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Chapter I 

General introduction  

 

    Low-quality roughage is widely used in many countries for climatic, economic or other reasons 

(Garcia et al., 1994; Kaitho et al., 1998; Kim et al., 2015). However, ruminants cannot utilize low-

quality roughage efficiently due to its high level of fiber and low protein contents. In recent 

several decades, numerous studies were conducted to improve the efficiency of low-quality 

roughage utilization by ruminants. Most of these efforts paid attention to feed treatments using 

physical, chemical or biological methods and supplementation with energy and protein feeds. In 

contrast, only few researches were focused on the ruminant themselves, i.e., the ability of 

roughage utilization by ruminants. 

    The ability for roughage utilization differs between animal species (Howe et al., 1988; Garcia et 

al., 1994). For instance, the voluntary intake and the digestibility were higher in goats than in 

sheep when they fed low-quality roughages (Alcaide et al., 1997; 2000). Similarly, the ability for 

roughage utilization differs between individuals within an animal species. These differences may 

be determined in part genetically (Blaxter et al., 1966) and in part through learning (Wiedmeier et 

al., 2002). Specifically, learning early in life (early foraging experience) has been shown to have a 

better effect on roughage utilization than learning as an adult (Provenza and Balph, 1988). The 

feed intake was found to be improved by the early foraging experience in sheep, goats and cattle 

(Distel and Provenza, 1991; Distel et al., 1994; 1996; Wiedmeier et al., 2002); however the 

mechanisms underlying are not clear yet. Feeding cattle high-quality feedstuffs during their early 

life stage was found to affect not only the feed intake and body weight gain, but also the glucose- 

and lipid metabolism-related mRNA expression (Ebara et al., 2012). It suggested that feeding 
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ruminant low-quality roughage during early life stage may affect young animal’s digestion, 

including the rumen functions, and metabolism. 

    Changes in the metabolism would appear in the liver, because the liver plays a major role in 

carbohydrate, protein, amino acid, and lipid metabolism. Many important metabolic pathways 

such as glycogenesis, urea cycle and gluconeogenesis take place primarily in the liver. Thus 

feeding ruminants low-quality roughage from their early life stage possibly induce metabolism 

varying in the liver; however the enormous metabolic process occurring in the liver also makes the 

analysis complex by the traditional methods. Metabolomics, defined as the comprehensive 

analysis of a wide range of metabolites, is a newly emerging field of “omics” research and provide 

a powerful approach to help scientists exploring the complex metabolic pathways in response to 

diet. Thus a liver tissue metabolomics may help us to reveal the metabolic change of ruminant fed 

low-quality roughage from their early life stage.   

    To help with the understanding of the factors involved in this study, a review of the literature 

has been prepared.    

   

 1.1 Definition and issues in Low-quality roughage 

     

    The various feeds and fodders used in livestock feeding are broadly classified as: A) Roughage; 

B) Concentrates; and C) Feed supplements and feed additives. Roughage generally includes 

pasture forages, hays, silages, and by products that contain a high percentage of fiber. Generally, 

they contain 18% or more crude fiber, and primary interest for ruminants, horses and rabbits. 

Especially, adequate roughage is necessary for ruminant to keep the rumen functioning 

(Flachowsky et al., 2006; Afshar and Naser, 2011), because the high grain diets have been shown 

to induce ruminal acidosis (Dong et al., 2011). The physical and chemical composition of 

roughage have great variability. In overall nutritional terms, roughage ranges from very good 
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nutrient sources (e.g. lush young grasses, legumes, and high-quality silages) to very poor sources 

(e.g. straws, hulls, and some browse). The latter is usually called “low-quality roughage”. 

    Low-quality roughage is widely used in many countries for climatic, economic or other reasons 

(Garcia et al., 1994; Kaitho et al., 1998; Kim et al., 2015). For example, rice straw serves as 

ruminant feeds in most Asian countries, because rice is a major staple food in these areas (Fujihara 

et al., 2003). Rice straw is also one of the major sources of roughages for ruminants in the tropics 

(Wanapat et al., 2009; Khandaker et al., 2012; Su et al., 2012). Leaves fallen from the trees and 

bushes are the basic roughage source for ruminants in arid and semi-arid regions during dry season 

(Cavalcante1 et al., 2014). More commonly, the warm-season grasses are used as ruminant feeds 

worldwide (Stritzler et al., 1996; Kirilov and Mihovski, 2014; Temu et al., 2014), and usually they 

are classified as a low-quality roughage (Ball et al,, 2001; Bohnert et al., 2011).  

    Ruminants usually cannot utilize low-quality roughages efficiently due to their high fiber 

content. It is suggested that the fibrous fraction in roughages limits its intake when the proportion 

of cell-wall constituents increases to more than 55 to 60% of the dry matter (DM) content (Van-

Soest, 1965; Arelovich et al., 2008). Such enormous fibrous fraction fills the gastrointestinal tract 

rapidly (Allen, 1996), while their low degradation rate retards the disappearance of digesta from 

the gastrointestinal tract. Another major problem of the low-quality roughages is that they are low 

in key nutrients such as protein and readily fermentable carbohydrates (Preston and Leng, 1987; 

Migwi et al., 2011). Thus the microbial growth and fermentation activity in the rumen are always 

low in ruminants fed low-quality roughages (Ferrell et al., 1999).  

 

1.2 Feed treatments for improving roughage utilization 

   

    To improve the efficiency of low-quality roughage utilization, various methods for feed 

treatments are studied. In general, feed treatments could be broadly classified as chemical 
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treatments, physical treatments and biological treatments. The common goal of those treatments is 

to overcome the inherent barrier, i.e., fibrous fraction, of low-quality roughage, and to improve 

rumen microbial fermentation. (Sundstol and Owen, 1984; Doyle et al., 1986; Schiere and Ibrahim, 

1989; Wanapat et al., 1996; Sarnklong et al., 2010).  

1.2.1 Chemical treatments 

    The purposes of chemical treatments are to reduce the rigidity of the cell structures and swell 

the cell walls. Rumen microorganisms therefore can attack the structural carbohydrates more 

quickly and intensively (Itoh, 1983; Selim et al., 2004). Comparing with physical treatments and 

biological treatments, chemical treatments are the most common method, since they are relatively 

inexpensive and feasible with a simple operation. 

    Three kinds of chemical agents have been researched extensively; they are A) oxidizing agents, 

B) strong acids, and C) alkali based agents (Chenost and Kayouli, 1997). The oxidizing agents 

have not been used in practice due to their high price. In contrast, alkali based agents have been 

widely investigated and frequently used on farms (Sundstøl et al., 1978; Hart and Wanapat, 1992; 

Abate and Melaku, 2009; Sarnklong et al., 2010; Hanafi et al., 2012). Among them, sodium 

hydroxide (NaOH), anhydrous ammonia (NH3) and urea are the most common agents. Principally, 

alkali based agents can increase the degradability of low-quality roughage (Sarnklong et al., 2010). 

Besides, NaOH treatment has been show to increase the palatability of the feeds (Chaudhry and 

Miller, 1996; Vadiveloo, 2000). NH3, urea or other ammonia-releasing compounds can offer the 

additional nitrogen to rumen and preserve the low-quality roughage by inhibiting mould growth 

(Calzado and Rolz, 1990). However, alkali based agents also have disadvantages. NaOH is not 

harmless and too expensive to small-scale farmers. In addition, the application of NaOH is not 

environmentally friendly. Anhydrous ammonia treatment needs a supply of industrially produced 

ammonia, a distribution network and some trained staffs; however, usually, the developing 

countries cannot provide these conditions simultaneously (Wanapat et al., 1996). As the alternative, 

urea treatment is developed becuase urea is cheaper and safer than NaOH and NH3. Now, using 
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urea is regarded as a practical and available method in livestock production, especially in 

developing countries (Sarnklong et al., 2010). However, as the urea price keep increasing, the high 

cost could be a limit factor for its application (Gunun et al., 2013).  

1.2.2 Physical treatments 

    Physical treatments include mechanical treatments, such as grounding, chopping, pelleting or 

soaking, thermal treatments and X-rays treatments. The objective of the mechanical treatments is 

reducing the roughage size to improve the feed intake by animals. However, it will simultaneously 

cause a reduction to the digestibility due to a faster passage rate. The poor quality/cost ratio in 

increasing the nutritive value of roughages makes mechanical treatments less frequently used 

(Wanapat et al., 1996). However, small machines to grind or chop low-quality roughages may be 

feasible (Sarnklong et al., 2010). Thermal treatments refer to treating roughage with steam and/or 

pressure, and are mainly used in timber waste products and bagasse (Chenost and Kayouli, 1997; 

Wanapat et al., 1996).  

1.2.3 Biological treatments 

   The objective of biological treatments is breaking the lignocellulose complexes by fungi and/or 

their enzymes to liberate free cellulose and enhance roughage feeding value. Biological treatments 

have a long history and have been attracting the extensive interests among researchers recently 

(Keller et al., 2003; Zhang et al., 2007; Yu et al., 2009; Hassim et al., 2012; Mahesh and Mohini, 

2013). However, so far the biological treatments cannot yet be applied on a practical scale, since 

there are still a lot of serious problems to overcome. For instance, how to control the optimal 

conditions of fungal growth and how to handle the toxic metabolites produced by fungi (Sarnklong 

et al., 2010).     

    So far, feed treatments, especially chemical treatments and physical treatments, have been well 

researched. They do show some effects to improve the efficiency of low-quality roughage 
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utilization. However, their defects, principally the high cost of feed treatments, restrict their 

practical application largely.     

1.3 Supplementation to improve the roughage utilization 

     

    As mentioned above, low-quality roughages usually low in key nutrients such as protein and 

readily fermentable carbohydrates (Preston and Leng, 1987; Migwi et al., 2011). Thus 

supplementation is another strategy to improve the utilization of low-quality roughage. 

1.3.1 Nitrogen supplementations 

    Nitrogen supplementations have been extensively studied and have been shown to increase feed 

intake and digestibility (McCollum and Gaylean, 1985; DelCurto et al., 1990a; DelCurto et al., 

1990b; Köster et al., 1996; Mehra et al., 2006), as well as to improve animal performances, such as 

body weight (BW) gain, body condition score (BSC), reproduction and milk production (Bohnert 

et al., 2002a,b; Colmenero and Broderick, 2006; Ocak et al., 2006). In addition, supplementing 

rumen degradable protein to ruminants consuming low-quality roughages can increase ruminal 

NH3 and total VFA concentration (Hannah et al., 1991; Horney et al., 1996; Köster et al., 1996; 

Mathis et al., 1999; 2000). In contrast, some researches fail to find positive effects of nitrogen 

supplementations on feed intake (Mathis et al., 2000; Bohnert et al., 2002a,b; Currier et al., 

2004a,b). It is also reported that the type of low-quality roughage, i.e., warm-season grass or cool-

season grass, is a factor to influence the results of nitrogen supplementations (Bohnert et al., 2011). 

Economic problem also exists for using nitrogen supplementations as the protein supplementations 

is too expensive for practical production. Non-protein nitrogen is, therefore, developed to 

substitute part of the protein supplementations. However an excessive use of non-protein nitrogen 

could cause a depression in growth and possible ammonia toxicity. 
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1.3.2 Energy supplementations 

    Energy supplements can be divided into starch-based, fiber-based and fat based type. In general, 

high levels of energy supplementation depress intake and digestibility of low-quality roughage 

(Chase and Hibberd, 1987; Sanson et al., 1990). It is mainly attribute to the decreased ruminal pH 

and NH3 concentration with a high level of energy supplementation. While there is little or no 

impact when energy feeds are supplied with low levels (Chase and Hibberd, 1987; Sanson and 

Clanton, 1989; Sanson et al., 1990). There have been mixed results regarding the effects of energy 

supplementation on ruminants’ BW. Oliveros et al. (1989) found that daily gain increased with 

corn or wet-corn-bran supplement in steers and lambs fed a low-quality roughage basis diet. In 

contrast, Sanson et al. (1990) found that during a 112-d winter grazing period, the cows with an 

energy supplementation lost more weight than the cows with an energy plus protein 

supplementation or a protein supplementation. DelCurto et al. (2000) suggested that energy 

supplementation to low-quality roughage basis diets usually exerts little or no influence on the BW 

and BCS of ruminants. However, when the availability of the low-quality forage is limiting, 

energy supplementation becomes a viable alternative. Such differences were suggested to be 

induced by a wide range of factors that include; the type, form and amount of energy supplement 

used, and the relative proportion and quality of the basal roughage (Migwi et al., 2011). 

Furthermore, it has been shown that energy supplementation to low-quality roughage can improve 

the reproductive performance of ruminants (Clanton and Zimmerman, 1970; Bohnert and Cooke, 

2011). 

    In conclusion, supplementation improves the roughage utilization by offering animals the 

nutrients what the low-quality roughage are deficient. Protein supplements and energy 

supplements are most commonly used. Just like the feed treatments, so far, supplementation has 

been well studied.  
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1.4 The ability of ruminants to utilize roughage   

 

    When most efforts paid attention to improve roughage utilization by feed treatments and 

supplementation, only few researches were focused on the ruminant themselves. The ability of 

roughage utilization differs between animals either interspecies and within species. Furthermore, 

learning has been shown to influence the ability of roughage utilization (Provenza and Balph, 

1987). Thus, improvement of the ability of roughage utilization by ruminants may offer a new 

approach to improve the low-quality roughage utilization.    

 

1.4.1 Interspecies 

    The differences on the ability of roughage utilization between goats and sheep have been 

extensively studied. Overall, goats are considered to utilize roughage better than sheep (Howe et 

al., 1988; Garcia et al., 1994; 1995). It may be due to the different preference and selection of 

roughages between the species. Alcaide et al. (1997) grazed the goats and sheep in a semi-arid area, 

where the shrubs were the most dominant plant species, and also some trees and grasses were exist. 

