitation and increase the frequency and amplitude of 

myometrial contractions. Attachment of hormones to these receptors affect cytoplasmic 
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Ca2+ concentration, which is the most important controlling force in the myometrium 

(Wrayzx et al., 2003). An enhancement in intracellular Ca2+ triggers activation of myosin 

light chain kinase through catalysing the transfer of the phosphate from ATP onto myosin, 

which energises myosin. The activated myosin starts the contraction (Sanborn et al., 

1998; Wray & Arrowsmith, 2012b). Besides the importance of Ca in myometrium 

contraction, energy in the form of ATP is an essential factor for having an efficient muscle 

contraction. Calcium has been proposed as a key element in the production of 

mitochondrial ATP and maintenance of metabolic homeostasis in hepatocytes (Glancy & 

Balaban, 2012). This element is an essential element for insulin secretion (Vernon et al., 

1990) and cows with hypocalcaemia have lower insulin secretion, which impairs glucose 

uptake and consequently enhances lipolysis (Martinez et al., 2014). Moreover, 

hypocalcaemia can cause a decrease in feed intake through a reduction in chewing 

activity, impairment of DM passage rate and a decrease in rumination (Hansen et al., 

2003). These mechanisms indicate that Ca and energy are essential elements for having 

an efficient contraction under hormonal effect, and application of these hormones in the 

absence of extracellular Ca and ATP (as an energy source) cause a significant decrease 

in contraction amplitude and initiating only small contractions (Wray & Arrowsmith, 

2012b). 

Magnesium also has a role in muscle contraction and energy regulation. This element can 

directly regulate membrane permeability to Ca2+ or occupy membrane sites that are 

exchangeable with membrane-bound Ca. Moreover, competition of Mg2+ with Ca2+ for 

certain intracellular sites results in freeing-up of ionised Ca2+ for interaction with myosin 

and starting the muscle contraction (Altura & Altura, 1974). The role of Mg in energy 

regulation in hepatocytes is through controlling ATP production and utilisation by 

hepatocytes, which indicates the importance of Mg in the mechanisms of energy 

metabolism (Voma & Romani, 2014).  

As Ca and Mg are involved in energy production and muscle-contraction mechanisms, it 

might be a good strategy to supplement ewes at late gestation with Ca and Mg to help 

them to meet their mineral and energy requirements in order to have an easy parturition. 

The evidence presented above for the importance of Ca and Mg in muscle contractions 

and energy metabolism raises the important question that these elements may be critical 

in the birth process and subsequent vigour of the lamb. Therefore, this study aimed to 

evaluate the effect of long-term supplementation of pregnant ewes with Ca and Mg on 
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pre-parturition, parturition and post-parturition behaviour of ewes, and on birthweight 

and behaviour of lambs after birth. 

5.3 Materials and methods 

This study was conducted from April 2017 to August 2017 at the Charles Sturt University, 

Wagga Wagga, New South Wales, Australia and was approved by the Animal Care and 

Ethics Committee of Charles Sturt University (protocol number A16077). 

5.3.1 Sheep and management 

Sheep management was same as the study 2 (Chapter 3). 

5.3.2 Ewe and lamb behaviour 

A continuous video record was made using 12 CCTV cameras (NVC-DFI, Hill, Dome 

camera) and 24 infrared lights (140 LED illuminator light 80 m) during the last three 

weeks of gestation. The cameras were connected to a 16-channel recorder (NVR, Hill-

CH16, 16 Channel). 

 

Figure 5.1: A diagram of the position of cameras and infrared lights in pens for evaluating 

behaviour of ewes.  

 

Duration of labour for the first lamb was calculated from the first visible contraction 

(contraction of uterine muscle which is observed as an abdominal contraction) to the full 

expulsion of the lamb (Labour 1) (Dwyer, Lawrence, Brown, & Simm, 1996). The 

number and duration of contractions for delivery of both lambs were recorded. As the 

ewes were twin-bearing ewes, the duration of labour for the second lamb was regarded as 
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the duration from full expulsion of the first lamb until full expulsion of the second lamb 

(Labour 2) (Cloete, Scholtz, Gilmour, & Olivier, 2002). Continuous recording of each 

ewe was used to record the occurrence and duration of isolation (stay in a corner of the 

pen, do not walk as she did before, do not eat and communicate with ewe in the next pen), 

laying down, standing up and walking. All changes in posture between standing and 

laying, and all bouts of urination and pawing were also counted in the ewes. 

Continuous sampling from the lambs was used to record the duration of grooming, latency 

to stand and walk, and the number of attempts to stand and suckle for each lamb (Table 

5.1) (Martin, Bateson, & Bateson, 2007).  

Table 5.1: Definition of lamb behaviours (Dwyer et al., 1996; Hergenhan et al., 2014) 

Behaviour Description 

Grooming Licking and nibbling movements directed towards the lamb 

Attempt to stand Lamb supports bodyweight on at least one foot 

Time taken to stand Time taken for lamb to stand unsupported on all four feet, for > 5 s 

Time taken to walk Time taken for lamb to walk unsupported 

Suckle attempt Lamb has head under ewe in udder area 

Successful suckle Lamb has teat in its mouth, appears to suck, for > 5 s 

 

Following analysis of the video footage, a lamb vigour score was provided for each lamb 

(Table 5.2)  (Hergenhan et al., 2014). 

Table 5.2 : Lamb vigour score (Hergenhan et al., 2014) 

Score Description 

1 Does not stand for at least 40 min; little or no teat-seeking drive; does not 

appear alert or active 

2 Attempts to stand after 30 min; low teat-seeking drive and tendency to follow 

ewes; shows some alertness but not very active; does not appear coordinated 

in attempts  

3 Shakes head within 30 s; attempts to stand within 15 min; seeking teat within 

10 min of standing; follows ewe but distracted by other moving objects; 

generally alert and active; coordination may be lacking 

4 Attempts to stand within 10 min of birth; seeking teat within 5 min of standing; 

strong tendency to follow ewe; alert and active and movements well-

coordinated 

5 Attempts to stand within 5 min of birth; follows ewe closely; very alert and 

active 
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5.3.3 Other measurements 

The BCS (Scale 1-5, (Jefferies, 1961)) of the ewes was measured at lambing. Lamb 

birthweight and sex were recorded within 12 hours of birth. Linear dimensions of lamb 

head length and width were taken by a metric tape (Figure 5.1) (Kelly & Newnham, 1989; 

Chacón et al., 2011).  

 

Figure 5.2: Drawing of the lamb’s head, showing the measurements of head width and 

head length (Kelly & Newnham, 1989). 

 

5.3.4 Statistical analysis 

All data were analysed using IBM SPSS Statistics for Windows, Version 20.0. Armonk, 

Newyork: IBM Corporation. Distributions of the residuals of continuous data were 

evaluated for normality by using frequency histograms and Q-Q plots. The normally 

distributed data were analysed by the general linear model (GLM) (univariate analysis) 

in which treatment was the fixed factor, except for lamb birthweight. Treatment, gender 

and treatment × gender interaction were the fixed factors for the analysis of lamb 

birthweight. The compare means procedure (one sample t-test) was used to summarise 

and compare differences in descriptive statistics across factors or categorical variables. 

Where residual variance was not normally distributed, data were transformed on the log 

scale and back-transformed for reporting means. Where the normal distribution was not 

met, the Kruskal-Wallis test was used instead of GLM.  

A bivariate correlation was used to detect the linkage between two variables. If the 

variable were normally distributed, bivariate Pearson correlation was used, and if they 

were not normally distributed, bivariate Spearman correlation was used. A p-value of < 
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0.05 was used to identify differences that were statistically significant and 0.05 ≤ p ≤ 0.1 

was used to show the tendencies. 

5.4 Results  

5.4.1 Ewe behaviour  

Ewes stood up between nine and 13 times, and took between 222 and 378 steps from the 

first contraction to the delivery of the first lamb (Table 5.3). The analysis of the results 

showed that around 11% of ewes in the Ca group, 20% in the Mg group and 10% in the 

Ca + Mg group showed isolation, while 36% of ewes in the control group were isolated 

in the pen. In general, treatment had no marked effects on ewe behaviour. 

On average, across all treatments, total parturition duration was 146 minutes, with 117 

minutes taken for Lamb 1 and 29 minutes taken for Lamb 2 to be born. On average, ewes 

had 26 contractions of total duration 576 seconds. The preference of the majority of ewes 

in this study for delivery of the first lamb was to lie down, and the percentage for each 

group was 66.7% for the Ca group, 90% for the Mg group, 77.7% for the Ca + Mg group 

and 80% for the control group. However, the preference of ewes for the delivery of the 

second lamb was to stand up, with the percentage 55.6% for the Ca group, 65.5% for the 

Mg group, 28.6% for the Ca + Mg group and 80% for the control group. All ewes had 

normal parturition and there was no complication for both ewes and lambs. 

The contraction frequency, contraction duration and parturition duration of ewes for both 

lambs is presented in Table 5.3. The effect of treatment on variables such as contraction 

frequency and contraction duration for the first lamb was insignificant (p ≥ 0.117). The 

parturition duration of ewes for the first lamb in the supplemented groups was shorter 

than the control group in value, but was not significant (p = 0.172). However, the effect 

of treatment on contraction duration (p = 0.075) and parturition duration (p = 0.058) for 

the second lamb had a trend towards being shorter in the supplemented groups compared 

to the control group. Treatment did not affect contraction numbers for the second lamb (p 

= 0.193).  
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Table 5.3: The effect of treatment with calcium and magnesium on pre-parturition and 

parturient behaviours (Mean±SE) of ewes (n=44) 

Variables 

Treatment  

p-value 
Control Calcium Magnesium 

Calcium + 

Magnesium 

Pre-parturient behaviours 

Standing up & laying down (No.) 12.6±2.22 9.9±2.48 9.2±2.22 13.1±2.34 0.547 

Aimless walking (No.) 272.9±1.44 222.8±1.47 288.4±1.44 378.4±1.47 0.806 

Urination frequency (No.) 2.6±1.31 3.6±1.33 2.6±1.31 2.9±1.33 0.809 

Parturient behaviours-Lamb 1 

Contraction frequency (No.) 28.3±1.21 15.3±1.22 22.7±1.21 27.4±1.22 0.117 

Contraction Length (seconds) 411.1±1.19 307.6±1.20 272.3±1.19 422.7±1.20 0.215 

Parturition Length (minutes) 148.3±1.276 71.0±1.276 111.4±1.262 134.0±1.276 0.172 

Parturient behaviours-Lamb 2 

Contraction frequency (No.) 5.0±1.32 2.3±1.44 3.4±1.37 2.1±1.40 0.193 

Contraction Length (seconds) 105.0±1.35 56.5±1.47 45.4±1.39 31.0±1.43 0.075 

Parturition Length (minutes) 49.2±1.35 16.9±1.37 16.1±1.40 21.9±1.48 0.058 

 

5.4.2 Lamb behaviour 

The overall effect of treatment on birthweight (p = 0.582), head length (p = 0.289) and 

head width (p = 0.600) of lambs was not statistically significant (Table 5.4). Gender had 

a significant effect on birthweight (p = 0.012) with male lambs (4.7±0.16 kg) heavier than 

female lambs (4.1±0.15 kg) at birth.  