In their study, voluntary intake was found to be significantly higher in goats than in sheep, and it 

was attributed to the interspecies differences on the selection of shrubs and tree species. In a 

review, Manteca and Smith (1994) explained these differences from two sides. First, goats can use 

the bipedal stance when feeding and they may even climb trees, therefore they can reach food 

unavailable to other ruminants. At the same time, goats have a much higher rejection threshold for 

bitter-tasting substances, they can therefore eat more bitter-tasting substances, such as shrubs. The 

bitter-tasting substances are usually rich in tannins, while the larger size of the parotid glands and 

their greater production of enzymes avoid goats from the toxicity of tannins (Provenza and Balph, 

1987). Howe et al. (1988) found that goats are markedly superior to sheep in utilizing browse diets 

as the lignin content exceeds 120g/kg DM.  
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    On the other hand, the differences on the ability of roughage utilization between goats and sheep 

may also due to the different digestive processes. In general, goats are considered to digest fiber 

more efficiently than sheep, particularly when they eat low-quality roughages (Watson and Norton, 

1982; Doyle et al., 1984; Howe et al., 1988; Domingue et al., 1991a,b). A faster passage rate of 

feed particles from the rumen and a systematic tendency for a higher rate of degradation of the 

material were found in goats (Garcia et al., 1995; Alcaide et al., 1997). Garcia et al. (1994) also 

reported the different rumen fermentation patterns between goats and sheep. Alcaide et al. (2000) 

concluded that while goats seem to have a similar capacity to digest medium quality forages than 

sheep, they were able to maintain a larger rumen fill without increasing ruminal distention. This 

fact would contribute to increased voluntary intakes with respect to sheep.  

    The ability of roughage utilization is also studied on other animal species. In a study that 

comparing the utilization of different roughages between buffalo and cattle, Jetana et al. (2013) 

found that there is slight difference in using various types of roughage between the animal species 

when the quality of the roughages has been changed. The difference in nitrogen utilization 

between buffalo and cattle may be the main reason. Domingue et al. (1991c) fed red deer, goats 

and sheep with chaffed lucerne hay diet ad libitum. During the winter, both recycling of nitrogen 

to the rumen and rumen NH3 absorption were the highest in goats, while the lowest in deer. At the 

same time, a high acetic acid/propionic acid (A/P) ratio was observed in deer. 

1.4.2 Within species 

    Different individuals within a species can also differ in their ability to utilize roughage (Blaxter 

et al., 1966, Distel and Provenza, 1991; Distel et al., 1994; 1996; Wiedmeier et al., 2002). These 

differences may be determined in part genetically. Blaxter et al. (1966) found that the food 

utilization was different between six British breeds of sheep, and it might be due to the differences 

in metabolic reaction to climatic stresses between the different breeds. The different water 

requirement between breeds (Mount, 1979) also has been shown to affect the acceptance of foods 

with elevated salt contents (Squires, 1981). However, it is suggested that the ability based on 
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inheritance primarily makes animals to handle the toxic compounds but not the digestion-

inhibiting compounds contained in roughages (Provenza and Balph, 1987). For cattle eats on 

feedlot diets and pastures, the heritability account for 45% and 30% of total gain, respectively 

(Taylor and Field, 1999). While this percentage decreased to 20% when a low-quality roughage 

diet was used (Wiedmeier et al., 1995). These results suggest that not only the heritability but also 

learning becomes a very important factor to influence the efficiency of roughage utilization (Distel 

and Provenza, 1991; Distel et al., 1994; 1996; Wiedmeier et al., 2002). Specifically, learning early 

in life, in the other words, an experience in early life stage has been shown to have a better effect 

on roughage utilization than learning as an adult (Provenza and Balph, 1988). In general, animals 

learn through 3 ways (Provenza and Balph, 1987). They are: 1) learning by trial and error, 2) 

social learning, particularly learning from the mother (Thorhallsdottir et al., 1990), and 3) food 

imprinting, which is a type of learning that occurs during a sensitive period in the life of an animal 

and is quite persistent (Hess, 1973). Learning by trial and error can modifies the diet selection, 

while social learning and food imprinting influence learning efficiency (Provenza and Balph, 

1987). The period of weaning is suggested to be a very sensitive period for learning foods for 

lambs (Squibb et al., 1990). The deprivation of milk during this period (Matthews and Kilgour, 

1980) and the developing ruminant system may enhance learning of forages by lambs. 

 

1.5 Learning in early life: early experiences with low quality roughage 

1.5.1 Effects on grazing animals  

     When under free-ranging conditions, the early experiences can improve the foraging skills of 

ruminants, and makes them to select, harvest and ingest roughage more efficiently. After exposing 

lambs to shrubs for 2h/day for 15 days in a 2.5×4.8 m area, the experienced lambs were more 

efficient (P < 0.05) at foraging from entire plants (4.1 vs. 4.7 g /min) than the inexperienced lams. 

The intake rate of experienced lambs was higher (P < 0.05) than for inexperienced lambs (5.0 vs. 
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4.3 g /min) in pasture trials, while inexperienced lambs were less (P < 0.05) successful than 

experienced lambs at obtaining food by breaking twigs (56% vs. 77% success), stripping leaves 

(65% vs. 77% success) and plucking individual leaves (81% vs. 89% success) (Flores et al., 1989). 

Sheep, goats and cattle placed in unfamiliar environments spend as much as 20% more time, and 

hence more energy, eating, but ingest as much as 40% less food than animals with experience 

(Provenza and Balph, 1987). Early experiences also have been shown to resulting in marked 

differences in grazing preferences, which persisted for more than a year (Arnold and Maller, 1977). 

1.5.2 Effects on penned animals 

    For ruminants fed in pens, early experiences also show the effects on their roughage utilization 

(Distel and Provenza, 1991; Distel et al., 1994; 1996; Wiedmeier et al., 2002). However, it could 

not be explained by an improved foraging skill thoroughly, because animals reared in pens do not 

need to spend time and energy to search and harvest feed. Thus it is probably that early 

experiences could induce the modifications on neurological, physiological, and morphological 

processes to make animals developing preference to certain roughage (Provenza and Balph, 1987; 

1988). Goats are suggested to develop a preference for a food high in tannins and low in 

nutritional quality by early experience (Distel and Provenza, 1991). Sheep with early experience 

also have been shown to increase preference for various unpalatable plants. Besides to developing 

preference, early experiences also have been shown to influence the rumen microflora (Hungate, 

1966) and digestive tract (Partidge, 1981). The physical form of diet consumed by ruminants 

during the weaning is suggested to influence the development of rumen capacity, rumen 

musculature and rumen mucous membrane (Flatt et al., 1958; Smith, 1961; Tamate et al., 1962).  

1.5.3 Early experiences with low-quality roughage    

Goat 

    Improving low-quality roughage utilization by early experiences therefore has gained some 

attentions. Distel and Provenza (1991) tested the effects of early experience in goats. Six weeks 
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old goats were exposed to blackbrush, a small (< 1 m) shrub that low in crude protein (4-7%), low 

in digestible dry matter (38-48%), but high in tannins, for 20 weeks with their mothers. 

Immediately after exposure (Trial 1), the goats were penned individually and were offered 

chopped blackbrush ad libitum. The experienced goats ingested 12 g/kg of body weight or 95 % 

more (P < 0.01) blackbrush than inexperienced goats, who were fed alfalfa pellets ad libitum 

during exposure. After 9 months of exposure (Trial 2), the experienced goats still ingested 7 g/kg 

of body weight or 27 % more than inexperienced goats (P < 0.01), suggesting a long persistence of 

the effect of early experience on feed intake. An increased preference to blackbrush was observed, 

when alfalfa pellet was available; that is, experienced goats still ingested 6 g/kg of body weight or 

30 % more than inexperienced goats. A larger reticulorumen capacity observed in experienced 

goats in trial 1 might be one of the reasons for the increased feed intake in experienced goats. 

However, the size of the reticulorumen did not differ between treatments in trial 2. Early 

experience thus did not cause a permanent increase in the capacity of the reticulorumen in this 

study. More importantly, the early experience did not improve the efficiency of low-quality 

roughage utilization in this study, as experienced goats had a greater intake but lower body weight 

than inexperience goats. The body weights of experienced goats and inexperience goats were 13kg 

vs 17kg and 25kg vs 27 kg in trial 1 and trial 2, respectively. 

Lamb 

    Effects of early experience with low-quality roughage were also studied on lambs (Distel et al., 

1994). From 1 month of age to 5 month of age, lambs grazed lovegrass (NDF: 85%DM; CP: 

3%DM, low-quality roughage), as the experienced group (EL), or fresh oats (NDF: 46%DM; CP: 

15%DM, normal roughage), as the inexperienced group (IL) on 5-ha pastures. After exposure, 

both EL and IL were given ad libitum access to sorghum hay (NDF: 72%DM; CP: 8%DM). Feed 

intake both with (trial 1) or without (trial 2) protein supplementation were measured. As the results, 

when the sorghum hay was supplemented with protein, there was no difference (P > .05) between 

treatments in intake of sorghum hay, but when the supplement was withheld, EL ingested 20% 
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more (P< 0.01) sorghum hay than IL. At the same time, the apparent digestibility of sorghum hay 

was 4.5% higher (P < .01) in EL (55.1%) than in IL (50.6%) in trial 2. The nitrogen metabolism 

thus was suggested to underlie the digestion responses of lambs. When given a choice between 

sorghum and alfalfa hays (trial 3), EL still ingested 4.8 g /kg BW/day more (P < .01) sorghum hay 

than did IL, which shows a developed preference of lambs to the low-quality roughage. In addition, 

the improved intake and the developed preference to sorghum hay after exposure to lovegrass 

shows a tendency to generalize across low-quality roughages. Although the overall rate of passage 

did not increase, the pattern of passage was somehow affected by early experience in this study. 

However, again, the early experience could not improve the efficient of low-quality roughage 

utilization in lambs, as the body weight gain did not differ between EL and IL, and IL was heavier 

than EL throughout the study, although EL had a better feed intake. 

    After 9 months, a follow-up study was carried out by Distel et al. (1996). The feed intakes of 

sorghum hay were measured again on the same lambs. The EL still ingested 15% more low-quality 

roughage (p < 0.02) than IL, suggesting a persistent effect of early experience on feed intake. 

However when given sorghum hay simultaneously with alfalfa hay at different levels of 

availability, significant difference of sorghum hay intake was observed only when sorghum hay 

was offered ad libitum. Experienced lambs did not show a preference to low-quality roughage 

after 9 months of exposure. In addition, a higher nitrogen retention was observe in EL, due to 

lower urinary excretion. Along this study, the average body weight of EL was lower than that of 

IL.  

Cows and calves 

    Wiedmeier et al. (2002) reported the effects of early experiences with low-quality roughage on 

cows’ performances. Four to five-yr-old cows (n = 32) were selected and divided into two groups. 

Cows in exposed group had been exposed to ammoniated wheat straw (AWS) for 66 ± 3 d as 

suckling calves. While the naive group had no exposure to AWS. The study lasted 3 years, and all 

cows were wintered on an AWS-based diet, supplemented with alfalfa hay from December 1 to 
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approximately May 15 each year. During the remainder of each year, all cows grazed on irrigated 

pastures. As the results, for all 3 year, yearly average BW (P = 0.06, 0.03, 0.07) and BCS (P = 

0.07, 0.001, 0.01) were higher for exposed than naive cows. The reproductive performance and 

milk production were better in exposed than naive cows during the first and second year. In a 

recent research, Wiedmeier et al. (2012) exposed cows to either high fiber (HF) or low fiber (LF) 

diets until parturition. The two diets were iso-net energy (NEm), isonitrogenous and similar in 

mineral and vitamin contents, but they varied 10-fold in neutral detergent soluble carbohydrates. 

Following weaning, the 8 mo old calves from mothers fed HF or LF diets during pregnancy were 

fed ammoniated wheat straw (low-quality roughage). The results showed that the experience with 

low-quality roughage in utero increased intake and digestibility of low-quality roughage in rearing 

period of calves. At the same time, experienced calves numerically gained more than 

inexperienced calves during the research period (0.45 versus 0.41 kg/d; P=0.13). 

    In conclusion, the previous studies have shown that the early experience with low-quality 

roughage could improve the feed intake and food preference. The nitrogen metabolism may 

underlie the improvement of feed intake. While the reticulorumen capacity and the pattern of 

passage may also have effects. The effects of early experience with low-quality roughage on 

ruminant performances cannot be determined yet. The improvements were observed in cows and 

calves, but not in goats and lambs. It is not clear what make such differences. In addition, the 

effects of early experience have a relative long persistence. As suggested by Wiedmeier et al. 

(2002), even if the effects due to early experience could only persist 3 years, it account for a 

considerable ratio of the productive life of the cows. Thus it is meaningful to carry out the further 

studies.     

 

1.6 Early diet experience promote metabolic imprinting  
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    Early diet experiences are found to affect metabolism in rats, mice, domestic species and 

humans later (Levin, 2000). This phenomenon is called “metabolic imprinting” or “metabolic 

programming” (Gluckman et al., 2007). Waterland and Garza (1999) listed five specific candidate 

mechanisms of metabolic imprinting. They are 1) induced variations in organ structure, 2) 

alterations in cell number, 3) clonal selection, 4) metabolic differentiation, and 5) hepatocyte 

polyploidization. Metabolic imprinting is first raised in medical field. Data from human 

epidemiological studies suggest that postnatal nutrition affects the risk for developing adult obesity, 

type 2 diabetes, hypertension and heart disease (Lucas, 1991). Such events occur because organ 

development, in most mammalian species, is not complete at birth and continues in the immediate 

postnatal period. Thus, nutrition during early-postnatal life may permanently change the 

physiology and metabolism of the organism, and have long-term consequences for the animal 

(Moriel and Arthington, 2013).  