Almost all firstborn lambs of the twin pair followed their mothers and were active (overall 

percentage for supplemented groups was 100% and for the control group 88.9%). 

However, the second lambs of the twin pair were not as active as the first, and 67% of 

lambs from the Ca group, 87% lambs from the Mg group, 85% of lambs from the Ca + 

Mg group and 55% of lambs from the control group followed their mothers within the 

first two hours of life. 

The general activity of lambs after birth in regard to standing attempt, suckling attempt, 

time taken to proper standing, time taken to proper walking and time taken to successfully 

suckle is presented in Table 5.4. There were no apparent differences between treatments 

in the behaviour of the lambs (p ≥ 0.164). The effect of treatment on lamb vigour for both 

lambs was not significant (p ≥ 0.297). The average lamb vigour of first lamb in all groups 

was 4 and second lambs in the Ca, the Mg and the control groups had vigour 3 and lambs 

in the Ca + Mg groups had lamb vigour 4. 
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Firstborn lambs (20.3±4.45 min) received significantly more grooming than second-born 

lambs (9.02±2.44 min; p < 0.001)). Moreover, the time taken to stand (28.9±4.71 min) 

and time taken to successfully suckle (63.7±6.42 min) were longer for the second lamb 

compared to the first lamb, which was 19.8±1.95 min and 44.4±4.07 min, respectively 

(both p < 0.001). 

Table 5.4: The effect of treatment on lamb size (birthweight, head length and width) and 

lamb behaviour after birth (Mean±SE, n=66).  

Variables 
Treatment 

p-value 
Control Ca Mg Ca + Mg 

Average lamb size 

Average birthweight (kg) 4.6±0.22 4.2±0.21 4.3±0.20 4.5±0.25 0.582 

Average head length (cm) 15.5±1.04 15.1±1.04 15.6±1.04 16.8±1.04 0.289 

Average head width (cm) 11.8±1.03 11.6±1.03 12.1±1.03 12.4±1.03 0.600 

Behaviour of Lamb 1 

Grooming length (min) 12.4±1.29 12.4±1.29 16.8±1.27 17.2±1.31 0.795 

Attempt to stand (n) 10.6±2.12 14.1±2.23 14.5±2.12 13.1±2.23 0.561 

Time to stand (min) 20.4±4.04 20.7±4.32 16.1±3.61 23.1±4.04 0.622 

Time to walking (min) 29.6±4.13 27.0±4.13 21.1±3.69 25.3±3.89 0.477 

Attempt to suckle (n) 3.0±1.29 5.2±1.26 4.3±1.23 6.4±1.26 0.164 

Time to successful suckle (min) 50.4±8.14 52.1±8.70 35.2±7.28 42.9±8.70 0.414 

Behaviour of Lamb 2 

Grooming length (min) 7.6±1.27 7.1±1.26 8.5±1.27 12.2±1.36 0.523 

Attempt to stand (n) 13.5±1.18 12.4±1.17 13.4±1.18 11.0±1.21 0.829 

Time to stand (min) 20.7±1.33 21.4±1.33 24.3±1.31 22.2±1.36 0.979 

Time to walking (min) 31.2±1.28 35.9±1.28 26.7±1.28 24.2±1.31 0.708 

Attempt to suckle (n) 8.6±1.36 6.6±1.29 5.0±1.29 8.1±1.36 0.513 

Time to successful suckle (min) 72.7±13.93 64.4±12.89 64.7±12.89 52.7±13.93 0.789 

Lamb birthweight was positively correlated with head length (p = 0.004). Parturition 

length tended to have a positive correlation with head length (p = 0.059), and had a trend 

(p = 0.090) towards significance with head width. The birthweight and time taken to stand 

for lambs showed a trend of being positively correlated (p = 0.057). The correlation 

between lamb weight and the time taken to walking, the time taken to successfully suckle 

and grooming length was non-significant (p > 0.108). There was a positive correlation 

between the time to stand and time to successful suckling (p = 0.022). The correlation of 

BCS of ewes with lamb weight, lamb head length and lamb head width was non-

significant (Table 5.5).  
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Table 5.5: Correlation between different variables in ewes (n=44) and lambs (n=66).  

 Variables 
p-value 

(two-tail) 

Pearson 

Correlation 

Parturition length (min) Contraction length (min) 0.12 0.405 

 Time to stand (min) 0.233 –0.204 

 Head length (cm) 0.059 0.322 

 Head width (cm) 0.090 0.291 

 Lamb’s birthweight (kg) 0.785 0.048 

Body condition score of 

ewe 

Lamb’s birthweight (kg) 0.444 0.120 

Lamb’s head length (cm) 0.300 –0.160 

Lamb’s head width (cm) 0.247 0.178 

Lambs’ weight (kg) Time to stand (min) 0.057 0.329 

Time to walking (min) 0.108 0.277 

Time to successful suckle (min) 0.467 –0.129 

Grooming length (min) 0.124 0.265 

Head length (cm) 0.004 0.472 

Head width (cm) 0.186 0.229 

Grooming length (min) Time to stand (min) 0.447 0.131 

Time to stand (min) Time to successful suckle (min) 0.022 0.385 

5.5 Discussion 

Long-term supplementation of ewes with Ca and Mg in this study reduced (p = 0.058) 

parturition duration for the second lamb of a twin pair compared to the control group. 

This effect could be due to the role of these minerals in muscle contraction and energy 

metabolism. These mechanisms indicate the importance of these elements for having an 

efficient contraction under hormonal effect and application of these hormones in the 

absence of extracellular Ca and ATP (as an energy source), causing a significant decrease 

in contraction amplitude and initiating only small contractions (Wray & Arrowsmith, 

2012b). 

No significant difference between treatment groups was observed for the parturition 

duration of the first lamb, probably because Ca and Mg concentration in the base pellet 

provided for the control group were sufficient to regulate energy for the delivery of the 

first lamb. The effect of supplementation on energy regulation comes to the play for the 

second lamb, when ewes had utilised their energy for the delivery of the first lamb. As 

parturition is an energy-consuming process, our findings suggest that ewes from the 

control group were not able to regulate energy as efficiently as the supplemented groups 

for the delivery of the second lamb. Better regulation of energy with Ca and Mg 

supplementation was evidenced by lower concentration of NEFA in the plasma of 
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supplemented ewes compared to the control ewes at lambing (refer to Chapter 4, Figure 

4.1). As ME (ME = 12.2 MJ/kg DM) was the same in all groups, the main reason for these 

changes in NEFA concentration was most likely associated to Ca and Mg 

supplementation. It has been show that Ca and Mg are important in regulation of energy 

balance by its involvement in insulin secretion, glucose uptake by tissues and energy 

production by hepatocytes (Takaya et al., 2004; Voma & Romani, 2014). Therefore, 

measurement of insulin might put more insight into this.  

A trend for a longer parturition duration for the second lamb in the control group 

compared to the treatment groups, despite longer contraction duration, may be due to a 

decrease in contraction amplitude. In future studies it would be worthwhile undertaking 

measurement of contraction amplitude to provide more insights on the effectiveness of 

myometrium contraction under NEB. The findings of this study were in line with the 

study of Dwyer et al. (2003) in which ewes had a longer interval between the birth of the 

first and second twins under energy restrictions.  

Moreover, for ethical reason in this study, we were not able to create a Ca and Mg 

deficiency in the control group, but further studies could be conducted to know how 

mineral supplementation influences parturition compared to deficient ewes. Nonetheless, 

the trend for contraction and parturition length to be shorter in the supplemented groups 

suggests that supplementation could be beneficial even when there is no deficiency. 

Future studies with larger sample size (more animals per groups) could confirm the effect 

of Ca and Mg on parturition duration. 

In this study, male lambs were heavier than female lambs, suggesting the effect of sex 

hormones on the fetal weight gain, which is in agreement with other studies (Steinheim, 

Eikje, Klemetsdal, & Ådnoy, 2008; Chniter et al.). Moreover, parturition length had a 

positive correlation with head length and width in this study, which is most probably 

associated with fetopelvic disproportions during the birth (Alexander, 2008). It has been 

shown that fetal oversize (big head and wide shoulders) is the main fetal-related cause of 

birth difficulty in sheep (Bani Ismail, 2017).  

The majority of ewes under observation gave birth laying down. Similar observations 

were reported by Sharafeldin, Ragab, and Kandeel (2009). After the birth of the first lamb, 

ewes were very much occupied with their newborn lamb and did not lay down, which 

might be the reason that some of the second lambs were born as the ewe stood.  
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The grooming message carried out by the ewe as soon as the lamb is born plays a vital 

role in the development of the ewe-lamb bond (Atroshi & Österberg, 1979). A successful 

interaction between the ewe and her lamb occurs when the ewe is attracted to her lamb. 

Parturient ewes are attracted to the birth fluids, which last for a few hours after parturition 

(Rørvang, Nielsen, Herskin, & Jensen, 2018). Olfactory cues are presented to the ewe 

throughout the initial licking activity. The most vigorous licking of lambs by ewes occurs 

just after birth, and as the ewe grooms and sniffs her offspring, she becomes familiar with 

the lamb’s odour, which leads to forming a selective bond (Garcia Gonzalez & Goddard, 

1998). After the delivery of the second lamb, the ewe shows a compensation in grooming 

activity towards the second-born lamb. Despite this shift of attention when the second 

lamb is born, the amount of grooming first lambs receive is longer than the second lamb 

(O'Connor, Lawrence, & Wood-Gush, 1992), which was supported by the findings of this 

study. The first lambs in this study received longer grooming compared to the second 

lamb, which improved their activity as the first born lambs followed their mother shortly 

after birth, and they had better progression to standing and consuming colostrum. The 

increase in activity of lambs due to grooming  is attributed to the maternal behaviour most 

directly influencing lamb survival and initial growth (O'Connor et al., 1992).The main 

driving factor in the ewe’s behaviours assessed in this study is due to the Ca and Mg 

concentration in the feed on offer. As long as ewes are receiving sufficient amount of Ca 

and Mg through diet, the same behaviour should be observed under field condition. 