    Metabolic imprinting is also studied in agricultural field due to its economical implications. 

Ebara et al. (2012) fed cattle a high-protein and low-fat milk replacer [crude protein (CP) 28%; 

ether extracts (EE) 18%; max: 2.0 kg, 12 l/day] from 1.5 to 5 months, and a high-nutritional total 

mixed ration from 6 to 10 months. As the results, at 10 months of age, glucose transporters 

GLUT1, hexokinase 1 and the mRNA expression levels of TNFα, a multifunctional protein 

involved in lipid metabolism and insulin resistance, were significantly improved, comparing with 

cattle fed a restricted amount of normal milk replacer (CP 25%; EE 23%; max 0.5 kg, 4 l/day) 

from 1.5 to 5 months, and only roughage from 6 to 10 months. The results suggested the 

prominent influences on basal glucose uptake and glucose metabolism by nutrient intake during 

early growth period. In a similar study, Ebara et al. (2010) showed that the mRNA expression of 

genes related to adipogenesis and fatty acid synthesis in skeletal muscle are influenced by feed 

quality during the early growth stage in cattle. While these two studies only showed the effects of 

early experience with high quality diet on metabolism, it is expectable that the different metabolic 

variations can be found in ruminants fed low-quality roughage during the early life stage. 



 

 16 

Moreover, in these two studies, it cannot be determined whether these metabolic variations were 

induced by early experience or only by the feed quality, as the metabolism was not measured when 

both treatment group and control group are fed same diet in the later life stage. 

 

1.7 Metabolism in ruminant liver 

 

    The liver is an essential metabolic organ, and acts as a hub to metabolically connect to various 

tissues, including skeletal muscle and adipose tissue (Rui, 2014). For ruminants, the liver 

metabolic activity is quite higher in adult than in young animal. Previous studies (Ortigues et al., 

1995; Ortigues et al., 1996) have shown that hepatic metabolic activity of the pre-ruminant calf 

(2.1 μmol O2 • min−1 • g−1) is similar to that of the neonatal lamb (2.8 to 6.4 μmol O2 • min−1 • g−1) 

and lower than that of the adult sheep (4.9 to 9.3 μmol O2 • min−1 • g−1). The influences of 

ontogenic events of course cannot be dismissed, but it is suggest that the increase in hepatic 

metabolic activity most likely reflects changes in the amount and type of substrates metabolized by 

the liver, e.g., glucose and fatty acids vs. short chain fatty acids (SCFAs), as a consequence of 

rumen development (Baldwin et al., 2004). During the weaning period, the nutrients absorbed by 

ruminants shift from primarily intestinally absorbed glucose, long-chain fatty acids, and milk-

derived amino acids to SCFAs, ketones, amino acids from feed and microbial sources. It 

subsequently causes alterations in liver function and energy requiring processes such as glucose 

and urea synthesis, protein synthesis, substrate cycling and detoxification of compounds (Seal and 

Reynolds, 1993). Thus feeding ruminants low-quality roughage during the early life stage likely 

induce metabolism varying in the liver. 

1.7.1 Energy metabolism  

    One of the principal differences between ruminants and monogastric animals is that the dietary 

supply of glucose is less or no for ruminants, because most of carbohydrate are catabolized by the 
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microbial fermentation in the rumen. The liver therefore must support a large portion of the 

animal’s glucose requirements. To satisfy such requirements, ruminant’s liver shift from glycolytic 

to glucogenic during the development (Table 1.1). Leat (1970) reviewed these changes in detail. In 

brief, the enzyme capacity for hepatic glucose oxidation via glycolytic and hexose monophosphate 

pathways are reduced (Bartley et al., 1966), while the activity of hepatic gluconeogenic enzymes 

increase rapidly. It is suggested that the activity of glucose 6-phosphatase, a key enzyme that 

catalyzes the last biochemical reaction of glycogenolysis and gluconeogenesis, is double during 

this period (Bartley et al., 1966). Propionate is the major substrate of gluconeogenesis in well fed 

ruminant, while during starvation, glycerol replaces part of propionate and becomes an important 

substrate of gluconeogenesis (Bergman, 1973). In addition, compare with young ruminants, the 

gluconeogenesis from lactate is decreased in adults (Ballard and Oliver, 1965; Savan et al., 1986; 

Donkin and Armentano, 1995; Ortigues et al., 1996), suggesting that the gluconeogenesis in the 

liver can adjust with the substrate available.  

    It is well known that the glucose production in the liver is strongly inhibited by high 

concentrations of insulin. However, researchers suggest that insulin have less effect on 

gluconeogenesis in ruminants than in other species under physiological conditions, especially as in 

ruminants both glucose production and plasma insulin levels increase after meal feeding 

(Brockman, 1983; Armentano et al., 1984; Hay et al., 1988). The malfunction of insulin is 

suggested to mainly occur on the propionate  (Brockman, 1990), while on lactate, alanine and 

glutamine, insulin still show a greater effect (Brockman, 1986). It is suggested that the insulin 

sensitivity of young pre-ruminant is similar to monogastric animal (Leat, 1970), but concurrent 

with ruminal development, the insulin sensitivity is decreased (Donkin and Armentano, 1995).   

1.7.2 Nitrogenous compounds metabolism 

    In the ruminant liver, protein synthesis is a major route of amino acid utilization, and it is 

suggested that the liver tissues account for from 9 to 13% of body protein synthesis in sheep and 

cattle (Davis et al., 1981; Eisemann et al., 1989). Amino acids also involve with ureagenesis, the 
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maintenance of ionic balance, futile cycles and mixed-function oxidase activity in the liver 

(Huntington and McBride, 1988). Ureagenesis could be important for ruminants, as in many case, 

ruminants absorb more nitrogen as ammonia than as α-amino nitrogen (Huntington, 1986). These 

ammonia are primarily converted into urea in the liver, and from 40% to 60% of this urea is 

excreted into the rumen of the digestive tract, and be reutilized (Huntington, 1986). In addition, 

amino acids can provide oxidizable substrate to meet liver energy needs (Munro, 1982).  

    Thus, it is suggested that free amino acids are the major players in the inter-organ exchange of 

carbon and nitrogen in ruminants (Reynolds, 1992). Bergman (1986) found that when sheep was 

fed alfalfa hay at maintenance intake, the net removal of alanine, glycine and serine by the liver 

was greater than or equal to their net absorption by the portal-drained viscera (PDV). Hence, their 

total splanchnic flux was negative, representing the contribution of other body tissues to liver 

metabolic requirements and glucose synthesis. While for branched-chain amino acids. i.e., leucine, 

isoleucine and valine, the situation is just the opposite. In a similar study, Bergman and Heitmann 

(1978) indicated that on a net basis, arginine was released by kidneys, and removed by liver to 

constitute the urea cycle between this two organs. Interorgan exchange also exist between the liver 

and the hindlimb tissues. It has been shown that in sheep fed maintenance intake, glutamate is 

released by the liver and removed by the hindlimb tissues (Bergman, 1986). By this way, 

ruminants transport ammonia from hindlimb tissues to the liver for detoxification via ureagenesis. 

At the same time, these amino acids also can provide carbon for glucose synthesis (Reynolds, 

1992).  

    Diet affects the patterns of net amino acid metabolism by liver. It is suggested that greater feed 

intake could increase both net PDV absorption and liver removal of α-amino nitrogen (Guerino et 

al., 1991; Reynolds et al., 1991). Huntington and Eisemann (1988) found that for cattle at 

production intake, net liver removal of many amino acids was not as great as their net absorption 

by PDV, so liver release these amino acids to other body tissues. Glycine was however exceptional. 

It was removed by total splanchnic tissues and released by the hindlimb. Specifically, the CP 
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content of the diet has been shown to dramatically affect the amino acid metabolism pattern. 

Huntington (1990) found that higher CP content in the diet with lower metabolizable energy 

density resulted in a greater ammonia absorption and removal in steers. It subsequently induced a 

greater urea production, accompany with a greater α-amino nitrogen removal in the liver, which 

reduced the efficiency of amino acid utilization by other body tissues. Such increase in removal of 

α-amino nitrogen in the liver when ureagenesis was increased may due to 1) a increased 

requirement of glutamate and aspartate in ureagenesis. 2) the interactions between ureagenesis and 

glucogenesis, such as the common requirements for oxaloacetate and a-ketoglutarate (Reynolds, 

1992). 

 1.7.3 Long chain fatty acids metabolism 

    The primary source of fatty acids processed by the ruminant liver is nonesterified fatty acids 

(NEFAs) from blood (Emery et al., 1992). The rate of uptake NEFAs by the liver is determined by 

blood NEFAs concentration and blood flow. The blood NEFAs concentration negatively relate to 

animal’s energy state, while hepatic blood flow is proportional to intake of metabolizable energy 

(Lomax and Baird, 1983). However, it is suggested that concentration has a greater effect than 

blood flow (Emery et al., 1992). Emery et al. (1992) reviewed the metabolic fates of NEFAs in 

ruminant’s liver, and suggested that the liver has four options for disposition of fatty acids. They 

are 1) secreting in bile, 2) oxidizing to carbon dioxide, 3) oxidizing to acetic acid or ketone bodies, 

and 4) stored in the liver or secreted in lipoproteins.  

    Propionic acid has been shown to inhibits oxidation of fatty acids (Shaw and Engel, 1985). Thus 

in the well fed ruminant, the liver only products little ketone bodies, while during fasting, these 

values increase greatly (Palmquist, 1972). At the same time, malonyl-CoA also can inhibits 

oxidation of fatty acids by inhibits carnitine acyltransferase, which is the enzyme responsible for 

transferring fatty acids into the mitochondria for oxidation (Brindle et al., 1985; Jesse et al., 1986). 

NAD+ is the oxidant in fatty acid degradation, and an increased ratio of NAD+ to NADH suggests 

acceleration of the oxidation of fatty acid (Emery et al., 1992). Ruminants can synthesize 
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triacylglycerol in the liver, however the rate of secretion is very small (Herdt et al., 1988; Pullen et 

al., 1990; Emmison et al., 1991). The consequence of this small output is a propensity to 

accumulate fat in the liver, and this accumulation is associated with a number of clinical signs, 

including depressed voluntary intake of feed (Emery et al., 1992).  

 

1.8 Metabolomics: A powerful approach to explore the metabolic pathways in 

response to diet 

     

    As there are many metabolic processes that occur in the liver, determining the metabolic 

changes would be difficult if only principal enzymes and metabolites were analyzed by 

conventional approaches. To acquire more information than conventional approaches provided, 

“metabolomics” was used in this study. Metabolimics belong to the “omics” research, which are 

primarily aimed at the universal detection of genes (genomics), mRNA (transcriptomics), proteins 

(proteomics) and metabolites (metabolomics) in a specific biological sample (Horgan and Keeny, 

2011).  

1.8.1 Metabolite, metabolome and metabolomics 

    Metabolomics is a newly emerging field of "omics" research concerned with the comprehensive 

characterization of the small molecule metabolites in biological systems. It can provide an 

overview of the metabolic status and global biochemical events associated with a cellular or 

biological system. As such, it can accurately and comprehensively depict both the steady-state 

physiological state of a cell or organism and of their dynamic responses to genetic, abiotic and 

biotic environmental modulation. To understand the definition of metabolomics more clearly, it is 

better to describe the relationships between metabolite, metabolome and metabolomics firstly. 

Metabolite 
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    As described by Wikipedia, metabolites are the intermediates and products of metabolism. The 

term “metabolite” is usually restricted to small molecules. Metabolites have various functions, 

including fuel, structure, signaling, stimulatory and inhibitory effects on enzymes, catalytic 

activity of their own (usually as a cofactor to an enzyme), defense, and interactions with other 

organisms (e.g. pigments, odorants, and pheromones). Metabolites can be divided into primary 

metabolites and secondary metabolites. A primary metabolite is directly involved in normal 

"growth", development, and reproduction. A secondary metabolite is not directly involved in those 

processes, but usually has an important ecological function.  

Metabolome 

    The term ‘metabolome’ was coined in 1998 (Oliver et al., 1998) and was used to describe the 

complete set of metabolites found within a biological sample. The biological sample can be a cell, 

a cellular organelle, an organ, a tissue, a tissue extract, a biofluid or an entire organism. The 

metabolites in a given metabolome can be the endogenous, what are naturally produced by an 

organism, such as amino acids, fatty acids, sugars, vitamins, co-factors, and also can be the 

exogenous, such as drugs, environmental contaminants, food additives, toxins and other 

xenobiotics (Nordström, 2006; Wishart, 2007). 

Metabolomics 

    Simply, metabolomics means the study of metabolome. As the metabolome is further down the 

line from gene to function and so reflects more closely the activities of the cell at functional level, 

changes in the metabolome are expected to be amplified relative to changes in the transcriptome 

and the proteome (Wochniak et al., 2003). In addition, it has been shown that metabolic fluxes (at 

least as exemplified by glycolysis in trypanosomes) are not regulated by gene expression alone 

(Kuile and Westerhoff, 2001). Thus, metabolomics is not only “complementary” to 

transcriptomics and proteomics, but also has some special advantages (Goodacre et al., 2004). 

Moreover, as the metabolites have the same basic chemical structure irrespective of the organism 
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from which they are extracted, metabolomics could be a universal approach that spans the species 

barriers and so simpler than transcriptomics and proteomics (Goodacre et al., 2004).  

    According to the definition of metabolome, the ultimate starting point of a metabolomics is to 

quantify all of the metabolites in a biological sample, i.e., the cell or tissue in a given state at a 

given point in time (Goodacre et al., 2004). However, it is impossible by the current technology. 

Thus in the practical applications, according to the experiment requirement, only a portion of the 

total metabolome will be monitored. In a review, Goodacre et al. (2004) enumerated some of the 

common definitions used in metabolomics, they are:  

    1) Metabolite target analysis: analysis restricted to metabolites of, for example, a particular 

enzyme system that would be directly affected by abiotic or biotic perturbation (Fiehn, 2001) 

    2) Metabolite profiling: analysis focused on a group of metabolites, for example, a class of 

compounds such as carbohydrates, amino acids or those associated with a specific pathway (Fiehn, 

2001) 

    3) Metabolomics: comprehensive analysis of the whole metabolome under a given set of 

conditions (Fiehn, 2001) 

    4) Metabolic fingerprinting: classification of samples on the basis of provenance of either their 

biological relevance or origin (Fiehn, 2001) 

    5) Metabolic profiling: often used interchangeably with ‘metabolite profiling’; metabolic 

fingerprinting is commonly used in clinical and pharmaceutical analysis to trace the fate of a drug 

or metabolite (Harrigan and Goodacre, 2003) 

    6) Metabonomics: measure of the fingerprint of biochemical perturbations caused by disease, 

drugs and toxins (Nicholson et al., 1999; Lindon et al., 2003).  

The workflow of metabolomics 
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      The workflow of metabolomics can be generally divided into 1) sample collection, 2) sample 

preparation, 3) sample analysis and 4) data processing and interpretation. During the sampling and 

sample preparation, cellular metabolism has to be stopped as quickly as possible in order to 

terminate the activities of enzymes. Tissue samples should be snap-frozen to abruptly terminate 

metabolism. The metabolites then can be isolated by cold methanol or boiling ethanol, cold 

methanol:chloroform buffer, organic solvents, perchloric acid, or alkali (Singh and Sinclair, 2007). 

Further sample preparation depends on the sample and metabolomics strategy employed, and was 

reviewed by Dunn and Ellis (2005).  

    The prepared samples are than analyzed by the platforms, what should be unbiased, sensitive 

and have a capacity for high-throughput analysis to screen a large number of metabolites (Singh 

and Sinclair, 2007). Currently, mass spectrometry (MS) and nuclear magnetic resonance (NMRS) 

are the techniques that most commonly employed for metabolomics. They can be used alone or 

preceded by a chromatographic step (Table 1.2). MS is the most widely applied technology in 

metabolomics as it provides a blend of rapid, sensitive and selective qualitative and quantitative 

analyses with the ability to identify metabolites (Dunn and Ellis, 2005). While NMRS is 

potentially fully quantitative using a single internal standard, requires minimal sample preparation, 

is highly reproducible and is capable of analyzing liquid and solid samples directly. However, 

NMRS is relatively low sensitivity, which necessitates larger volumes (Singh and Sinclair, 2007). 

    Raw data acquired from analysis platforms should be pretreatment to reduce noise and 

background first. Then the information about all compounds will be extracted, including mass and 

retention time in the case of chromatography or CE, as compound identifiers and intensity as 

quantitative representation of concentration (Dettmer et al., 2007). Finally, these information will 

be compared with the standard.   

    After the metabolites and their concentrations are identified, statistical analysis is necessary. 

The statistical methods used in metabolomics are different with that used in conventional analyses, 

as metabolomics involves with too many data, the compares with each individual metabolite by 
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the common statistical methods such as ANOVA are usually not enough to explain the variations 

of samples. Instead of compare with single variate, in the statistical analysis of metabolomics, all 

variates (metabolites) are considered as a  whole and then compared. The statistical methods used 

in metabolomics can generally be divided into: 1) unsupervised methods such as hierarchical 

clustering analysis (HCA), principal component analysis (PCA), or independent component 

analysis (ICA) and 2) supervised methods such as principal least square (PLS) or soft-independent 

method of class analogy (SIMCA). The most popular data analysis tool in metabolomics is PCA 

which is available in many statistical software packages (Dettmer et al., 2007).  

1.8.2 Applications of metabolomics on animal nutrition 

    Metabolomics has been widely used in animal nutrition researches recently (Wang et al., 2007; 

He et al., 2009; Wang et al., 2009; Ametaj et al., 2010; Nyberg et al., 2010; O’Sullivan et al., 2011; 

Lin et al., 2012; Ryan et al., 2013; Zhao et al., 2014; Jiang et al., 2016). Nyberg et al. (2010) 

exposed sheep to nutritional challenges during late gestation and early postnatal life until 6 months 

of age, and determined the 1H NMR metabolic profiles of urine in 2, 6, 19 and 24 month of age. 

Principal component analysis of 1H NMR spectra showed a V-shaped metabolic trajectory as a 

function of age and diet, starting with urines with a high amount of glucose, and exhibiting 

concomitant increase of metabolites related to rumen microflora. The results suggested that the 1H 

NMR spectroscopic patterns of sheep urine metabolites could provide useful information about 

nutritional status of the animals and rumen development.  

    With the aid of metabolomics, Jiang et al. (2016) studied the plasma metabolites changes in four 

week old weaned pigs fed nutrient-deficient diet. The LC-MS platform detected a time-dependent 

deviation of eight essential and four nonessential amino acids. At the same time, choline 

metabolites and gut microbiomic metabolites showed higher abundance in these young pigs. The 

results demonstrated a profoundly perturbed metabolism in experimental animals, and showed a 

possibility that the metabolomics can provide basic knowledge about metabolic changes in 

response to the specific diet.  
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    Metabolomics also has been used to investigate the effects of different types of roughages on 

dairy cows’ ruminal microbial metabolite profile (Zhao et al., 2014). Twelve dairy cows were fed 

a diet containing either corn stover (CS group) or a mixture of alfalfa hay, Leymus chinensis hay 

and corn silage (MF group). Rumen fluid was sampled from each cow and was analyzed using 1H 

NMR spectroscopy. The results showed that ruminal metabolite profile varied correlated with 

feeding upon different types of roughage. The MF group had higher levels of acetate, valerate, 

hydrocinnamate and methylamine and lower levels of glucose, glycine, propionate and isovalerate 

than those in the CS group. Undoubtedly, metabolomics provide a powerful approach to help 

scientists exploring the complex metabolic pathways in response to diet (Wishart et al., 2008). 

However, so far it mainly focused on the influence of nutritional conditions on etiologic 

mechanism of adult disease. While we consider that metabolomics approach is also applicable to 

detect the linkage among nutritional condition, metabolic variation and livestock production. 

     

1.9 Conclusion  

    Low-quality roughage, e.g. straws, hulls and some browse, usually can not be utilized efficiently 

by ruminants due to their high fiber level and low nutrient content. The effects of feed treatments 

and supplementations on the roughage utilization are well researched, while learning in early life 

stage has received little attention, although it also shows potential to improve the roughage 

utilization by ruminants. It has been reported that learning in early life stage can improve 

preference and feed intake of low-quality roughage by ruminants. However, the effects of learning 

in early life stage on the efficiency of roughage utilization are not certain. As the efficiency of 

roughage utilization is influenced by digestion and metabolism collectively, it is necessary to 

determine how digestion and metabolism varies in ruminants fed low-quality roughage from the 

early stage of life.  
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    Determining the metabolic changes would be difficult, because too many metabolic pathways 

may be involved. It will cost huge time and effort if the various enzymes and metabolites are 

analyzed one by one, by conventional approaches. At the same time, the conventional analytical 

approaches can only determine the variations of each single enzymes or metabolites, but can not 

reveal which of them are most responsible. As the new field of the “omics” research, 

metabolomics however do not exist these confusions. Furthermore, comparing with other “omics” 

researches, metabolomics can reveal the variations of the cell more close to the functional level. 

Thus, it is expectable that metabolomics can be used to explore the complex metabolic pathways 

in response to diet during the early life stage.  

    This study was conducted to determine how the digestion and metabolism changed in lambs, 

who were fed low-quality roughage from an early stage of their life. In experiment 1, the feed 

intake, digestibility and serum parameters were compared in lambs fed low-quality roughage with 

those of lambs fed normal roughage from an early stage of their life. In experiment 2, the 

variations of the hepatic metabolome were determined in lambs fed low-quality roughage from a 

early stage of their life. In experiment 3, the feed intake, VFA concentration and liver metabolome 

were compared between lambs fed low-quality roughage or a better quality roughage from the 

early life stage.  
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Table 1.1 Changes in hepatic enzyme activity with the shift in metabolic priorities associated with 
ruminal development (Baldwin et al. 2004) 

Enzyme species 
Activity 

Reference  
Preruminant Ruminant 

Pentose phosphate pathway  

    Glucose-6-phosphate dehydrogenase  Bovine + - Goetsch, 1966  

    6-Phosphogluconate dehydrogenase  Bovine + - Howarth et al., 1968  

Glycolysis     
    Hexokinase Ovine  + - Leat, 1970 

    Fructose-1,6-bisphosphate aldolase  Bovine + - Howarth et al., 1968  

    Glyceraldehyde 3-phosphate 
d h d

Bovine + - Howarth et al., 1968  

    Pyruvate kinase  Ovine  NC NC Edwards et al., 1975  

Tricarboxylic acid cycle      
    Citrate synthase  Ovine  NC NC Edwards et al., 1975  

    Malate dehydrogenase  Ovine  NC NC Edwards et al., 1975  

Gluconeogenesis      
    Glucose-6-phosphatase  Bovine - + Bartley et al., 1966  

 Ovine  - + Ballard and Oliver, 1965  

    Fructose-1,6-bisphosphatase  Ovine  - + Ballard and Oliver, 1965  

    Pyruvate carboxylase  Ovine  + - Warnes et al., 1977  

    Lactate dehydrogenase  Ovine  + - Edwards et al., 1975  

Glycogen metabolism      
    Glycogen synthase  Ovine  + - Ballard and Oliver, 1965  

    Glycogen phosphorylase  Ovine  + - Ballard and Oliver, 1965  

 Bovine - + Bartley et al., 1966  

Ketone Metabolism      
    β-hydroxybutyrate dehydrogenase  Ovine  - + Varnam et al., 1978  

    Acetyl-CoA acetyltransferase  Ovine  - + Varnam et al., 1978  

    Acetyl-CoA synthetase  Ovine  NC NC Varnam et al., 1978  
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Chapter II   

Effects of early experience with low-quality roughage on 

feed intake, digestibility and metabolism in lambs  

 

2.1 Introduction 

 

    Low-quality roughage is the primary ingredient in ruminant feedstuff in many developing 

countries, especially in tropical and subtropical areas. However, high levels of fiber and low 

protein content adversely affect the utilization of low-quality roughage by ruminants. The ability 

to use roughage differs between different animal species. Different voluntary intakes and extents 

and rates of degradation have been reported between sheep and goats when fed low-quality 

roughages (Howe et al., 1988). These results might be due to the differences in rumen 

fermentation patterns between sheep and goats (Garcia et al., 1994). Alcaide et al. (1997; 2000) 

found that sheep and goats show equal capacities to digest good quality diets, but when low-

quality roughages were offered, voluntary intake and digestibility were higher in goats than in 

sheep, though no interspecies differences were found in the ruminal fermentation parameters. 

Different individuals within a species can differ in their ability to utilize roughage. These 

differences may be determined in part genetically (Blaxter et al.,1966) however, the study of 

Blaxter et al. (1966) did not control for diet experience in early life.  

    Learning may also affect roughage utilization (Wiedmeier et al. 2002). Specifically, learning 

early in life (early foraging experience) has been shown to have a better effect on roughage 

utilization than learning as an adult (Provenza and Balph 1988). Distel and Provenza (1991) 
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reported that early foraging experience improved feed intake and digestibility of goats, with long-

lasting effects. Similar results were also found in lambs (Distel et al. 1994, 1996) and in calves 

(Wiedmeier et al. 2002). However, the effects of early experience with low-quality roughage on 

animals’ performances were not consistent in these studies. In the studies of Distel and Provenza 

(1991) and Distel et al. (1994, 1996), experienced animals ate more low-quality roughage, but did 

not gain better. While Wiedmeier et al. (2002) found that the experienced cows had better body 

weight (BW) and body condition score (BCS). The reproductive performance and milk production 

were also improved. Further, Wiedmeier et al. (2012) suggested that experience with low-quality 

roughages in utero enabled cattle to better utilize low-quality roughages. These studies suggest 

that the utilization of low-quality roughage can be improved through an early training diet. 

However, the underlining mechanisms of such an early training diet are not yet clearly understood.  

  Early diet experiences are found to affect metabolism in rats, mice, domestic species and 

humans later (Levin, 2000). Ebara et al (2012) found that feeding cattle high-quality feedstuffs 

from 1.5 months old to 10 months old resulted in a higher intake and body weight of the young 

animals along with improved glucose- and lipid metabolism-related mRNA expression. In the 

same author’s another study (Ebara et al., 2010), the mRNA expression of genes related to 

adipogenesis and fatty acid synthesis in skeletal muscle were showed to be influenced by feed 

quality during the early growth stage in cattle. Their studies suggested that feeding ruminants low-

quality roughage early in life may also cause some adaptions in digestion and/or metabolism. 

    The objective of the present study was to determine 1) how intake, digestibility and metabolism 

parameters vary with the early diet training on lambs and 2) whether these same traits differ 

between experienced and inexperienced sheep. 