There was a positive correlation between the time taken to stand and the time taken to 

successfully suckle in lambs in the current study. Standing and suckling quickly are 

shown to be related to an improved survival rate in lambs due to the nutritional and 

immunological benefits of colostrum consumption and establishing strong lamb-ewe 

bonding (Dwyer et al., 2003). Similar to the findings of this study, a study by Garcia 

Gonzalez and Goddard (1998) showed that lambs fed with artificial colostrum received 

less maternal care, since they were less active than their siblings. Mutual stimulation of 

ewe and lamb actions seems to occur during attempts to suckle. Lamb movements 

stimulate ewe cooperation and licking while the ewe orients the lamb to the udder, which 

stimulates lamb suckling efforts (Garcia Gonzalez & Goddard, 1998; Dwyer et al., 2003; 

O'Connor & Lawrence, 2010).  

Activities such as isolation in a corner, pawing at the ground, restlessness and alteration 

between laying down and standing up are the behavioural signs of impending parturition 

(Bray & Wodzicka-Tomaszewska, 1974; Garcia Gonzalez & Goddard, 1998). The 
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reduction in social interest is not due to the bonding process with the neonates; it is likely 

to be related to the neurophysiological changes associated with parturition. Treatment did 

not affect these behaviours in this study, because these behaviours are mainly influenced 

by hormones (Dwyer, 2008).  

5.6 Conclusion 

Improvement of the parturition process in supplemented groups as a result of Ca and Mg 

supplementation is an important finding with implications for the health and survival of 

multiple-bearing ewes and their lambs. It is recommended that multiple-bearing ewes are 

supplemented with Ca and Mg at for the last month of the pregnancy even when they do 

not show any sign of metabolic disorders, to promote ease of parturition, grooming 

behaviour and reducing the time for lambs to stand and suckle, all of which are likely to 

contribute to increased lamb survival.   
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Chapter 6. The effect of calcium, magnesium and 

sodium supplementation at late lactation on the mineral 

profile and immune response of ewes and their lambs 

6.1 Summary 

This study investigated the effect of supplementation of lactating ewes and their lambs 

grazing barley forage with Ca, Mg and Na on the plasma mineral profile of ewes, and on 

the plasma mineral status, immune response and live weight gain of lambs from four 

weeks of age to weaning.  

A single 10 ha field sown to barley (Hordeum vulgare cv. Moby) was divided into eight 

paddocks and grazed by a flock of 104 Merino ewes and their progeny (13 ewes/plot). 

Ewes in four paddocks had ad libitum access to mineral supplements supplying 

12g/ewe.day calcium carbonate daily from limestone, 12g/ewe.day magnesium oxide 

from Causmag® and 6g/ewe.day sodium chloride as coarse salt in ratio of 2:2:1 by weight 

(as fed). Control groups were not provided any mineral supplementation. Blood, milk and 

urine samples from ewes and blood samples from lambs were collected at one month after 

lambing or the first day of introducing the animals to the grazing crop (Day 0), on 14 days 

after introduction to the grazing crop (Day 14) and at weaning (Day 28). The live weight 

of lambs was measured at the same time points.  

The provision of Ca, Mg and Na supplements to the lactating ewes had no effect (p > 

0.05) on plasma mineral concentration in ewes. The growth rate of twin lambs in the 

supplemented group was 31% greater than of control lambs (217 vs 166g/lamb.day (p = 

0.026)). Total antioxidant capacity in lambs increased (p = 0.001) over time and TAC in 

mineral supplemented lambs (499.48 µmol HCl/ml) was greater (p = 0.012) than in the 

control group (399.64 µmol HCl/ml). The oxidative burst response in lambs decreased (p 

< 0.001) from Day 0 to Day 28 in lambs. Urinary Ca excretion in ewes in the 

supplemented group (1.72 mg/dL) was greater (p = 0.001) than ewes in the control group 

(1.10 mg/dL).  

Overall, supplementation of lactating ewes grazing on barley forage supplemented with 

Ca, Mg and Na had a beneficial effect on oxidative stress in ewes and also the live weight 

gain and immune response of their growing lambs. 
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6.2 Introduction 

Dual-purpose crops have the potential to fill the winter feed gap in systems where low 

winter pasture growth rates constrain stocking rates (Kirkegaard et al., 2008; Harrison et 

al., 2011). Cereal crops can provide a valuable forage source for animals during winter 

and may be grazed by different livestock species and classes depending on the production 

system (Kirkegaard et al., 2008). There are reports of a high mortality rate in animals 

grazing dual-purpose crops, potentially linked to the mineral profiles of the crop forage 

(McGrath et al., 2013). Magnesium content of dual-purpose wheat is marginal relative to 

the requirements of growing livestock (Dove & McMullen, 2009) and the high K content 

and very low Na content results in a very high rumen K:Na ratio, which can greatly 

impede Mg absorption. This phenomenon arises from the presence of the KNa1 gene 

which causes the exclusion of Na and the accumulation of K in wheat forage (Dove, 

Kelman, Kirkegaard, & Sprague, 2012). Although this gene is absent from barley, it has 

been shown that Na is excluded from shoots in barley forage that may cause an imbalance 

in the K:Na ratio, which is under genetic control (Dove et al., 2012). Mineral evaluation 

of barley forages has shown that 14% of barley forages are deficient in Na and 30% are 

deficient in Mg compared to animal requirements (Gorham, Hardy, Jones, Joppa, & Law, 

1987). The K concentration (% DM) in all dual-purpose crops is typically higher than the 

animal requirement (Dove, Masters, & Thompson, 2016). Therefore, Mg deficiency may 

be a risk for sheep grazing dual-purpose barley. 

Due to the mineral imbalance in dual-purpose crops, mineral supplementation has been 

considered as an option. Supplementation of livestock grazing dual-purpose wheat with 

Ca, Mg and Na increased the live weight gain of young sheep by 30–60%, which has been 

valued at 15–20 times more than the expense used for mineral supplementation (Dove & 

McMullen, 2009; Dove & Kirkegaard, 2014). McGrath et al. (2015) reported an increase 

in the growth rate of twin-born lambs to one month of age when their dams grazing dual-

purpose wheat during late gestation and early lactation were supplemented with Ca + Mg 

+ Na. Improvement of the growth rate in livestock grazing on dual-purpose wheat with 

mineral supplementation suggests further investigation of the use of mineral supplements 

for livestock grazing barley forage. The effect of supplementation on live weight gain of 

Merino hoggets grazing barley was evaluated by Dove et al. (2012). However, more 

investigation is required to evaluate the effect of mineral supplementation of lactating 

ewes grazing barley forage on the growth rate of young lambs dependent on their mothers 

(i.e. during the four weeks prior to weaning).  
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Besides the role of Ca, Mg and Na supplementation in covering the forage mineral 

imbalance, it has been shown that these minerals are very important for a number of 

physiological process such as skeletal development, regulating the energy balance and 

boosting the immune system (Ducusin et al., 2003; Kimura et al., 2006; Laires & 

Monteiro, 2008; Martinez et al., 2014).  

The need for mineral supplementation to reproductive ewes grazing barley forage to cover 

mineral imbalance of barley forage is not well documented. Improvement of immune 

system, energy regulation and weight gain of lambs as a result of Ca and Mg 

supplementation from pre-lambing to one month of post-lambing in study 1 (Ataollahi et 

al., 2018b) and study 2 (Ataollahi, Friend, McGrath, & Bhanugopan, 2018a) of this PhD 

project demonstrated that these minerals are vital for animal health and animal 

production. Thus, this study (third) aimed to evaluate the effect of mineral 

supplementation (Ca, Mg and Na) for the four weeks prior to weaning on immune 

function, OS and weight gain of lambs, as well as on OS and the energy profile of ewes 

grazing barley forage. 

6.3 Materials and methods 

This study was conducted at Charles Sturt University (35°3’30.3”S, 147°20’38.5”E; 219 

m altitude), Wagga Wagga, New South Wales, Australia from end of July 2016 to 

September 2016. The research study was approved by the Charles Sturt University 

Animal Care and Ethics Committee (protocol number A16045). 

A single 10 ha field was used in this study; forage barley (Hordeum vulgare cv. Moby) 

was sown on 4 May 2016 at a rate of 60 kg/ha after a knockdown herbicide application. 

Diammonium phosphate fertiliser was applied at a sowing rate of 100 kg/ha. The field 

was divided into eight paddocks (1.25 ha area) before grazing.  

6.3.1 Sheep management and measurement  

The experiment began on 26 July 2016 (average lamb age of four weeks±4 days) and 

concluded on 1 September 2016 at weaning. A flock of 104 Merino ewes (three–five 

years old, with mean BCS 2.7±0.2 (scale of 1 to 5, with 1= thin and 5 = fat)) (Jefferies, 

1961) raising either single or twin lambs (164 lambs including singles and twins) were 

randomly allocated to the eight paddocks (13 ewes/paddock and 20 lambs/paddock) with 

equal representation of single and twin lambs in each paddock. All paddocks were grazed 
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concurrently. Paddocks were randomly allocated to the two treatments (n=4 

paddocks/treatment). Ewes in the supplemented paddocks had ad libitum access to 

mineral supplements containing calcium carbonate from limestone, magnesium oxide 

from Causmag® and sodium chloride from coarse salt, in a ratio of 2:2:1 by weight, 

respectively. This supplement was designed to supply 12 g calcium carbonate, 12 g 

magnesium oxide, and 6 g sodium chloride per ewe/day (McGrath et al., 2015). Ewes in 

the control paddocks were not provided with any minerals. Supplements were weighed 

and mixed by hand every day and placed in feeders. Uneaten supplement was weighed 

before being disposed of each day and replaced with fresh supplement.  

6.3.2 Forage mass and nutritive quality 

Forage mass (kg DM/ha) was measured on 24 July 2017 and on weaning day (1 

September 2017). Forage mass was visually estimated using the method of Haydock and 

Shaw (1975). On each sampling occasion, 20 calibration quadrats (0.7m × 0.35cm quadrat 

(0.24 m2)) were cut at ground level with hand shears, and 15 visual estimates along a 

transect per plot were taken. Calibration cuts were dried and weighed to develop a 

calibration curve for the visual estimates (Haydock & Shaw, 1975; McGrath et al., 2015). 

Fifteen grab samples of forage representing estimated ewe diet selection were collected 

along a transect in each plot on two sampling days and bulked per paddock (Cayley & 

Bird, 1996). Samples were dried in an oven at 60 °C and analysed for nutritive value. 