 

2.2 Materials and methods 

Animals and experimental design 
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    This study was carried out with four pairs of twin Suffolk lambs that were 4 months old at the 

start of the study with body weights of 19.6 ± 1.0 (mean ± SE) kg. One individual from each pair 

was placed into one of the following feeding regime groups: the low-quality roughage group (LR) 

or the control group (C). Thus, each treatment included four lambs. Sudangrass hay was used as 

the low-quality roughage, whereas timothy hay was used as the better quality roughage (Table 2.1). 

The study lasted six months, from July 2013 to December 2013. In the first 4 months, LR was 

given sudangrass hay, whereas C was given timothy hay. In the last 2 months, both groups were 

fed sudangrass hay. Both roughages were chopped into lengths of 5 cm before feeding and were 

fed ad libitum. Soybean meal was supplemented to satisfy the lambs’ crude protein maintenance 

requirements according to NRC (2007). Specifically, in the first 2 months, each lamb received 120 

g soybean meal per day. In the last 4 months, each lamb was offered 140 g/day soybean meal. 

Furthermore, all lambs had free access to water and mineral blocks. The body weights (BW) of the 

lambs were measured at the end of each month.  

    The experiment was conducted under the approval of the Committee for Animal Experiments, 

Gifu University (#13021). 

Intake, digestibility and nitrogen balance 

 Every 2 months, intake, digestibility and nitrogen balance were measured; thus, there were 

three periods (P1, P2 and P3) in the study. Each experimental period lasted 2 weeks. The first 

week was to ensure that the animals became accustomed to the testing procedure, and the second 

week was the actual sampling period. During the experimental period, the lambs were kept in 

metabolism pens and were fed at 0900 and 1700 daily. The BW of the animals were measured at 

the beginning of the first and second weeks and at the end of each experimental period. 

 Sampling was carried out at 0900 and 1700 before feeding. The amount of feed offered and the 

amount refused were recorded, and 50 g of the two roughages (sudangrass hay and timothy hay) 

and 30% of each lamb’s refused feed were sampled. All metabolism pens were fixed with a plastic 
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board and an oblong case to collect the feces and urine, respectively. After the amount of feces and 

urine were recorded, 10% of each was sampled and stored at 4°C until assayed. Before the 

chemical analyses, the feed offered, feed refused and feces samples were oven-dried at 60°C for 

48 h and ground to pass through a 1-mm screen using a Wiley mill (Mitamura Riken Kogyo). 

Samples of offered and refused feeds were used to determine the intake of dry matter (DM), crude 

protein (CP) and neutral-detergent fiber (NDFom). The DM and CP were analyzed according to 

the methods recommended by AOAC (1995). The NDFom was estimated according to Van Soest 

et al. (1991). The intake and total feces output were used to calculate the whole tract digestibility 

of DM, CP and NDF. The total urine output was used to determine the urine nitrogen content. 

Nitrogen retention was calculated as follows:  

    Nitrogen retention (g/day/kg BW0.75) = Nitrogen intake (g/day/kg BW0.75) - Feces nitrogen 

(g/day/kg BW0.75) - Urine nitrogen (g/day/kg BW0.75). 

Blood sampling and measurement of serum parameters 

    On the last day of each experimental period, blood samples were collected with a vacuum tube 

from the jugular vein of each lamb before the morning feeding. The samples were centrifuged (800 

×g; 20 min; 4°C), and the serums were stored at -20°C until assayed. The concentrations of serum 

glucose (GLU) and serum urea nitrogen (SUN) were determined by the DRY-CHEMISTRY 

method (FUJI DRI-CHEM DRI-CHEM 3500V, FUJI medical film CO. LTD, Tokyo, Japan). 

Serum insulin-like growth factor 1 (IGF-1) was analyzed with the quantitative sandwich enzyme 

immunoassay technique (Quantikine® ELISA Human IGF-1 Immunoassay, R&D Systems, Inc. 

Minneapolis, MN, USA). Serum total triiodothyronine (T3) was measured using a T3 enzyme 

immunoassay test kit (Immunospec T3 EIA, IMMUNOSPEC CORPORATION. Canoga Park, CA, 

USA). Serum total thyroxine (T4) was determined using a T4 enzyme immunoassay test kit 

(Immunospec T4 EIA, IMMUNOSPEC CORPORATION. Canoga Park, CA, USA). 

Statistical analyses 
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    The data from P1 and P2 were analyzed according to the general linear mixed model: 

Yij=u+ti+pj+t*p+I+eij, 

    where Yij is the dependent variable, u is the overall mean, ti is the treatment effect, pj is the 

period effect, t*p is the interaction between t and p, I is the individual effect and eij is the residual 

error. The treatment and period were treated as the fixed effect, and individuals were assumed to 

be the random effect. The post hoc comparisons of the means between the treatments and the 

periods were conducted using Tukey’s HSD test. 

 The data from P3 were first analyzed using the ANCOVA procedure to determine whether the 

data of P2 affected the statistical results of P3. The ANCOVA procedure is described as follows: 

Yij=u+ti+B(xij- x i)+eij, 

where Yij is the dependent variable, u is the overall mean, ti is the treatment effect, xij is the 

observation of the covariate (here, the data of P2 were used as the covariate), x i is the mean of xj 

and eij is the residual error. If the P2 showed no effect on the dependent variable P3, an ANOVA 

was used to compare the P3 data between treatments.  

 All statistical procedures were performed using the JMP statistical software ver.5.01 (SAS 

Institute Inc., Cary, NC, USA). All data were presented as the means ± SE and were considered to 

differ significantly at P < 0.05. 

 

2.3 Results 

Intake 

    In P1, dry matter intake (DMI) was greater (P < 0.01) in C than in LR, whereas no difference 

was observed between the treatments in P2. The DMI of LR increased significantly (P < 0.01) 

from P1 to P2, whereas that of C did not change during these periods. In P3, DMI was greater (P < 
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0.05) in C than in LR (Table 2.2). The CP intake (CPI) was greater in C than in LR in both P1 and 

P2 (P < 0.01). The CPI of LR increased significantly (P < 0.01) from P1 to P2 whereas the CPI of 

C did not. In P3, there was no difference between the treatments for CPI. The NDF intake (NDFI) 

was greater in C than in LR in P1 (P < 0.05), whereas there were no differences between the 

treatments in P2. The NDFI in LR increased from P1 to P2 (P < 0.01). In P3, the NDFI was 

greater (P < 0.05) in C than in LR. 

Digestibility 

    DM digestibility (DMD), CP digestibility (CPD) and NDF digestibility (NDFD) did not differ 

between the treatments in each period (Table 2.3). However, in P3, DMD, CPD and NDFD tended 

to be greater in LR than in C (P = 0.08, 0.09 and 0.07, respectively). 

Nitrogen balance 

    On average, nitrogen retention (NR) was greater in C than in LR ( P< 0.01) in P1 and P2, 

though there were no interactions between treatments and periods (Table 2.4). During P3, no 

difference was observed between the treatments; however, NR tended to be greater in LR than in 

C (P = 0.06). In P1, fecal nitrogen (NF) was greater in C than in LR (P < 0.05), whereas in P2 and 

P3, there were no differences in NF between the treatments. For LR, NF increased from P1 to P2 

(P < 0.01). Urine nitrogen (NU) was higher in C than in LR in P1 and P2 (P = 0.05), and no 

interactions were observed between the treatments and the periods. In P3, no difference in NU was 

observed between treatments. When NR, NF and NU were expressed as a percentage of nitrogen 

intake (NI), the NR/NI, NF/NI and NU/NI did not differ between treatments in each period. 

However, in P3, NR/NI tended to be greater in LR (P = 0.06), whereas NF/NI tended to be greater 

in C (P = 0.09).  

Serum parameters 

    The GLU concentration did not differ between the treatments in each period (Table 2.5). 

However, in P3, GLU was numerically higher in LR than in C. The SUN concentration did not 
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differ between treatments in P1 and P2, but it tended to be greater in C than in LR on average (P = 

0.06). In P3, the SUN concentration was greater in LR than in C (P < 0.05). There was no 

difference in the concentration of IGF-1 between LR and C throughout the experiment. However, 

IGF-1 was numerically higher in C during P1, whereas in P3, it was higher in LR. On average, the 

serum concentrations of T4 and T3 were significantly higher in C than in LR in P1 and P2 (P < 

0.05), though there were no interactions between treatments and periods. In P3, both T4 and T3 

were still numerically higher in C than in LR. 

Body weight and average daily gain 

    There were no differences in BW between LR and C throughout the experiment (Table 2.6), and 

both LR and C increased their body weight through the study (Fig. 2.1). In P1 and P2, there was an 

interaction between treatments and periods in BW (P < 0.01). The BW of both LR and C increased 

similarly from P1 to P2 (P < 0.01). However, lambs from C tended to be heavier than lambs from 

LR in P2 (P = 0.07). 

 

2.4 Discussion 

 

    The fibrous fraction of roughage limits intake when the proportion of cell-wall constituents 

increases to more than 55-60% of the DM content (Van-Soest, 1965; Arelovich et al., 2008). In 

our study, the NDF content of sudangrass hay (low-quality roughage) was approximately 10% 

higher than that of timothy hay (normal roughage). Thus, as we expected, the DMI of LR was 

significantly lower than that of C in P1. In P2, although the NDF content of the offered sudangrass 

hay was still higher than that of the timothy hay (70.6% DM and 59.9% DM, respectively), the 

DMI did not differ between treatments. Moreover, the DMI of LR increased from P1 to P2, 

whereas that of C remained unchanged. The results suggest that the feed intake of lambs in LR 

improved after 4 months of rearing (P1 and P2) on sudangrass hay. However, in P3, when all 
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lambs were fed low-quality roughage, lambs from LR did not eat more sudangrass hay than lambs 

from C. Notably, the DMI in C decreased from P2 to P3 numerically, indicating that lambs from C 

suffered an effect from the low-quality roughage.  

    Contrary to our results, Distel and Provenza (1991) found that after diet training, goats fed 

blackbrush from 6 to 26 weeks of age ingested 95% more blackbrush than goats fed alfalfa pellets 

during the training. Distel et al. (1994) exposed lambs to weeping lovegrass (NDF, 85% DM; CP, 

3% DM) from 1 to 5 months of age. After the exposure, these lambs ingested 20% more low-

quality roughage (sorghum hay: NDF, 72% DM; CP, 8% DM) than the inexperienced lambs. The 

reasons for the contradiction between our results and previous studies were not clearly elucidated. 

Perhaps the difference in nutrient content between the sudangrass hay and timothy hay was not 

large enough, whereas in the studies by Distel and Provenza (1991) and Distel et al. (1994), a 

higher quality roughage - alfalfa hay - was used as the control feed. Moreover, before the sampling 

in P3, the lambs from C had already been exposed to sudangrass hay for approximately 2 months, 

which also may have increased their intake (Distel and Provenza, 1991).  

    We also noted that 1) Distel and Provenza (1991) and Distel et al. (1994) exposed young 

animals to the low-quality roughage before weaning, whereas in the present study, this exposure 

occurred after weaning, and 2) in the two studies mentioned above, young animals remained with 

their mothers during exposure, whereas in our study, the lambs were maintained alone. The 

weaning stage (Matthews and Kilgour, 1980; Squibb et al., 1990) and the social models for 

learning (Provenza and Balph, 1988), particularly learning from the mother (Thorhallsdottir et al., 

1990), seems very important for young animals to learn to select appropriate food efficiently. 

Because our study lacked these two aspects, the effects of food learning may have been weakened. 

In addition, protein supplementation may also affect the results. Distel et al. (1994) found that 

there was no difference in feed intake between experienced lambs and inexperience lambs when 

supplemented with protein. When supplementation was withheld, significant difference in feed 

intake appeared.  
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    Although lambs from LR consumed less roughage than lambs from C during P3, the BW and 

ADG did not differ between the treatments. Therefore, it is suggested that the lambs in LR were 

more efficient at converting low-quality roughage into tissue in present study. In cows, Wiedmeier 

et al. (2002) reported a similar result that early experience with low-quality roughage improved 

BW, BCS and milk production after 3 years. While in the studies by Distel and Provenza (1991) 

and Distel et al. (1994), although experienced animals ate more low-quality roughage, the BW and 

ADG did not differ with those unexperienced animals. Comparing with the improvements in feed 

intake and digestibility, apparently an improved efficiency of low-quality roughage utilization by 

ruminants are more expected. 

     A negative association was also reported between digestibility and fiber content (Van-Soest 

1965; 1967). In our study, however, digestibility did not differ between the lambs fed sudangrass 

hay and those fed timothy hay in P1 and P2. In P3, when all lambs were fed sudangrass hay, LR 

tended to have greater values for DMD, CPD and NDFD compared with C. These results suggest 

that in the present study, the early foraging experience improved the digestibility of roughage by 

lambs from LR. Our results are in accordance with Distel et al. (1994), who also reported an 

enhanced digestibility in lambs that had experienced low-quality roughage for 4 months. 

Furthermore, Wiedmeier et al (2012) found that feeding cows ammoniated wheat straw (AWS) 

until parturition, intake and digestibility of AWS was enhanced in their offsprings, which shows 

experience with low-quality roughage in utero affects intake. It is possible digestibility was not 

different between LR and C in P3 for the following reasons: 1) the roughages had insufficient 

differences in nutrient content; 2) diet training commenced at a later time; or 3) social learning was 

deficient. In addition, protein supplementation was provided to all lambs in our study, whereas 

Distel et al. (1994) suggested protein supplementation could increase the digestibility and hide the 

effect of experience early in life. However, Bonsi et al. (1996) did not find any effect of protein 

supplementation on the DM digestibility in sheep fed teff straw. Clipping the roughage may have 

affected digestibility by reducing the volume and time of passage of the fibrous part (Moore, 1964). 
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    Distel et al. (1994, 1996) reported higher nitrogen retention in lambs that experienced low-

quality roughage in early life and suggested nitrogen metabolism may differ between experienced 

and inexperienced lambs. Furthermore, experience in early life with low-quality roughages may 

increase urea recycling. In our study, the nitrogen retention also tended to be higher in LR 

compared to C (P = 0.06) in P3, when all lambs were fed the sudangrass hay. Furthermore, when 

the NR and NF were expressed as a percentage of nitrogen intake (NI), NR/NI still tended to be 

greater in LR (P = 0.06) and NF/NI tended to be greater in C (P = 0.09). This result demonstrated 

worse nitrogen utilization in inexperienced lambs in P3. Sunny et al. (2014) suggested that blood 

urea nitrogen concentration has a major influence on urea transfer to the gastrointestinal tract, 

thereby affecting nitrogen recycling. In our study, the SUN concentration was significantly higher 

in LR compared to C in P3 (P < 0.05), which also suggests better urea recycling in experienced 

lambs compared to inexperienced lambs. 

    Feed quality and nutritional status affect blood concentrations of IGF-1 and GLU (Roberts et al., 

1990; Yamabayamba et al., 1996; Bossis et al., 2000; Shen et al., 2004; Lents et al., 2013). 

However, in our study, the serum IGF-1 and GLU concentrations showed no significant 

differences between LR and C. Ebara et al (2012) found that plasma GLU concentration did not 

differ between steers fed roughage and those fed grain early in life. This finding was similar to the 

results of our study.  

    Thyroid hormones play an important role in regulating the basal metabolic rate and overall 

energy expenditure (Kim, 2008). Blood thyroid hormone (T3 and T4) concentrations are 

considered as indicators of the metabolic and nutritional status of the animals (Antunovic et al., 

2010). When animals suffer nutritional restriction, T3 and T4 concentrations decrease (Ellenberger 

et al. 1989; Yambayamba et al. 1996). In this way, animals decrease basal metabolism and thereby 

spare energy (Hornick et al. 2000). In our study, during P1 and P2, T3 and T4 concentrations were 

lower in LR than C (P < 0.05), a difference attributed to roughage quality between treatments. 

While in P3, when all lambs were fed the same roughage, T3 and T4 concentrations were still 
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numerically lower in LR, though there were no statistical differences. Yamabayamba et al. (1996) 

found that during the beginning of the compensatory growth stage, heifers who had suffered a feed 

restriction had lower T3 concentrations than control heifers. Thereby, they have a lower basal 

metabolism and can use more nutrients for growth. Similarly, in the present study, the lower T3 

and T4 concentrations in LR allow them to spare energy from basal metabolism and thus they 

could consume less roughage but still maintained a same rate of body weight gain at C. Thus, 

result of the present study indicates that early foraging experience may positively influenced 

adaptation to a lower basal metabolic rate. 

     In conclusion, the results of the present study indicate that feeding lambs low-quality roughage 

from the age of 4 months has a tendency to improve the digestibility of low-quality roughage after 

4 months of rearing (P1 and P2); that is, the experienced lambs become more efficient at utilizing 

low-quality roughage. However, an effect on feed intake could not be determined. Early foraging 

experiences may also improve nitrogen utilization by increasing urea recycling. Finally, the lower 

blood thyroid hormone concentrations in experienced lambs suggested early foraging experience 

may induce lambs to adapt to a lower basal metabolic rate. 

 

2.5 Summary 

 

    The objective of this study was to compare the feed intake, digestibility and metabolism in 

lambs fed low-quality roughage with those of lambs fed normal roughage from an early stage of 

their life. The study consisted of 2 treatments, low-quality roughage group (LR) and control group 

(C)) over 3 time periods (P1, P2 and P3; 2 months each). Four lambs (4 months old) were 

allocated to each treatment. In P1 and P2, LR was fed sudangrass hay (CP: 5.1% DM; NDF: 70.4% 

DM) whereas C was fed timothy hay (CP: 8.4% DM; NDF: 60.3% DM). In P3, all lambs were fed 

sudangrass hay. Though the feed intake was significantly greater (P < 0.05) in C in P1, there were 
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no differences between the groups in P2. The digestibility, serum glucose (GLU), urea nitrogen 

(SUN) and insulin-like growth factor 1 (IGF-1) did not differ between the groups in P1 and P2. 

The average nitrogen retention, triiodothyronine (T3) and thyroxine (T4) were significantly higher 

in C (P < 0.05) during P1 and P2. No interaction was observed between the treatment and periods. 

In P3, the feed intake was greater in C (P < 0.05), whereas digestibility and nitrogen retention 

tended to be greater in LR. The body weight did not differ between the treatments. T4 and T3 were 

numerically lower in LR, while the SUN was greater in LR (P < 0.05). These results suggest that 

the early experience with low-quality roughage may have improved feed digestibility and nitrogen 

metabolism in lambs after 4 months of rearing. Furthermore, the experienced lambs became more 

efficient at utilizing the low-quality roughage, since they ate less sudangrass, but maintained same 

body weight with unexperienced lambs. The lower thyroid hormone (T3 and T4) concentrations 

observed in LR suggest an adaptive change occurred in experienced lambs that to a lower basal 

metabolic rate.
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Table 2.1 Chemical composition of the feeds used in the experiment. 

 Sudangrass Timothy  Soybean meal 

P1 
DM (%) 87.9 87.9 86.2 
CP (%DM) 5.1 7.9 49.4 
NDFom (%DM) 70.1 60.7 12.0 

P2 
DM (%) 88.2 87.5 87.5 
CP (%DM) 5.1 8.9 50.1 
NDFom (%DM) 70.6 59.9 14.3 

P3 
DM (%) 89.8 - 87.9 
CP (%DM) 5.3 - 50.6 
NDFom (%DM) 70.3 - 13.7 

Mean 
DM (%) 88.6 87.7 87.2 
CP (%DM) 5.2 8.4 50.0 
NDFom (%DM) 70.4 60.3 13.3 

DM, dry matter; CP, crude protein; NDFom, neutral detergent fiber exclusive ash  
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Table 2.2 Intake of lambs from treatment group and control group. 

 Treatment P-value 

Item LR C Treatment Period T*P 

DMI (g/day/kg BW0.75) 

P1 58.8±3.9a 78.6±1.5b 
0.001 0.043 0.002 

P2 68.1±3.0 75.5±1.5 

P3 64.9±1.3a 70.5±1.1b 0.025 — — 

CPI (g/day/kg BW0.75) 

P1 7.7±0.3a 10.7±0.3b 
0.001 <0.001 <0.001 

P2 8.8±0.2a 10.9±0.4b 

P3 8.1±0.1 7.9±0.2 0.660 — — 

NDFI (g/day/kg BW0.75) 

P1 34.3±2.6a 42.3±1.0b 
0.155 0.037 0.003 

P2 40.7±2.1 40.5±0.7 

P3 39.8±1.0a 44.2±0.7b 0.015 — — 

a,b, different lowercase indicates difference between treatments (P<0.05); 

LR, treatment group; C, control group; 

DMI, dry matter intake; CPI, crude protein intake; NDFI, neutral detergent fiber intake;  

BW, body weight;P1, P2 and P3, period 1, 2 and 3, respectively; 

In P1 and P2, LR was fed low-quality roughage (sudangrass hay) while C was fed control 

roughage (timothy hay). In P3, both LR and C were fed low-quality roughage (sudangrass hay). 
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Table 2.3 Digestibility of lambs from treatment group and control group. 

 Treatment P-value 

Item LR C Treatment Period T*P 

DMD (%) 
P1 60.7±1.9 62.8±0.5 

0.181 0.281 0.438 
P2 60.9±1.5 64.0±0.7 

P3 61.1±1.0 58.4±0.6 0.080 — — 
CPD (%) 

P1 68.2±1.6 69.8±1.1 
0.265 0.818 0.504 

P2 67.5±1.7 70.1±0.8 

P3 65.7±0.3 61.7±1.6 0.090 — — 
NDFD (%)      

P1 56.5±2.4 55.3±0.7 
0.666 0.004 0.728 

P2 59.7±1.7 59.3±1.0 

P3 61.9±1.1 59.4±0.9 0.070 — — 
a,b, different lowercase indicates difference between treatments (P<0.05); 

LR, treatment group; C, control group; 

DMD, dry matter digestibility; CPD, crude protein digestibility; NDFD, neutral-detergent fiber 

digestibility; 

P1, P2 and P3, period 1, 2 and 3, respectively; 

In P1 and P2, LR was fed low-quality roughage (sudangrass hay) while C was fed control 

roughage (timothy hay). In P3, both LR and C were fed low-quality roughage (sudangrass hay).
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Table 2.4 Nitrogen balance of lambs from treatment group and control group. 

 Treatment P-value 

Item LR C Treatment Period T*P 

Nitrogen retention (NR) (g/day/kg BW0.75) 

P1 0.39±0.03 0.62±0.03 
<0.001 0.854 0.139 

P2 0.44±0.01 0.58±0.02 
P3 0.36±0.03 0.29±0.02 0.06 — — 

Feces nitrogen (NF) (g/day/kg BW0.75) 
P1 0.40±0.03a 0.52±0.02b 

0.035 0.027 0.042 
P2 0.46±0.03 0.52±0.01 
P3 0.44±0.01 0.48±0.02 0.130 — — 

Urine nitrogen (NU) (g/day/kg BW0.75) 
P1 0.46±0.01 0.58±0.07 

0.053 0.020 0.955 
P2 0.52±0.01 0.65±0.04 
P3 0.49±0.03 0.50±0.03 0.870 — — 

NR/NI (%) 
P1 0.31±0.02 0.36±0.03 

0.145 0.300 0.298 
P2 0.31±0.01 0.33±0.01 
P3 0.28±0.02 0.23±0.01 0.060 — — 

NF/NI (%) 
P1 0.32±0.02 0.30±0.01 

0.238 0.821 0.501 
P2 0.32±0.02 0.30±0.01 
P3 0.34±0.01 0.38±0.02 0.090 — — 

NU/NI (%) 
P1 0.37±0.02 0.34±0.03 

0.513 0.343 0.200 
P2 0.37±0.01 0.37±0.01 
P3 0.38±0.02 0.39±0.02 0.690 — — 

a,b, different lowercase indicates difference between treatments (P<0.05); 

LR, treatment group; C, control group; NI, nitrogen intake;P1, P2 and P3, period 1, 2 and 3, 

respectively; 

In P1 and P2, LR was fed low-quality roughage (sudangrass hay) while C was fed control 

roughage (timothy hay). In P3, both LR and C were fed low-quality roughage (sudangrass hay)
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Table 2.5 Serum parameters of lambs from treatment group and control group. 

 Treatment P-value 

Item LR C Treatment Period T*P 

GLU (mg/dl) 
P1 58.5±1.6 58.3±3.0 

0.762 0.001 0.634 
P2 68.8±2.1 67.0±2.8 
P3 75.0±5.3 69.2±3.0 0.352 — — 

SUN (mg/dl) 
P1 19.4±0.8 22.2±1.9 

0.060 0.906 0.984 
P2 19.6±1.2 22.4±0.3 
P3 18.7±0.3 16.5±0.5 0.021 — — 

IGF-1 (ng/ml)      
P1 50.6±10.8 75.8±16.0 

0.544 0.331 0.222 
P2 54.3±8.6 45.3±14.0 
P3 121.5±29.9 105.0±19.7 0.655 — — 

T4 (ug/dl)      
P1 4.2±1.5 9.3±2.3 

0.040 0.665 0.982 
P2 3.5±0.4 8.6±1.8 
P3 3.9±0.3 5.8±1.8 0.438 — — 

T3 (ug/dl)      
P1 0.94±0.04 1.79±0.28 

0.0452 0.441 0.290 
P2 1.01±0.90 1.43±0.33 
P3 1.61±0.23 2.02±0.62 0.150 — — 

a,b, different lowercase indicates difference between treatments (P<0.05); 

LR, treatment group; C, control group; GLU, serum glucose; SUN, serum urea nitrogen; 

IGF-1, insulin-like growth factor 1; T4, thyroxine; T3, triiodothyronine; P1, P2 and P3, period 1, 2 

and 3, respectively; 

In P1 and P2, LR was fed low-quality roughage (sudangrass hay) while C was fed control 

roughage (timothy hay). In P3, both LR and C were fed low-quality roughage (sudangrass hay).
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Table 2.6 Body weight and average daily gain of lambs from treatment group and control group. 

 Treatment P-value 

Item LR C Treatment Period T*P 

BW (kg)      

P1 23.7±0.8 24.7±2.4 
0.225 <0.001 0.001 

P2 27.2±0.4 32.2±2.0 

P3 32.9±0.6 38.3±2.9 0.730 — — 

ADG (g/day)      

P1 68.4±6.7 85.4±13.9 
0.006 0.200 0.045 

P2 57.5±10.5a 125.0±6.9b 

P3 91.1±3.8 101.3±24.4 0.744 — — 

a,b, different lowercase indicates difference between treatments (P<0.05); 

LR, treatment group; C, control group; ADG, average daily gain of per two months;P1, P2 and P3, 

period 1, 2 and 3, respectively; 

In P1 and P2, LR was fed low-quality roughage (Sudangrass hay) while C was fed control 

roughage (Timothy hay). In P3, both LR and C were fed low-quality roughage (Sudangrass hay) 
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Figure 2.1 Body weight of lambs in LR and C from 4 month of age to 10 month of age. 