Proximate analyses (% DM) were determined using NIR spectroscopy with Bruker multi-

purpose analyser and OPUS software using calibration developed by the NSW DPI FQS, 

Wagga Wagga, New South Wales. The feed analyses included forage mass, CP, neutral 

detergent fibre (NDF), acid detergent fibre (ADF) and ME.  

Mineral analyses were determined using ICP-AES (Varian 710-ES) at wavelengths 

315.89 nm for Ca, 279.08 nm for Mg, 589.59 nm for Na, 213.62 nm for P and 769.89 for 

K respectively, at the EAL, Charles Sturt University. 

6.3.3 Blood, urine and milk collection from animals 

Blood, urine and milk samples from ewes and blood samples from lambs were collected 

on three occasions corresponding to first month after lambing (ceased) or the first day of 

introducing animals to barley forage (Day 0), 14 days after introduction to the grazing 

crop (Day 14) and at weaning (Day 28). The samples were taken from a subsample of 36 

twin-rearing ewes (six ewes/paddock) and their lambs (n=72 lambs with 12 
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lambs/paddock) on each occasion. Lambs in all paddocks (n=164 lambs) were weighed 

on each occasion to determine lamb growth rate. The last weight was recorded at weaning.  

The procedure of blood, urine and milk sample collection was same as study 1 (Chapter 

2). 

6.3.4 Other measurements 

The other measurements such as mineral analysis (Ca, Mg, Na and P) in plasma, milk and 

urine samples, urinary creatinine, oxidative burst response  in leukocyte cells, plasma OS 

(TAC, ROM and OSi) and plasma NEFA concentration were determined by the same 

method as study 1 (Chapter 2). 

6.3.5 Statistical analysis 

All data were analysed using IBM SPSS Statistics for Windows, Version 20.0. Armonk, 

New York, US. Distributions of the residuals of continuous data were evaluated for 

normality by using frequency histograms and QQ plots. An univariate test was used to 

determine the significance of differences in mineral composition in barley forage among 

paddocks. The rest of the data were analysed using the linear mixed model. The main 

effects (treatment and timepoint) and their interaction effects (timepoint × treatment) 

were considered as fixed factors, except lamb weight gain. However, three variables—

time, treatment and rearing status (single- or twin-raised)—and their interaction (time × 

treatment, treatment × rearing status and time × treatment × rearing status) were the fixed 

factors for the analysis of lamb weight gain. Ewe and paddock were random factors. The 

effect of difference between supplemented and control groups at the start time point was 

included as a covariate in the statistical model for variables that had a significant 

difference between groups at the start time point. Where residual variances were not 

normally ditributed, data was transformed on the log scale and back-transformed for 

reporting means.  

A p-value of < 0.05 was used to identify differences that were statistically significant and 

0.05≤ p ≤ 0.1 are used to identify tendencies for differences.  
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6.4 Results 

6.4.1 Forage availability and nutritive value 

Forage mass on offer did not differ (p = 0.544) between treatments at the two 

measurement points, and did not change (p = 0.146) between time points (Table 6.1). 

The NDF and ADF content did not differ (p > 0.05) between treatments nor over time. 

Crude protein and ME did not (p > 0.05) differ between groups. However, CP was less (p 

= 0.001) at the second sampling date and ME was greater (p = 0.022) at the second 

sampling date. The Ca, Mg, K and Na contents of forage samples were not different 

between treatments, but the concentration of Ca, Mg and K was less at the second 

sampling date (p < 0.005), and tended to be lower (p = 0.06) for Na. Comparison of forage 

mineral contents with ewe requirements showed that the Ca (0.45% DM), Mg (0.17% 

DM) and K (2.325% DM) provided by barley forage was higher than the requirements of 

lactating ewes, which is 0.35% DM for Ca, 0.12% DM for Mg and 0.50% DM for K. 

However, forage Na content (0.063% DM) was slightly less than lactating ewe 

requirements (0.09% DM) (NRC, 2007).  

Table 6.1: Proximate analysis and mineral analysis of forage samples collected at the 

start and end of the experiment (Mean±SE). 

Feed Content Start Sample End Sample p-value 

Forage Mass (kg DM/ha) 1630.000±130 1760.000±130 0.146 

NDF (% DM) 43.800±0.61 44.100±0.59 0.646 

ADF (% DM) 23.100±0.48 22.600±0.48 0.408. 

CP (% DM) 21.800±0.85 19.300±0.85 0.001 

ME (MJ/kg DM) 9.900±0.06 10.100±0.06 0.022 

Ca (% DM) 0.550±0.02 0.440±0.02 0.002 

Mg (% DM) 0.190±0.01 0.150±0.01 0.003 

K (% DM) 2.450±0.07 2.200±0.07 0.025 

Na (% DM) 0.064±0.01 0.062±0.01 0.06 

K/Na ratio 3.820±0.05 3.540±0.07 0.08 

K/(Na+Mg) ratio 2.930±0.01 2.900±0.40 0.04 

DM: dry matter; NDF: neutral detergent fibre; ADF: acid detergent fibre; CP: crude protein; ME: 

metabolisable energy; Ca: calcium; Mg: magnesium; K: potassium; Na: sodium 

Ewes consumed around 58% of provided mineral supplements per day (Figure 6.1). 
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Figure 6.1: the mineral consumption of ewes grazing barley forage over time at four 

treatment groups  

6.4.2 Plasma mineral concentration in ewes and their lambs 

Mineral profiles in ewe plasma are presented in Table 6.2. Plasma Ca concentration 

decreased over time (p = 0.011), whereas plasma Mg concentration did not change (p = 

0.122) over time. Plasma P concentration in ewes increased over time (p = 0.013), while 

plasma Na concentration was highest at Day 14 compared with the other time points (p < 

0.001). Plasma Ca, Mg, P and Na concentration in ewes was not affected (p > 0.05) by 

treatment. 

0

10

20

30

40

50

60

70

80

Plot1 Plot 3 Plot 5 Plot 7

M
in

er
a
l 

co
n

su
m

p
ti

o
n

 (
%

)

Plots



122 

 

Table 6.2: Mean (±SE) concentration of calcium (mg/dL), magnesium (mg/dL), 

phosphorus (mg/dL) and sodium (mg/dL) in plasma of ewes in the supplemented and the 

control groups at four weeks of age (Day 0), two weeks after introduction to the grazing 

crop (Day 14) and weaning time (Day 28). 

Time 

Treatment  p-value 

Control Supplemented Time Treatment 
Time × 

Treatment 

Plasma Ca 

Day 0 9.1±0.29 9.3±0.32    

Day 14 8.8±0.29 9.6±0.33 0.011 0.235 0.286 

Day 28 8.4±0.30 8.2±0.33    

Plasma Mg 

Day 0 2.3±0.14 2.3±0.13    

Day 14 2.5±0.15 2.6±0.16 0.122 0.644 0.899 

Day 28 2.2±0.12 2.2±0.13    

Plasma P 

Day 0 9.8±0.9 8.7±0.85    

Day 14 8.8±0.90 9.4±0.79 0.013 0.802 0.603 

Day 28 11.4±0.75 11.4±0.87    

Plasma Na 

Day 0 255.9±1.01 247.2±1.01    

Day 14 322.8±1.01 313.3±1.02 0.000 0.808 0.585 

Day 28 231.7±1.01 236.6±1.02    

 

 

Milk Ca concentration did not differ (p = 0.169) over time. However, milk Mg and Na 

concentration on Day 14 was greater than other time points (p ≤ 0.028). Milk P 

concentration decreased over time (p = 0.028). Treatment did not affect (p > 0.05) milk 

Ca, Mg, P and Na concentration (Table 6.3).  
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Table 6.3: Mean (±SE) concentration of minerals like calcium (mg/dL), magnesium 

(mg/dL), sodium (mg/dL) and phosphorous (mg/dL) in milk in ewes at one month after 

lambing (Day 0), 14 days after introduction to the grazing crops (Day 14) and weaning 

(Day 28) as a result of mineral supplementation. 

Time relative 

to lambing 

Treatment  p-value 

Control Supplemented Time Treatment 
Time × 

Treatment 

Milk Ca 

Day 0 117.2±1.08 122.7±1.07    

Day 14 133.7±1.08 151.4±1.08 0.169 0.447 0.549 

Day 28 138.4±1.07 133.7±1.08    

Milk Mg  

Day 0 13.8±1.06 15.0±1.06    

Day 14 15.2±1.06 16.1±1.06 0.030 0.359 0.389 

Day 28 13.7±1.05 13.3±1.06    

Milk P  

Day 0 160.2±11.35 150.7±11.48    

Day 14 149.7±11.35 160.4±11.63 0.028 0.864 0.502 

Day 28 127.5±10.26 129.5±11.14    

Milk Na  

Day 0 37.2±1.06 40.6±1.05    

Day 14 40.6±1.05 40.4±1.06 0.005 0.766 0.448 

Day 28 34.8±1.05 33.3±1.05    

 

The urinary Ca:creatinine, P:creatinine and Na:creatinine ratios in ewes on Day 0 were 

greater (p ≤ 0.014) than other time points. Urinary Mg:creatinine ratio did not differ (p = 

0.246) over time. Supplementation did not affect urinary Mg:creatinine, P:creatinine and 

Na:creatinine ratios in ewes (p = ≥ 0.199), whereas urinary Ca:creatinine ratio in the 

supplemented group was greater (p = 0.001) than the controls (Table 6.4). 
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Table 6.4: Urine calcium:creatinine, urine magnesium:creatinine, urine 

phosphorus:creatinine and urine sodium:creatinine ratios (Mean±SE) in ewes from the 

supplemented and control groups at one month after lambing (Day 0), 14 days after 

introduction to grazing crops (Day 14) to weaning (Day 28). 

Time relative to 

marking 

Treatment  p-value 

Control Supplemented Time Treatment 
Time × 

Treatment 

Urine Ca:creatinine  

Day 0 1.2±0.20 2.8±0.23    

Day 14 1.1±0.20 1.6±0.07 0.005 0.001 0.111 

Day 28 1.0±0.17 1.2±0.39    

Urine Mg:creatinine  

Day 0 6.6±1.36 5.0±1.33    

Day 14 4.0±1.42 6.0±1.32 0.246 0.996 0.134 

Day 28 3.9±1.37 5.0±1.32    

Urine P:creatinine  

Day 0 5.3±0.87 2.0±0.3    

Day 14 0.20±0.03 0.6±0.08 0.014 0.774 0.281 

Day 28 0.3±0.08 0.3±0.04    

Urine Na:creatinine  

Day 0 10.9±1.49 23.3±1.45    

Day 14 2.1±1.59 7.3±1.51 0.003 0.199 0.552 

Day 28 8.7±1.47 4.3±1.51    

 

Plasma Ca, Mg and Na concentration in lambs on Day 14 was greater than at the other 

time points (p < 0.001). Plasma P concentration in lambs decreased (p = 0.025) over time. 