LR, treatment group; C, control group; 

From 4 month of age to 8 month of age, LR was fed low-quality roughage (sudangrass hay) while 

C was fed control roughage (timothy hay).  

From 8 month of age to 10 month of age, both LR and C were fed low-quality roughage 

(sudangrass hay)   
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Chapter III   

Temporal changes in the liver tissue metabolome of 

lambs fed low-quality roughage 

 

3.1 Introduction 

 

    In Chapter 2, early experience with a low-quality roughage regimen starting from 4 months of 

age improved the efficiency of roughage utilization. It may partly due to an improved feed 

digestibility and an increased urea recycling in experienced lambs. At the same time, a lower basal 

metabolic rate was observed in experienced lambs. It could help lambs to spare energy from basal 

metabolism, and therefore converting low-quality roughage into tissue more efficiently. The first 

experiment implied that the early experience with low-quality roughage can induce not only the 

digestion but also metabolic variations in ruminants. The efficiency of low-quality roughage 

utilization is usually decided by digestion and metabolism corporately. Currently, the studies 

involve with the effects of early experience on metabolism are scarce. More details are needed 

about how metabolism varies in response to low-quality roughage during the early stages of life.  

 Liver is an essential metabolic organ, and acts as a hub to metabolically connect to various 

tissues (Rui, 2014). Thus, it is necessary to investigate the liver metabolic variations in ruminants 

fed low-quality roughage from the early stages of life. But as there are many metabolic processes 

that occur in the liver, determining the metabolic changes would be difficult if only principal 

enzymes and metabolites were analyzed by conventional approaches. Metabolomics, defined as 

the comprehensive analysis of a wide range of metabolites (He et al., 2009; Noga et al., 2012), is a 

newly emerging field of “omics” research and has been widely used in nutrition research (Wang et 
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al., 2007; Wang et al., 2009; He et al., 2009; Ametaj et al., 2010; O’Sullivan et al., 2011; Lin et al., 

2012; Ryan et al., 2013; Zhao et al., 2014). For example, Nyberg et al. (2010) analyzed the urine 

metabolome and revealed the changes in metabolic pathways of sheep exposed to nutritional 

challenges during late gestation and early postnatal life. Jiang et al. (2016) used metabolomics to 

detect the plasma metabolite changes in four-week-old weaned pigs fed a nutrient-deficient diet 

and demonstrated that eight essential and four non-essential amino acids in young malnourished 

pigs showed a time-dependent deviation from that in normally nourished pigs. Metabolomics has 

also been used to investigate the effects of different types of roughage on dairy cows’ ruminal 

microbial metabolite profile (Zhao et al., 2014). The results showed that the ruminal microbial 

metabolome, especially with regard to organic acids, amines and amino acids, was quite different 

among cows fed different types of roughages. Undoubtedly, metabolomics provides a powerful 

approach to help scientists explore the complex metabolic pathways in response to diet (Wishart et 

al., 2008).  

 Previous studies (Nyberg et al., 2010; Jiang et al., 2016) that applied metabolomics to 

nutritional research mainly focused on the influence of nutritional conditions in early life stages on 

the etiologic mechanism of adult disease; however, the metabolomics approach can also be used to 

detect the linkage among nutritional condition, metabolic variation and livestock production. Thus, 

I conducted liver tissue metabolomics on lambs fed low-quality roughage beginning at two months 

of age to determine the changes to the hepatic metabolite profile. This study is the first to show the 

application of metabolomics to validate the effects of a low-quality roughage diet experience 

during the early stages of life on the metabolism of growing ruminants. 

 

3.2 Materials and methods 

    All of the animal experimental procedures were approved by the Committee for Animal 

Research and Welfare of Gifu University (#14013). 
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Animals and experimental design 

      Five Suffolk lambs that were 2 months old with body weight 22.1 ± 0.7 (mean ± SE) kg were 

used in this study. The study lasted 6 months, from the middle of May to the middle of November 

2014. During the study, the lambs were housed in well-ventilated pens and had free access to 

water and mineral blocks. Sudangrass hay was used as the low-quality roughage [crude protein 

(CP): 4.6% of the dry matter (DM), neutral detergent fiber (NDFom), 68.5% of DM, and acid 

detergent fiber (ADFom), 38.8% of DM] and was fed ad libitum. Sudangrass hay was offered at 

09:00 and 17:00 daily and was chopped into lengths of 5 cm before feeding. Soya bean meal was 

supplemented to satisfy the lambs’ crude protein maintenance requirements according to NRC 

(2007). Specifically, in the first 4 months, 136 g/day (as fed-basis) soya bean meal was offered to 

each lamb. In the last 2 months, 140 g/day soya bean meal (as fed-basis) was offered. The 

chemical compositions of sudangrass hay and soya bean meal are listed in Table 3.1. The body 

weights (BWs) of the lambs were measured before the morning feeding once per month.  

    Measurement of feed intake, digestibility, nitrogen balance and serum parameters were carried 

out at the end of 2nd, 4th and 6th month of the study; thus, three sampling periods (P1, P2 and P3) 

were included in the study. Each sampling period lasted 2 weeks. The first week was to ensure that 

the lambs became accustomed to the testing procedure, and the second week was the actual 

sampling period. During the sampling period, the lambs were kept in metabolic pens and were fed 

at 09:00 and 17:00 daily. The BW of the lambs was measured at the beginning and at the end of 

each sampling period before the morning feeding.  

Intake, digestibility and nitrogen balance 

     Sampling was carried out at 09:00 and 17:00 before feeding. The amount of feed offered and 

the amount refused were recorded, and 50 g of sudangrass hay and 30% of refused feed were 

sampled. Metabolic pens were fixed with a plastic board beneath and an oblong case to collect the 

feces and urine respectively. Ten percent of each lamb’s feces and urine was sampled and stored at 
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4°C until assayed. Before the chemical analyses, the feed offered, feed refused and feces samples 

were oven dried at 60°C for 48 h (72 h for feces samples) and ground to pass through a 1-mm 

screen using a Wiley mill (Mitamura Riken Kogyo). The DM, organic matter (OM), CP, rumen 

degraded protein (RDP), NDFom and ADFom of feed offered, the DM, CP and NDFom of feed 

refused and feces and the nitrogen content of urine were determined. The DM, OM, CP and 

ADFom were analyzed according to the methods recommended by AOAC (2007; 930.15, 942.05, 

990.03, 973.18). The NDFom was estimated according to Van Soest et al. (1991). The RDP was 

estimated according to Roe et al. (1991). The DM, CP and NDFom values of feed offered and feed 

refused were used to determine the DM, CP and NDFom intake. The intake and total feces output 

were used to calculate the whole-tract digestibility. Nitrogen retention (NR) was calculated as 

follows: NR (g/day/kg BW0.75) = Nitrogen intake (NI; g/day/kg BW0.75) - Feces nitrogen (NF; 

g/day/kg BW0.75) - Urine nitrogen (NU; g/day/kg BW0.75). 

Blood sampling and measurement of serum parameters  

    Sampling was carried out on the last day of each sampling period. Blood samples were collected 

with a vacuum tube from the jugular vein of each lamb before the morning feeding. The samples 

were centrifuged (800 × g; 20 min; 4°C), and the serums were stored at -20°C until assayed. The 

concentrations of serum glucose (GLU) and serum urea nitrogen (SUN) were determined using the 

DRY-CHEMISTRY method (FUJI DRI-CHEM; DRI-CHEM 3500V, FUJI medical film, Tokyo, 

Japan). Serum insulin-like growth factor 1 (IGF-1) was analyzed with the quantitative sandwich 

enzyme immunoassay technique (Quantikine ELISA Human IGF-1 Immunoassay; R&D Systems, 

Minneapolis, MN, USA). Serum total triiodothyronine (T3) was measured using a T3 enzyme 

immunoassay test kit (Immunospec T3 EIA; IMMUNOSPEC CORPORATION, Canoga Park, CA, 

USA). Serum total thyroxine (T4) was determined using a T4 enzyme immunoassay test kit 

(Immunospec T4 EIA; IMMUNOSPEC CORPORATION).  

Statistical analyses for intake, digestibility, nitrogen balance and serum parameters 
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    Analysis of variance (ANOVA) and orthogonal contrast procedures were conducted to 

determine period differences in feed intake, digestibility, nitrogen balance, serum parameters and 

the average daily gain (ADG). All statistical procedures were performed using R (version 3.0.2, R 

Development Core Team 2014). All data are presented as the means ± SE. If the p value of a linear 

correlation was less than 0.05, the data were considered to show a linear trend. If the p value of a 

quadratic correlation was less than 0.05, the data were considered to show a quadratic trend.   

Liver biopsies 

    Liver biopsies were carried out at 13:00 of the last day of P2 and P3 in each lamb. After local 

anesthesia, liver samples were obtained via puncture biopsy (TSK Soft Tissue Biopsy Needles; 

ACECUT | Automatic Biopsy System; TSK LABORATORY, JAPAN) and were immediately 

frozen in liquid nitrogen and stored at -80°C until assayed. Liver samples were used to determine 

the metabolites via metabolomics analysis.  

Pretreatment of liver tissue  

     Metabolomics was carried out through a facility service at Human Metabolome Technology 

Inc., Tsuruoka, Japan. 

    Approximately 40 mg of frozen liver tissue was plunged into 1,500 μL of 50% 

acetonitrile/Milli-Q water containing internal standards (H3304-1002, Human Metabolome 

Technologies, Inc., Tsuruoka, Japan) at 0°C in order to inactivate enzymes. The tissue was 

homogenized five times at 1,500 rpm for 120 sec using a tissue homogenizer (BMS-M10N21, Bio 

Medical Science, Japan), and then the homogenate was centrifuged at 2,300 × g and 4°C for 5 min. 

Subsequently, 400 μL × 2 of upper aqueous layer was centrifugally filtered through a Millipore 5-

kDa cutoff filter at 9,100 × g and 4°C for 120 min to remove proteins. The filtrate was 

centrifugally concentrated and resuspended in 50 μL of Milli-Q water for CE-MS analysis. 

CE-TOFMS analysis for liver tissue 
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    The liver metabolome was measured using a combination capillary electrophoresis (CE) and 

time-of-flight mass spectrometry (TOFMS) system (CE-TOFMS) (Human Metabolome 

Technology Inc., Tsuruoka, Japan). CE-TOFMS was carried out using an Agilent CE Capillary 

Electrophoresis System equipped with an Agilent 6210 Time of Flight mass spectrometer, Agilent 

1100 isocratic HPLC pump, Agilent G1603A CE-MS adapter kit, and Agilent G1607A CE-ESI-

MS sprayer kit (Agilent Technologies, Waldbronn, Germany). The systems were controlled with 

Agilent G2201AA ChemStation software version B.03.01 for CE (Agilent Technologies, 

Waldbronn, Germany). The metabolites were analyzed using a fused silica capillary (50 μm i.d. × 

80 cm total length) with a commercial electrophoresis buffer (Solution ID: H3301-1001 for cation 

analysis and H3302-1023 for anion analysis, Human Metabolome Technologies) as the electrolyte. 

The sample was injected at a pressure of 50 mbar for 10 sec (approximately 10 nL) for cation 

analysis and 25 sec (approximately 25 nL) for anion analysis. The spectrometer was scanned from 

m/z 50 to 1,000. Other conditions were set according to previous studies (Soga and Heiger, 2000; 

Soga et al., 2002; Soga et al., 2003). 

CE-TOFMS data processing and analysis 

    Peaks were extracted using the automatic integration software MasterHands (Keio University, 

Tsuruoka, Japan) to obtain peak information, including the mass/charge number of ions (m/z), 

migration time for CE-TOFMS measurement (MT) and peak area (Sugimoto et al., 2009). Signal 

peaks corresponding to isotopomers, adduct ions, and other product ions of known metabolites 

were excluded, and the remaining peaks were annotated with putative metabolites from the HMT 

metabolite database based on their MTs and m/z values determined by TOFMS. The tolerance 

range for the peak annotation was configured at ±0.5 min for MT and ±10 ppm for m/z. In addition, 

the peak areas were normalized against those of the internal standards and then the resultant 

relative area values were further normalized by sample amount. 
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   All of the CE-TOFMS data were analyzed using hierarchical cluster analysis (HCA) and 

principal component analysis (PCA), which were performed using the proprietary software 

PeakStat and SampleStat, respectively (Junker et al., 2006). 

    Welch’s t test was applied to compare individual metabolites between P2 and P3. P < 0.05 was 

considered statistically significant.  

 

3.3 Results 

 

Body weight 

    Lambs displayed increasing BW from the start of the study until the fourth month. The BW 

decreased during the last two months (Fig. 3.1(a)). The average daily gain (ADG) per month 

showed a linear decreasing trend (p < 0.001; orthogonal contrast analysis) (Fig. 3.1 (b)). During 

the first month, the lambs gained the most weight (192.3 g/day), while in second, third, and fourth 

month, the lambs gained 62.9 g/day, 128.9 g/day and 42.7 g/day, respectively. During the last two 

months, the lambs lost 30.3 g/day and 136.0 g/day, respectively. 

Intake and digestibility 

    The results of feed intake and digestibility are shown in Table 3.2. The orthogonal contrast 

analysis showed a linear decreasing trend in DM intake (DMI; g/kg0.75) along with period (p < 

0.001). The DMI reached the highest level in P1 and the lowest level in P3. The CP intake (CPI), 

RDP intake (RDPI) and NDFom intake (NDFI) also showed a linear decreasing trend (p < 0.001). 