Lambs in the supplemented group had greater (p = 0.036) plasma Mg concentration 

compared with lambs in the control group, while supplementation did not have an effect 

(p > 0.210) on plasma Ca, Na and P in the lambs (Table 6.5). 
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Table 6.5: Mean (±SE) concentration of calcium (mg/dL), magnesium (mg/dL), 

phosphorus (mg/dL) and sodium (mg/dL) in plasma of lambs in the supplemented and 

the control groups at four weeks of age (Day 0), two weeks after introduction to the 

grazing crop (Day 14) and weaning time (Day 28). 

Time 

Relative to 

Marking 

Treatment  p-value 

Control Supplemented Time Treatment 
Time × 

Treatment 

Plasma Ca  

Day 0 9.9±0.6 9.9±0.6 0.000 0.970 0.872 

Day 14 12.0±0.6 11.9±0.7    

Day 28 8.4±0.6 8.5±0.7    

Plasma Mg  

Day 0 1.7±0.05 1.7±0.03    

Day 14 2.3±0.05 2.4±0.08 0.000 0.036 0.891 

Day 28 1.6±0.05 1.7±0.08    

Plasma P  

Day 0 16.1±1.51 16.2±1.39    

Day 14 16.5±1.57 15.9±1.39 0.025 0.210 0.343 

Day 28 14.7±1.54 10.7±1.41    

Plasma Na  

Day 0 255.9±1.01 247.2±1.01    

Day 14 322.8±1.01 313.3±1.02 0.000 0.466 0.142 

Day 28 231.7±1.01 236.6±1.02    

 

6.4.3 Body weight gain and oxidative burst response of lambs 

There was an effect of time (p < 0.001), treatment (p = 0.039) and interaction of time × 

treatment × rearing status (p = 0.026) on the live weight gain of lambs. Lamb weight 

overall increased with time. The overall treatment effect showed that the weight of lambs 

in the supplemented group (17.9 ± 0.57 kg) was greater than the control groups (16.3 ± 

0.61 kg). The results of time × treatment × rearing status interaction indicates that 

weaning weight of twin-raised lambs in the supplemented group was greater than the 

control (Figure 6.2). Average daily body weight gain of twin-raised lambs in 

supplemented groups to weaning was 31% greater than the twin-raised lambs in the 

control group (217 v. 166g/lamb.day). 
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Figure 6.2: Mean (±SE) live weight (kg) of single and twin-raised lambs at one month of 

age (Day 0), 14 days after introduction to grazing crops (Day 14) and weaning (Day 28) 

in control and mineral supplemented groups. 

Error bar represents SE.  

There was a significant decrease (p < 0.001) in the oxidative burst response of lambs over 

time and there was no effect (p = 0.257) of treatment on the oxidative burst response in 

lambs. The effect of time × treatment on oxidative burst response was not significant (p 

= 0.132) (Figure 6.3).  

 
 

Figure 6.3: The effect of calcium and magnesium supplementation on oxidative burst 

response (Luminescence in RLU) of leukocytes in lambs at one month of age (Day 0), 14 

days after introduction to the grazing crops (Day 14) and weaning (Day 28). 

Error bar represents SE.  
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6.4.4 Oxidative status in ewes and lambs 

Table 6.6 representes the mean concentration of TAC, ROM and OSi in ewes and lambs. 

In ewes mean TAC (µmol HCl/ml) did not differ (p = 0.680) over time or by treatment (p 

= 0.619). Mean ROM (Carr U) decreased over time (p = 0.052), while treatment did not 

have an effect (p = 0.181). Mean OSi (ROM/TAC) did not differ (p = 0.819) over time 

and OSi in the control group was significantly greater (p = 0.021) than in the 

supplemented group. Time × treatment interaction was not significant (p = 0.763) 

However, mean TAC in lambs in the supplemented group was greater than in the control 

group (p = 0.035) and also the mean TAC in lambs increased over time (p = 0.028). Mean 

ROM and OSi in lambs did not differ (p ≥ 0.403) overtime, and treatment had no effect 

(p ≥ 0.254) on these variables. 
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Table 6.6: The effect of supplementation with calcium, magnesium and sodium on mean 

(±SE) concentration of TAC (µmol Hcl/ml), ROM (CRRA Unit) and OSi (ROM/TAC) 

of ewes and their lambs at four weeks post lambing (Day 0), 14 days after introduction to 

grazing crops (Day 14) and weaning time (Day 28). 

Time 

Treatment  p-value 

Control Supplemented Time Treatment 
Time × 

Treatment 

TAC in ewes 

Day 0 404.6±20.15 419.8±18.11 

0.680 0.619 0.198 Day 14 349.1±20.15 446.7±15.09 

Day 28 466.7±18.11 403.6±15.09 

ROM in ewes  

Day 0 185.9±20.4 137.9±21.30    

Day 14 182.3±19.61 131.4±22.34 0.052 0.181 0.766 

Day 28 104.5±20.4 127.8±21.31    

OSi in ewes  

Day 0 0.68±0.102 0.31±0.091    

Day 14 0.33±0.105 0.27±0.089 0.819 0.021 0.763 

Day 28 0.45±0.105 0.41±0.095    

TAC in lambs  

Day 0 389.3±35.32 440.4±39.38    

Day 14 304.1±50.98 417.9±41.09 0.028 0.035 0.789 

Day 28 499.6±37.19 527.9±42.91    

ROM in lambs  

Day 0 136.5±26.90 103.5±48.91    

Day 14 140.6±25.58 126.2±43.91 0.403 0.254 0.852 

Day 28 85.5±25.64 89.3±32.54    

OSi in lambs  

Day 0 0.35±0.0.091 0.30±0.098    

Day 14 0.49±0.090 0.49±0.095 0.485 0.646 0.945 

Day28 0.43±0.095 0.33±0.091    

 

6.4.5 Non-esterified fatty acid concentration in ewe plasma  

Mean NEFA concentration (µEq/ml) did not change over time (p = 0.300) and mineral 

supplementation of ewes did not affect mean NEFA level in ewes (p = 0.970). The 

interaction of time × treatment on NEFA concentration in plasma was not significant (p 

= 0.192) (Figure 6.34). 
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Figure 6.4: The effect of calcium and magnesium supplementation on the concentration 

of non-esterified fatty acids (mEq/ml) in plasma of ewes at one month after lambing (Day 

0), 14 days after introduction to grazing crops (Day 14) and weaning time (Day 28). 

Error bar represents SE.  

 

6.5 Discussion 

The Ca and Mg concentrations in barley forage in this study appeared adequate for animal 

requirements (NRC, 2007), which is consistent with other reports suggesting that barley 

forages are not deficient in Ca, Mg and Na (Dove et al., 2012; Masters & Thompson, 

2016; Masters et al., 2017). The mineral composition of barley forages, however, has 

been shown to be highly variable. For example, the forages from four farms reported by 

Masters et al. (2017) varied in their mineral concentration by >100%, suggesting that 

factors such as soil and barley cultivar may influence the mineral status of barley forages. 

Research by Dove et al. (2012) showed that the K:Na ratio in barley forage is under 

genetic control, and Nax3 and Nax4 are the two loci involved in mineral regulation that 

have different degrees of expression between barley cultivars—their expression is also 

affected by soil environments. Therefore, further studies are required to evaluate the 

genetic differences between barley cultivars that could consequently explain the different 

mineral composition profiles in barley forages. 

The mineral analysis of all twin-bearing subsample ewes indicates that there was no 

clinical symptom of metabolic disease in the current experiment, and the plasma 

concentration of Ca, Mg and Na in ewes was maintained within the normal range, 
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consistent with the results of Masters et al. (2017). In the current study, urinary Ca 

excretion decreased over time as highest urinary Ca excretion was measured at the start 

time point and the lowest excretion of Ca was measured at weaning. The start time point 

in this study was approximately one month after lambing when ewes most likely were at 

peak lactation, which is usually around three–four weeks after parturition in sheep 

(Cardellino & Benson, 2002). Therefore, the high physiological demand for milk 

production at this time point for minerals like Ca (112 mg/100g milk (Balthazar et al., 

2017)) would trigger bone mobilisation and increased intestinal absorption of Ca (Horst 

et al., 1997), which leads to Ca influx into the blood to maintain plasma Ca concentration. 

Increased urinary Ca excretion suggests that the Ca homeostatic mechanisms have been 

activated. As lambs grow they become less dependent on their mother’s milk as a source 

of nutrient, and thus physiological demands of ewes for minerals become less over time 

(Cardellino & Benson, 2002). Measurement of PTH and calcitriol could have provided 

more insights into the mechanisms.  

In this study, supplementation did not affect plasma Ca profile in the ewes, but Ca 

excretion through urine was higher in the supplemented group than the control group, 

which perhaps was due to the higher Ca absorption through the rumen. Plasma Ca 

regulation is under tight hormonal control, which is why the effect of Ca supplementation 

was not reflected on the plasma Ca profile, but it is reported that urinary excretion of Ca 

can be used as an index to ascertain the Ca status of the animal (Bhanugopan et al., 2015; 

Masters et al., 2017); thus, higher urinary Ca excretion represented higher Ca status in 

the supplemented group. Research studies (Care et al., 1984; Höller, Breves, Gerdes, & 

Kocabatmaz, 1988; Bhanugopan et al., 2015) show that increasing Ca availability in the 

rumen improves net Ca absorption capacity by the rumen epithelium.  

Twin-raised lambs in the supplemented group in this study were 31% heavier than the 

control group at weaning. An increase in the growth rate of twin-raised lambs in the 

supplemented group at weaning in this study is an important production outcome. Ewes 

nursing multiple lambs generally have greater milk production and have increased 

requirements for minerals such as Ca and Mg than those nursing singles (Ramsey et al., 

1994; Danso et al., 2016). This may explain why superior growth rate occurred in twin-

raised lambs when ewes had free access to minerals. Moreover, the marginal 

concentration of dietary Mg and high dietary protein may cause an imbalance in Mg 

required by the body, and consequently supplementation with Mg can compensate for 

this. It has been reported by McGrath et al. (2015) that twin-born lambs had higher growth 
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rates during early lactation when Merino dams grazing dual-purpose wheat were provided 

an access to a mineral supplement, although the increase was only small (6.6%) and the 

result was not repeated in a second experiment with Coopworth cross ewes. The 

difference between the findings of this study with the McGrath et al. (2015) study might 

be due to the difference in the age of the lambs and a variation in the intake of forage and 

minerals. The average daily gain in lambs from birth to four weeks of age (259 vs 243 

g/lamb.day) in the McGrath et al. (2015) study was greater than the average daily gain in 

lambs from four weeks of age to weaning (217 vs 166 g/lamb.day) in this study suggesting 

that faster growth rate of lambs in the McGrath et al. (2015) study was the reason for not 

observing a big difference in lamb growth rate between treatment and control groups. 

Moreover, as lambs grow, they consume more solid food, including forage and minerals, 

compared to newborns that are completely dependent on milk, which was supported by 

the higher concentration of plasma Mg in lambs from the supplemented group compared 

to the control group, given there was no difference in the Mg concentration in milk. This 

finding indicates that lambs consumed the supplement by themselves independent of their 

mothers which resulted in an improvement in plasma Mg concentration. Increased 

weaning weight may improve survival and performance, increasing farm production 

(Kenyon et al., 2004).. Therefore, mineral supplementation of ewes raising multiple 

lambs should be considered, even when mineral levels in forage appear adequate. 

The TAC in lambs from the supplemented group was greater than the control group, 

suggesting that supplemented lambs have a better capacity to counteract oxidant 

metabolites generated by multiple stressors. As lambs grow they are exposed to 

physiological, environmental and social challenges, such as consuming different food 

sources, weaning stress, and changes in the social and physical environment, which all 

contribute to excessive generation of oxidants. Oxidants can be detrimental for living 

cells and all biological molecules (Celi & Gabai, 2015) and impose many implications 

for health, welfare and performance of lambs (Schichowski, Moors, & Gauly, 2008). 

Therefore, it is critical for lambs to have an efficient antioxidant system to neutralise 

generated oxidants, achieved in this study through maternal supplementation with Ca and 

Mg. Magnesium acts as a cofactor for reactions of more than 300 enzymes and has 

important roles in the structure of antioxidant enzymes like glutathione (Antonio et al., 

2008).  

The mean TAC in lambs improved over time, which most likely is the result of maturation 

of the antioxidant capacity in lambs as they grow. A study in dairy cows showed that 
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development of serum antioxidant capacity in calves takes place more than three months 

after birth (Abuelo et al., 2014). It is not clear how long the maturation of antioxidant 

capacity normally takes in lambs. The results of the experiment presented in Chapter 3 

and Ataollahi et al. (2018b)) showed that mean TAC in lambs was peaked at birth, 

decreased at two weeks after birth and stayed stable until four weeks after birth. 

Therefore, it would seem that passive immunity in lambs supplies adequate level of 

antioxidants for two weeks of life and thereafter the activation of antioxidants starts, but 

further studies are required to evaluate the duration in which capacity of antioxidants 

normalise to the adult level.  

This study shows ewes in the control group underwent OS, which is indicative of an 

imbalance between oxidants and antioxidants. The OS in this study caused by excess 

generation of ROM is beyond the ability of antioxidant defence. Oxidative stress 

potentially leads to cellular damage and irreversible modification of cellular components 

(Abuelo et al., 2015). As this study was conducted from four weeks after lambing to 

weaning, and ewes would be mated within the next few months, high OS at this time can 

cause poor fertility and increase reproductive wastage caused by a low conception rate 

and long dry periods (Agarwal, Gupta, & Sharma, 2005; Albera & Kankofer, 2011). 

Therefore, supplementation of ewes from four weeks after lambing to weaning could have 

a beneficial effect on the future reproductive performance of ewes.  

The innate immune system, particularly neutrophils, are the first immune cells that fight 

against the pathogens. A research study on human neutrophils showed that the number 

and function of human neutrophil cells surges at the day after birth, and then steadily 

declines to normalise to adult values (Makoni et al., 2016). The same mechanism but in 

a different time frame might have happened in this study, so that the oxidative burst 

response of leukocytes in lambs reached a peak at one month after lambing (Ataollahi et 

al., 2018b) and then steadily declined to achieve typical adult quantities and function. The 

findings of this study suggest that the function of leukocytes is correlated with cell 

composition, maturation and developmental stage. Although supplementation did not 

affect leukocyte function, further investigation could use these lead points to further 

delineate leukocyte function in different physiological and pathological stages. 
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6.6 Conclusion 

The production benefits of Ca and Mg supplementation from lamb marking (4 weeks after 

lambing) to weaning are confirmed by a better weight gain of lambs in the 

supplementation group compared to the control group at weaning.  Also, TAC 

concentration in lambs and OSi in ewes as a result of supplementation was similar to 

findings of study 2 and could have many implications on reproduction performance of 

ewes and production future and growth rate of lambs.
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Chapter 7. General discussion 

The growing fetus and neonatal ruminant are reliant on their mother for essential nutrients 

to obtain optimal development and growth which induce high energy and mineral 

requirements on pregnant and lactation ewes (McGrath et al., 2013). Dietary mineral and 

energy deficiency could exacerbate demands of pregnant and lactating ewes which would 

lead to an impairment in mineral and energy balance. Imbalance in energy and minerals 

concentration could make pregnant and lactating ewes more prone to metabolic disorders 

(White & Broadley, 2005; Teklić et al., 2013) which has many implication on health and 

performance of both dams and their offspring. Metabolic disorders including pregnancy 

toxaemia (twin-lamb disease), milk fever (hypocalcaemia), grass tetany 

(hypomagnesemia) and postpartum infections (retained placenta, metritis and mastitis) 

are very common at the time of lambing in sheep.  

The importance of Ca and Mg in animal’s health is related to the involvement of these 

minerals in a number of physiological processes, such as boosting the immune system, 

regulating energy metabolism, muscle contractions and bone structure. Any imbalance of 

these minerals during the critical high demand periods could have negative impacts on 

the health and productivity of both the ewes and their offspring. Thus, the aim of the 

current PhD study was to evaluate the effect of Ca and Mg supplementation of pregnant 

and lactating ewes for a shorter duration (2W pre-lambing to 4W post-lambing) or for a 

longer duration (5 W pre-lambing to 4w post-lambing) on physiological response of ewes 

and their lambs for immune function, mineral profile and energy status throughout the 

supplementation period and behaviour at parturition. 

To the best knowledge of the author, this is the first study to demonstrate the beneficial 

effect of maternal Ca and Mg supplementation on both pregnant ewes and their offspring. 

The major findings of the above experiments demonstrates that maternal supplementation 

with Ca and Mg improves lamb immune response, as evidenced by the significant 

increase in leukocyte phagocytic activity, increased oxidative burst response and TAC. It 

has also demonstrated that supplementation has production benefit as evidenced by a 

significant increase in the lamb live weight. The experiments have indicated that the 

benefits are twofold. In addition to findings on lambs, the above studies have shown an 

improvement in energy regulation and plasma mineral profile in supplemented ewes 

during gestation and lactation even when the diets were adequate in Ca and Mg.  
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The key findings, limitations, future directions and benefits are discussed in detail below. 

It is concluded that an important role of Ca and Mg in regulating energy balance and 

boosting immune system in both ewes and lambs have many implications on reproductive 

performance of ewes, prevention of pre-partum metabolic disorders, lamb strength and 

lamb vigour and also lamb production. Consequently, further studies could be conducted 

to evaluate the effect of Ca and Mg supplementation on lamb survival and production 

future of lambs born from mothers supplemented with these minerals. Thus, it is 

recommended that mineral supplementation of ewes raising multiple lambs should be 

considered, even when the mineral content of feed on offer appears adequate.   

7.1 The effect of supplementation with calcium and magnesium 

on the mineral profile of ewes and lambs 

There were no cases of metabolic disorders in the animals used in these studies. Plasma 

Ca concentration and urinary Ca excretion at pre-lambing was significantly lower (8.9 

mg/dL for plasma Ca) (but within the normal range (8.5-10 mg/dL)) than at the other time 

points. A high Ca diet (0.72% DM in diet) from one-month pre lambing to one month 

post lambing did not significantly increase the total plasma Ca concentration of ewes.  

These findings are consistent with other studies (McGrath et al., 2015; Masters et al., 

2017) and suggest that plasma Ca is under tight hormonal homeostatic control to maintain 

the concentration of circulating Ca by an increase in intestinal absorption, kidney 

reabsorption and bone resorption, a mechanism which is well known in sheep and other 

species (Braithwaite, 2007). Plasma Ca concentration acts as a regulatory factor for the 

homeostatic mechanisms, such as PTH and 1,25(OH)2D3 (Kadzere et al., 1997). These 

hormones were measured in the second study (Chapter 3) and results showed that 

concentration of these hormones was greater at one week pre-lambing when high Ca 

demands trigger the secretion of these hormones. In addition, ewes supplemented with 

both Ca + Mg during late gestation i.e. during the high demand period, had lower PTH 

and 1,25(OH)2D3 compared to the other groups suggesting that ewes in this treatment 

could maintain their plasma Ca concentrations (10.36 mg/dL).  

Ewes supplemented with Ca and Ca + Mg had higher urinary Ca excretion and were able 

to maintain their plasma Ca concentration. These findings suggest a positive balance of 

Ca which most likely was the result of higher Ca absorption from the rumen, as it is shown 

that increasing Ca availability in the rumen improves net Ca absorption capacity by the 
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rumen epithelium (Care et al., 1984; Höller et al., 1988; Bhanugopan et al., 2015).  

Urinary excretion of Ca can be used as an index to ascertain the Ca status of the animal 

as reported by Bhanugopan et al. (2015). These findings were further supported by high 

urinary Ca excretion in treatment group compared to the control group in the third study 

where ewes grazing on barley forage were supplemented with Ca + Mg + Na from lamb 

marking to weaning. 

Also, it was noted that urinary Ca excretion was greater in ewes at lamb marking (four 

weeks post lambing) compared to weaning (2 months old) for both control and treatment 

groups which could be related to peak lactation. Peak lactation normally occurs around 

three – four weeks post parturition in sheep, when high physiological demand for milk 

production triggers bone mobilisation and increased Ca intestinal absorption (Cardellino 

& Benson, 2002). In addition, milk production in ewes at late lactation (close to weaning) 

is not as high as early lactation since lambs are introduced to solid food and are not 

entirely dependent on their dam like newborns (Cardellino & Benson, 2002), which 

consequently leads to lower mineral requirements of ewes and greater Ca excretion 

through urine.  

The ewes supplemented with Mg in study 1 and study 2 had significantly higher plasma 

Mg concentration compared to the other treatment groups because Mg concentration is 

mainly regulated by kidney reabsorption and ruminal absorption, not hormonal regulation 

(Ram et al., 1998; Suttle, 2010; De Baaij et al., 2012). This mechanism explain why 

urinary Mg excretion was lowest at one week pre-lambing and at lambing when ewes 

have high Mg demands. An improvement in plasma Mg concentration as a result of Ca + 

Mg + Na supplementation was not observed in study 3 which could be due to short 

duration of supplementation. The duration of supplementation in third study was 4 weeks 

which was significantly shorter than the first two studies.  

Plasma Ca and Mg concentration in lambs was significantly higher at 12 H after birth  

(11.5 mg/dL for Ca and 2.7 mg/dL for Mg) and then decreased at one-month post lambing 

(9.8 mg/dL for Ca and 1.9 mg/dL for Mg), which is probably associated with utilisation 

of minerals in growth mechanisms and the hormonal adaptation that occurs with rapid 

growth of lambs (McClure, 2004; Suttle, 2010).  
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7.2 The effect of calcium and magnesium supplementation on 

the immune profile of ewes and their lambs 

This PhD project, for the first time, showed that maternal mineral supplementation with 

Ca and Mg improved immune response in lambs. To the best of author’s knowledge, there 

are no studies about the important effect of Ca and Mg supplementation on immune 

response of dams and their offspring.  

Maternal Ca supplementation during late gestation improved the oxidative burst response 

of leukocytes in lambs and plasma IgG concentrations tended to be higher in lambs from 

the Ca supplemented group (19.4 µg/ml) at 4 weeks of age compared to the other groups 

(14.1 µg/ml for IgG) (Chapter 3). This phenomenon might be due to an improvement in 

mobilisation of intracellular Ca into the leukocyte’s cytoplasm consequently causing an 

efficient signal transduction that possibly sped up the process of leukocyte maturation 

and the activation of immune cells (Allard et al., 1999; Ducusin et al., 2003). There is no 

research study in sheep evaluating the effect of Ca on immunity factors and leukocyte 

maturation. However, it is shown by study Martinez et al. (2012) that percentage of 

leukocytes undergoing phagocytosis and oxidative burst in pregnant cows suffering from 

subclinical hypocalcaemia (serum Ca concentration ≤ 8.59 mg/dL) reduced compared 

with normocalcemic cows. The important role of Ca in leukocyte function was further 

confirmed by the same research group (Martinez et al., 2014) when hypocalcaemia was 

induced by infusion of EGTA. Neutrophils of cows with induced subclinical 

hypocalcaemia had a faster decreased in cytosolic Ca concentration which consequently 

resulted in a significant decrease in neutrophil’s function for phagocytosis and oxidative 

burst. The function of neutrophil cells reverted to the normal level when EGTA infusion 

was ceased and plasma Ca concentration returned to the normal. 

Maternal supplementation with Mg improved mean TAC concentration in lambs from 

lambing to lamb marking, which could be associated with passive transfer of antioxidants 

through the consumption of colostrum, since Mg has a structural role in antioxidants such 

as GSH-PX, which is well known to be a superoxide radical’s scavenger (Antonio et al., 

2008; Nawito et al., 2016). The important role of Mg in the improvement of antioxidants 

was again confirmed in the third study of this PhD project in which ewes and their lambs 

grazing barley forage were supplemented with Ca + Mg + Na from lamb marking to 

weaning, with the lambs having greater plasma TAC compared to the non-supplemented 

group (Chapter 6). 
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These results indicate an important production finding and suggest that lambs from the 

supplemented groups have an improved fighting capability against the pathogens and 

diseases which has many implications on the lamb’s health and welfare at these critical 

ages when lambs are exposed to different pathogens and do not have a developed immune 

system.  

It was also found that irrespective of treatment, leukocyte function increased in lambs 

from birth to one month of age which supports the idea of leukocyte normalisation to 

adult levels in neonates in the first month of their life (Makoni et al., 2016). Based on a 

research study conducted on human neonates, there is a lack in the function of neutrophil 

cells of neonates after birth due to an insufficient number of membrane surface receptors, 

inefficient signal transduction and delayed mobilisation of intracellular Ca (Makoni et al., 

2016). Cytosolic Ca2+ is an ubiquitous signal, pivotal in many signal transduction 

pathways and controlling a wide range of cellular activities such as proliferation and 

differentiation (Melendez, 2005). Immature leukocytes cells maybe do not have sufficient 

Ca to trigger signal transduction pathway and substantial cellular activities which require 

further investigation. 

The concentration of TAC and IgG in lambs of this study was greater at +2 W than at the 

other time points which could be due to immunity transferred by colostrum which 

explains why immunity at +2 W was higher than +12 H. In lambs at four weeks, the 

passive immune system is inactivated and the adaptive immune system is not fully 

functioning which is why no significant difference was observed between +2 W and +4 

W. However, this needs further research to provide more insights. Results cannot be 

easily compared with the literature, since to the best of author’s knowledge no study has 

evaluated the effect of Ca and Mg supplementation on plasma and colostrum TAC 

concentration. 

The concentration of ROM at +2 W and +4 W was higher compared to +12 H, which 

could be due to exposure of lambs to more pathogens and the consumption of more solid 

food (Galvão et al., 2010). These findings indicate that lambs need an efficient immune 

system as they grow up, since ROM should be neutralised by antioxidant factors as 

immune components. Oxidants can be detrimental for living cells and all biological 

molecules (Celi & Gabai, 2015) and impose many implications for health, welfare and 

performance of lambs (Schichowski et al., 2008). These findings are in agreement with 
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the study of Abuelo et al. (2014), in which calves showed a higher mean ROM in the first 

weeks after birth compared to the first day.  

It is evidenced from all of the above experiments that ewes underwent a period of immune 

suppression around lambing that was demonstrated by poor leukocyte cell functions for 

oxidative burst response, as well as lower concentrations of antioxidants and higher ROM 

concentration at lambing. High concentrations of ROM were measured at -1 W and at 

+12 hours, which was possibly caused by metabolic stress and the onset of inflammation 

resulting from parturition (Goff & Horst, 1997; Mordak & Anthony, 2015). This is an 

important finding of the study, as immune impairment around lambing could make ewes 

more prone to postpartum infection which in turn would have a negative effect on their 

reproductive health and performance. The impairment of the immune system during the 

peri-parturient period is as a result of metabolic stress caused by hormonal and metabolic 

fluctuations (Mordak & Anthony, 2015). This stress can cause an increase in plasma 

corticosteroid hormones, which are powerful immune-suppressive agents (Mordak & 

Anthony, 2015). Moreover, fluctuations in reproductive hormones such as estrogen and 

progesterone and production of prostaglandins during the last week of gestation could 

impair leukocyte functions compared to post parturition time points when the level of 

steroid hormones has fallen to the basal level (Lippolis et al., 2006). An imbalance 

between antioxidants and oxidative metabolites causes OS in ewes at lambing which  

could lead to damage of lipids and other macromolecules, and contribute to increasing 

the susceptibility of dams to develop peri-parturient infections such as retained placenta, 

metritis and  mastitis  (Celi, 2010; Chauhan et al., 2016). 

7.3 The effect of maternal supplementation with calcium and 

magnesium on the live weight of lambs 

Supplementation with Ca and Mg (Chapter 3) improved weight gain of lambs at four 

weeks of age (lamb marking), although short-term supplementation (Chapter 2) with Ca 

and Mg did not affect lamb weight significantly. The average daily weight gain of the 

treatment groups was 204 g/lamb.day, 207 g/lamb.day and 245 g/lamb.day for the Ca, 

Mg and Ca + Mg groups respectively, which was significantly higher than the control 

group (148 g/lamb.day). These findings were further supported by the study reported by 

McGrath et al. (2015) where the average weight gain for lambs from Merino dams was 

250 g/lamb.day from birth to lamb marking. Boosting the immune system of lambs 

through maternal supplementation with Ca and Mg could have a positive impact on 
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improvement of weight gain in supplemented lambs via better nutritional absorption from 

the intestines which is in agreement with study of Walkden-Brown and Kahn (2002). 

Also, an improvement in weight gain of lambs was achieved from one month of age (lamb 

marking) to weaning via Ca + Mg + Na supplementation of ewes and lambs (Chapter 6). 

Supplementation of ewes and lambs in this study improved the weight gain in twin-raised 

lambs compared to single-raised lambs. Twin-raised lambs in the supplemented group 

were 31% heavier than the control group at weaning, which is an important production 

outcome. Ewes nursing multiple lambs generally have greater milk production and have 

increased requirements for minerals such as Ca and Mg than those nursing singles 

(Ramsey et al., 1994; Danso et al., 2016). Mineral supplementation of ewes at this stage 

might provide the required minerals for twin bearing ewes which resulted in an 

improvement in weight gain of their lambs. However, daily weight gain in lambs from 

lamb marking to weaning in this study was 191 g/lamb.day, which was lower than weight 

gain during first month of age (220 g/lamb.day), indicating that lambs at the first month 

of their age were growing faster than the second month of their age.  

Increasing weight gain of lambs at lamb marking and weaning is an important finding 

since it governs weaning and mating time of lambs. Increased weaning weight may 

improve survival and performance of lambs, thereby increasing farm production (Kenyon 

et al., 2004).  

An increase in the weight gain of lambs associated with mineral supplementation in study 

2 and study 3 of this PhD project was achieved when mineral levels in food on offer 

appeared adequate. Therefore, mineral supplementation of ewes raising multiple lambs 

should be considered, even when mineral levels in the diet appear adequate when 

compared to published requirements, due to the very low cost of supplementation. 

7.4 The effect of calcium and magnesium supplementation on 

the regulation of energy balance and the expression level of genes 

regulating energy metabolism 

In this study higher NEFA concentration in plasma was measured at lambing, and not at 

peak lactation, which is due to the high energy requirement for fetal development in 

sheep, unlike dairy cows high energy requirement is during early lactation. 

Approximately 80% of fetal growth is known to take place during the last 6 weeks of 

pregnancy when 40% of maternal glucose supply is being utilised by feto-placental unit 
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(Wooding & Burton, 2008; Duehlmeier, Fluegge, Schwert, Parvizi, & Ganter, 2011). 

These findings are consistent with other studies (Duehlmeier et al., 2011; Raoofi, Jafarian, 

Safi, & Vatankhah, 2013; Karagiannis et al., 2014). The higher energy requirement of 

ewes at late gestation compared to peak lactation was further confirmed in the third study 

of this PhD project. The concentration of NEFA stayed unchanged from marking (peak 

lactation) to weaning. This may be due to the lower energy requirements of ewes at late 

lactation compared to parturition as lambs are more independent at this age, and also the 

food on offer (barley forage) provides the required energy for the lactating animals during 

this period. 

The concentration of NEFA was higher in the control group compared to the 

supplemented groups (Ca, Mg and Ca + Mg) at lambing, suggesting that Ca and Mg 

supplementation helps ewes regulate energy since all nutrients other than Ca and Mg 

remained identical in the diets of all groups. The importance of Ca and Mg in energy 

regulation is through mitochondrial oxidative metabolism, glucose turnover, endogenous 

glucose production and energy production (Cinar et al., 2008; Martinez et al., 2012).  

As Ca and Mg supplementation improved energy regulation in ewes, further investigation 

was taken to evaluate the effect of these minerals on expression of energy regulating 

genes, such as PDK4, CYP51A1, FADS1, CPT1A and BDH1 in leukocyte cells. The 

expression level of genes like CPT1A, BDH1, FADS1 and PDK4 was higher at 12 hours 

post lambing than at the other time points. These results suggest that blood leukocytes 

respond to NEB by shutting down glucose oxidation and favouring fatty acid oxidation 

for energy production. Activation of PDK4, CPT1A along with high NEFA concentration 

suggests that leukocytes block glucose oxidation, increase NEFA uptake for β-oxidation 

and increase ketone bodies synthesis as an energy source for the other cells under high 

energy requirements. Upregulation of FADS1 as an important gene in the fatty acid 

desaturation, indicating higher lipogenesis (Kersten, 2001) in this study, which was 

further supported by non-significant changes in the expression level of CYP51A1 that 

could be due to moderate energy requirements of ewes as NEFA concentration 

moderately increased. Adequate energy, Ca and Mg content of the pellets in this project 

prevented severe NEB and ewes underwent a moderate NEB which might explain why 

all transferred NEFA was not used for oxidation. These findings are in line with study 

Bouvier-Muller et al. (2017b) which indicated that fatty acid oxidation, fatty acid 

desaturation and glycogenesis are affected by high energy demands of ewes. The 

extension of gene expression in study of Bouvier-Muller et al. (2017b) was greater than 
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the current experiment which was due to 40% feed restriction. For ethical reasons in this 

study, we were not able to create Ca and Mg deficiency in the control group, but further 

studies could be conducted to understand how mineral supplementation influences gene 

expression compared to deficient ewes. In future study, comparison of mineral 

supplementation effects on energy regulation when ewes are under energy and mineral 

deficiencies provide more insights. 

7.5 The effect of supplementation with calcium and magnesium 

on the parturition behaviour of ewes and behaviour of lambs 

within two hours of birth 

Ewes from the supplemented group had a trend to have a shorter parturition duration for 

the second lamb compared to the control group, which was most probably due to the role 

of these minerals in muscle contraction and energy metabolism (Baker et al., 2010). These 

mechanisms indicate the important role of Ca and Mg for efficient cervical dilation and 

uterine contraction under the birth hormonal effect. Parturition hormones, including 

oxytocin and prostaglandins, in the absence of extracellular Ca and ATP (as an energy 

source) cause a significant decrease in contraction amplitude, initiating only small 

contractions and causing prolonged deliveries which has implication on lamb vigour and 

strength (Wray & Arrowsmith, 2012b). Prolonged deliveries can cause impaired suckling 

and locomotor activity in lambs due to central nervous system injury (McHugh et al., 

2016). Lambs born with a difficult birth were less active to follow their mothers and 

suckle colostrum in the early postnatal period than lambs with uncomplicated deliveries 

or those requiring minimal assistance (Dwyer et al., 2003) which would influence lamb 

survival and initial growth. Increased birth difficulty compromises survival, so Ca and 

Mg supplementation by improving the ease of parturition, can be expected to promote 

lamb survival. 

7.6 Limitations and opportunities for future research 

The field experiments with ewes were limited to one genotype (Merino) and only twin-

bearing ewes due to cost and other constraints. Furthermore, the supplementation 

practices in the field experiments were limited only to Ca and Mg supplementation. The 

opportunity to explore different proportions of Ca and Mg and other minerals that have 

the potential to affect the immune system, such as injectable forms of vitamin D, micro-

minerals such as Se, Cu and vitamin E would provide further insight and potentially 
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production benefits such reproductive performance of ewes, the number of born lambs 

from each ewes, lamb survival, lamb growth and future production of lambs born from 

supplemented mothers. In this study only one proportion of Ca and Mg supplement was 

examined, but further investigation of other proportion of Ca and Mg supplements would 

be beneficial to reduce the supplemented Ca and Mg content and cause economic benefits 

for farmers.  

Calcium, Mg and Na supplementation of ewes grazing barley forage in the current study 

improved the lamb weight gain of twin-raised lambs compared to twin-raised lambs in 

the control group, indicating the possible difference in Ca and Mg content of milk 

between ewes raising twins and singles. However, twin-raising ewes were only 

subsampled in this study; thus, collecting milk and blood samples from twin and single-

raising ewes would add more information about the mechanisms by which Ca and Mg 

affect lamb weight. Moreover, stalling CCTV camera to assess the lambs’ intake of 

minerals will provide more insights about how mineral supplementation improve lambs 

production. 

Two studies in this PhD project were controlled feeding experiments in order to monitor 

the feed intake of ewes. As Ca and Mg improved the immune response of lambs, the next 

step would be applying Ca and Mg supplementation in the grazing system, as the 

predominant sheep growing system in Australia, to evaluate the immune system of lambs 

and its effect on lamb survival. Therefore, conducting further investigation on the effect 

of Ca and Mg supplementation of pregnant and lactating ewes grazing different pastures 

especially dual purpose crops which have the potential to be low in Ca and Mg on lamb 

survivability would be beneficial.  

As Ca and Mg treatment of animals under farm condition has cost involvement, further 

studies should be conducted to analyse the financial benefits that farmers can earn through 

mineral supplementation over the cost spent to provide Ca and Mg from one month prior 

to lambing and one month after lambing. Furthermore, results of this study showed that 

the Ca and Mg supplementation of ewes from lamb marking to weaning was financially 

beneficial for farmers through improving lamb weight gain at weaning time as a critical 

stage in lamb growth. Therefore, future studies on analysing the financial benefits of Ca 

and Mg supplementation provide farmers with insights on the importance of mineral 

supplementation. 



144 

 

In this future study also the potential financial benefits which Ca and Mg supplementation 

under farm condition provide to farmers can be analysed. 

The first and second studies of this PhD project showed that maternal supplementation 

with Ca and Mg significantly improves the immune response of lambs by improvement 

of the leukocyte function and TAC. However, the mechanisms by which Ca improves 

leukocyte function and Mg improves TAC are not clear and need further investigation 

such as evaluating effect of Ca and Mg on different cells types including osteoblasts and 

osteoclasts in vitro conditions to have a better understanding of the mechanisms involved 

in boosting the immune system in lambs. 

Limitations: High rainfall and windy condition in 2016 and very cold winter in 2017 was 

a reason for high mortality rate of lambs which was one of the biggest limitation of this 

study and was beyond the control of authors. For ethical reasons in this study, we were 

not able to collect tissue samples, such as liver and adipose tissue as the key metabolic 

organs that regulate body energy metabolism, to assess the expression of genes mediating 

energy metabolism which could provide more insights into the metabolic pathways 

associated with glucose and lipolysis and the roles of Ca and Mg in these pathways. 

Moreover, due to the lack of facilities we were not able to use RNA-sequencing analysis 

to measure the expression levels of large numbers of genes simultaneously or to genotype 

multiple regions of a genome. Therefore, conducting RNA-sequencing analysis on 

leukocytes, adipose tissue and liver tissue would provide further insights on gene 

expression regulating energy metabolism. 

7.7 General conclusion 

The benefits of maternal supplementation during late gestation and early lactation was 

evident by: 1) an improvement in immune status of lambs at least in part via an 

enhancement in antioxidant capacity and oxidative burst response of leukocytes; 2) an 

improvement in growth rates of lambs from birth to weaning; and 3) a trend for ease of 

parturition and improved grooming behaviour which is likely to improve lamb survival. 

Maternal supplementation with these minerals, therefore, may potentially improve lamb 

survival and productivity, enhancing the profitability and animal welfare credentials of 

the sheep industry. 
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Supplementation of pregnant and lactating ewes with Ca and Mg improved energy 

regulation at lambing, a time when ewes are prone to pregnancy toxaemia due to high 

energy requirements. Thus, Ca and Mg supplementation of ewes is likely to reduce the 

risk of metabolic disease, particularly under sub-optimal nutritional conditions. 

Ewes undergo a period of immune suppression at pre-lambing and lambing time due to 

lower status of oxidative enzymes, higher ROM level and poor leukocyte function, which 

make ewes more susceptible and prone to postpartum infections. Although no incidence 

of metabolic disorders in this project were observed, immune system impairment and 

NEB even at the subclinical level could have the potential to affect reproductive 

performance, animal health and welfare. 

Therefore, it is recommended that ewes be supplemented with Ca (30 g/head/day) and 

Mg (30 g/head/day) from late gestation to late lactation to improve animal productivity, 

husbandry and welfare. The supplementation with these minerals may have the potential 

to substantially improve lamb survival when used in appropriate quantities and time. 

Moreover, an increase in animal production by supplementation with Ca and Mg is a cost 

effective way to improve animal welfare and increase financial return to producers. The 

findings of this study showed that Ca and Mg supplementation at late gestation and early 

lactation- when ewes have high requirements for these minerals- is very beneficial via 

improving lamb production, improving lamb survival, prevention of pregnancy toxaemia, 

improving reproductive performance of ewes and shortening parturition length. In 

addition, limestone and Causmage® are cheap mineral sources and are very accessible. 

Thus, it is recommended that farmers are trained to use 30 gr/head/day of Limestone and 

30 gr/head/day of Causmage® at critical stages such as late gestation and early lactation 

in order to provide minerals requirements of ewes. 

Thus, a rough financial calculation showed that Ca and Mg supplementation of pregnant 

and lactating ewes provide farmers with high financial benefits compared to the cost spent 

on supplying minerals because ewes and lambs supplemented with Ca and Mg are in 

better health condition. Therefore, future studies on analysing the financial benefits of Ca 

and Mg supplementation will provide farmers with more insights on the importance of 

mineral supplementation.  
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