The metabolizable energy intake (MEI) showed a linear decreasing trend along with period (p < 

0.01). The proportion of CPI to MEI (CPI/MEI: g/Mcal) showed no difference between periods, 

but it trended to be the highest in P2, while trended to be the lowest in P3 (quadric; p = 0.07) The 

DM digestibility (DMD) showed a quadratic trend (p < 0.05) and was the highest in P2 and the 

lowest in P1. The CP digestibility (CPD) did not differ between each period. The NDFom 
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digestibility (NDFD) showed a quadratic trend (p < 0.001) and was the highest in P2 and the 

lowest in P1. 

Nitrogen balance 

    NR, NF and NU showed a linear decreasing trend (p < 0.001, p < 0.001 and p < 0.05, 

respectively) in the present study (Table 3.3). Numerically NU showed almost the same level in P1 

and P2 (0.34 g/ay/kg0.75 and 0.33 g/day/kg0.75, receptively) and the lowest level in P3. When NR, 

NF and NU were expressed as a percentage of NI, NR/NI (%) showed a linear decreasing trend (p 

< 0.01), while NF/NI (%) and NU/NI (%) showed no difference between periods.  

Serum parameters 

    The concentration of GLU showed a linear decreasing trend (p < 0.05) (Table 3.4). Numerically, 

GLU concentration showed almost the same level in P1 and P2 and the lowest level in P3. The 

concentrations of SUN and IGF-1 also showed a linear decreasing trend (p < 0.05) and reached the 

highest level in P1 and the lowest in P3. Both T4 and T3 showed a linear increasing trend from P1 

to P3 (p < 0.05). 

 

Metabolomics analysis  

    Two hundred and sixty-two peaks were detected by the CE-TOFMS system (Table S3.1). 

Samples of P2 and P3 were divided along the horizontal axis (PC1) in the PCA score plots (Fig. 

3.2). The loading factors of PC1 ranged from -0.11 to 0.12. The hierarchical analysis and heat map 

also showed differences in the clustering of liver metabolites between the samples from P2 and P3 

(Fig. 3.3). Metabolites with a high absolute value of PC1 loading factor (higher than 0.095) while 

at the same time showing a significant difference (p < 0.05) or a trend (p < 0.1) to be different 

between P2 and P3 were identified and were categorized into four groups: amino acid, amino acid 

metabolism-related, central carbon metabolism-related and lipid metabolism-related (Table 3.5). 

Eleven amino acids were identified. Serine and lysine increased from P2 to P3 (p < 0.05), while 

glycine tended to increase (p = 0.1). Asparagine, alanine and arginine decreased (p < 0.05), while 
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isoleucine, histidine, methionine, tyrosine and valine tended to decrease (p < 0.1). Seven amino 

acid metabolism-related metabolites were identified. Among them, citrulline, GSSG (glutathione-

S-S-glutathione), fumaric acid, malic acid and 3-methylhistidine increased from P2 to P3 (p < 

0.05), while argininosuccinic acid and 5-oxoproline decreased in P3 (p < 0.05). Among the 12 

identified central carbon metabolism-related metabolites, NADP+ and NAD+ increased from P2 to 

P3 (p < 0.05). Glucose 1-phosphate, glycerol 3-phosphate, glucose 6-phosphate, UDP-glucose, 

UDP-galactose, fructose 6-phosphate and glucosamine decreased (p < 0.05) and dihydroxyacetone 

phosphate, glucuronic acid and ribose 5-phosphate tended to decrease from P2 to P3 (p < 0.1). 

Among the 4 identified lipid metabolism-related metabolites, taurine and taurocholic acid 

increased (p < 0.05) while glycocholic acid and glycerophosphocholine decreased from P2 to P3 

(p < 0.05).  

 

3.4 Discussion 

 

   Metabolomics has recently been used in nutrition studies (Wang et al. 2007; Wang et al. 2009; 

He et al. 2009; Ametaj et al. 2010; O’Sullivan et al. 2011; Lin et al. 2012; Ryan et al. 2013; Zhao 

et al. 2014) as this method provides a relatively convenient way to obtain large amounts of 

information compared to conventional approaches. Recent studies have mainly focused on the 

influence of nutritional conditions on the etiologic mechanism of disease; however, metabolomics 

can also be applied to detect the linkage among nutritional condition, metabolic variation and 

livestock production. In the present study, metabolomics was used to reveal the metabolic 

variations of lambs fed low-quality roughage beginning at 2 months of age.  

     The lambs gained body weight during the first 4 months, which suggests they were in good 

nutritional status until P2. Comparing to NRC (2007), the MEI and CPI were 135.7% and 193.2% 

of lambs’ maintenance requirement, respectively. The RDPI also satisfied its requirement in P1. 
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Although, the MEI, CPI and RDPI decreased in P2, the MEI and RDPI were kept at maintenance 

level of NRC (2007), while the CPI was 182.1% of lambs’ maintenance CP requirement. The 

DMD and NDFD increased from P1 to P2, especially the NDFD increased approximately 10%, 

suggesting the adaptation of lambs to the low-quality roughage. However, from P2 to P3, the 

lambs decreased their feed intake and lost body weight. The DMI, CPI and NDFI were 

approximately only half of that in P1. The lowest GLU and marginal SUN (approximately 10 

mg/ml) concentrations in P3 suggested that nutrient supply, especially energy and protein supply, 

did not satisfy the nutrient requirements of the lambs. The MEI was only 78.5% of the 

maintenance ME requirement (NRC, 2007). Although the CPI was higher than CPm (49.1 g/day 

vs 38.3 g/day), the RDPI was lower than that of requirement (32.2 g/day vs 39.1 g/day). Moreover, 

the CPI/MEI was the lowest in P3, suggesting an imbalance of dietary CP/ME. It is suggested that 

nitrogen utilization in ruminant is influenced by dietary ME and CP content, as well as their 

proportion (Dong et al. 2016), while the liver is the important organ in nitrogen utilization. Thus, 

several amino acids and amino acid metabolism related metabolites were observed to decrease in 

liver in P3. In addition, although the rumen VFA content was not determined in our study, it could 

be surmised that the rumen VFA production reduced in P3 due to the lowest MEI. As the result, 

the liver concentrations of several gluconeogenesis intermediates were also observed to decrease 

in P3. The DMD, CPD and NDFD were, however, at normal level in P3, and were similar with 

that of chapter 2. The NR decreased drastically and the proportion of NR to NI also decreased, 

suggesting an worse nitrogen utilization compare with that of P1 and P2, probably due to the 

lowest MEI, RDPI and imbalance of CPI/MEI. The blood concentration of IGF-1 has been shown 

to increase with advancing age during the first year of life (Roberts et al. 1990; Oldham et al. 1999) 

and is markedly affected by nutritional status (Bossis et al. 2000; Shen et al. 2004; Lents et al. 

2013). The decreased IGF-1 concentration in the present study therefore also suggested a worse 

nutritional status in the lambs during the last two months of the study. Under this condition, the 

overall energy production of the hepatic tissue seems to have decelerated from P2 to P3, as 

suggested by the increase in NAD+ from P2 to P3 (Fig. S3.1). Todini (2007) reviewed the factors 
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that affect blood thyroid hormone (T3 and T4) concentrations in small ruminants and indicated 

that nutrition plays a major role. In contrast, both T3 and T4 concentrations showed an increased 

trend in the present study. Because T3 is known to regulate IGF-1, IGF-1 binding protein and the 

IGF-1 receptor system in a tissue-specific manner (Moreno et al. 1997), T3 and T4 were possibly 

increased to mitigate the effect of decreased serum IGF-1 levels.    

 In ruminants, amino acids play important roles in certain metabolic processes other than 

protein synthesis, such as gluconeogenesis in the liver and kidney and amino acid transactions in 

the portal-drained viscera and peripheral tissues that support protein turnover (Bergman & 

Heitmann 1978). These roles, however, induce a poor efficiency of utilization of absorbed amino 

acids in protein synthesis (MacRae et al. 1985, 1995, 1996). The liver is the key organ in amino 

acid clearance (Tietge et al. 2003). In the present study, the concentrations of six amino acids 

decreased in the liver from P2 to P3, while two amino acids increased, suggesting that an 

adjustment in amino acid utilization in the liver occurred from P2 to P3. Bergman and colleagues 

(1986) found that when sheep were fed alfalfa hay at maintenance intake, alanine, glycine and 

serine were the three principal amino acids that contributed to liver metabolic requirements and 

glucose synthesis from other body tissues. In the present study, those three amino acids showed 

different variations in the liver, when MEI and RDPI were lower than that of requirement, and 

CPI/MEI was imbalanced. Alanine is primarily released from the muscle, and numerically 

decreased in P3 (Table S3.1). Thus, muscle breakdown was likely retarded to reduce the protein 

loss, resulting in less alanine transport into the liver. To fill the gap, the supplies of glycine and 

serine were probably increased by other body tissues, and thus their concentrations increased in 

the liver from P2 to P3. The lambs might use the amino acids that could fulfill the requirement of 

the liver and in this way improve the efficiency of amino acid utilization.  

 Additional evidence of the improvement in amino acid utilization is the change in urea 

cycle activity (Fig. S3.2). Argininosuccinate synthetase is recognized as the rate-limiting enzyme 

of the urea cycle and catalyzes the condensation of citrulline and aspartate to form 

argininosuccinic, the immediate precursor of arginine (Husson et al. 2003). In the present study, 
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citrulline increased while argininosuccinic and arginine decreased in the liver from P2 to P3. This 

finding might relate to a reduction in the enzymatic activity of argininosuccinate synthetase. At the 

same time, the concentration of urea in the liver and SUN decreased from P2 to P3. These results 

suggest that the activity of the urea cycle was weakened during the present study. Ureagenesis 

always accompanies α-amino nitrogen removal (Reynolds 1992), and it has been suggested that 

liver urea production is decreased when the overall utilization of amino acids is improved 

(Reynolds 2002). Probably due to the adjustment of amino acid utilization, the nitrogen retention 

was still positive in P3, although it decreased drastically from P2 to P3. 

    Fumaric acid and malic acid increased from P2 to P3; however the other TCA cycle 

intermediates did not change. Thus, it seems that the activity of TCA cycle did not vary in the 

present study. Except the TCA cycle, fumaric acid and malic acid also involve in the urea cycle, 

thus the variation of the concentration of fumaric acid and malic acid might be induced by the 

adjustment of the urea cycle.      

 The glycolysis/gluconeogenesis intermediates glucose 6-phosphate (G6P), fructose 6-

phosphate (F6P) and dihydroxyacetone phosphate (DHAP) decreased while NAD+ tended to 

increase in P3 (Fig. S3.1), suggesting a lowered flux through glycolysis. In contrast, 

gluconeogenesis/glycogenolysis could be accelerated to maintain GLU that was decreased in P3 (p 

< 0.05; linear). Gluconeogenesis is the main source of glucose for ruminants (Cerrilla & Martinez 

2003; Aschenbach et al. 2010). During starvation, glycerol becomes an important substrate of 

gluconeogenesis (Bergman 1973). As discussed above, the lambs could not obtain enough energy 

from the diet in P3. No change was observed in the concentration of glycerol in the liver from P2 

to P3 (Table S3.1). However, glycerol 3-phosphate (G3P), which is converted from glycerol, 

decreased in P3. G3P is oxidized to DHAP, the entry point of glycerol into gluconeogenesis, 

which was also decreased in P3. Thus, gluconeogenesis from glycerol might be accelerated to 

normalize decreased GLU. In addition, glucose 1-phosphate (G1P) and UDP-glucose also 

decreased in P3, suggesting reduced glycogenesis.  
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  Although not significantly different, the reductant of fatty acid synthesis, NADPH, 

decreased in P3 (Table S3.1), while the oxidized form, NADP+ tended to increase (p = 0.06). 

NAD+ is the oxidant in fatty acid degradation, and an increased ratio of NAD+ to NADH was 

suggested to accelerate the oxidation of fatty acid (Emery et al. 1992). In the present study, NAD+ 

and the ratio of NAD+ to NADH increased in P3. During negative energy balance, adipose tissues 

release nonesterified fatty acids (NEFAs) into the blood as an energy source for other tissues. In 

ruminants, the NEFAs are taken up by the liver, where they may be oxidized to carbon dioxide to 

provide energy or partially oxidized to produce ketone bodies or acetate (Knop & Cernescu 2009). 

The ketone bodies can then be used for energy by other tissues, particularly by the heart, brain and 

muscle. Thus, the oxidation of fatty acid was likely enhanced in P3 to satisfy the energy 

requirement of the lambs. In contrast, among the 4 identified lipid metabolism-related metabolites, 

taurocholic acid, one of the conjugated primary bile acids, and its precursor taurine increased from 

P2 to P3 (Fig. S3.3). Another conjugated primary bile acid, glycocholic acid, decreased. The 

compositions of bile have been shown to be affected by dietary factors, especially during 

developmental stages (Peric & Socic 1968; Sheriha et al. 1968; Flores et al. 1992; Jackson et al. 

1993). Furthermore, a high taurine:glycine ratio in bile acid conjugates has been suggested to be 

advantageous in maintaining lipid solubilization (Lough 1970; Smith & Lough 1976). Thus, in the 

present study, changes in the bile acid composition during the experience of low-quality roughage 

might be helpful to promote efficient lipid absorption. The absorbed lipid can then supply the 

lambs with fatty acids and glycerol for energy production and gluconeogenesis. 

    The concentration of GSSG and the ratio of GSSG/GSH are the important indexes of the 

oxidative stress (Wu et al. 2004). In the present study they increased in P3. The concentration of   

histamine, ophthalmic acid and cysteine glutathione disulfide, what are suggested to be the 

oxidative stress biomarkers (Rocha et al. 2016; Soga et al. 2006), also increased in P3. In contrast, 

the concentration of N-acetylcysteine decreased in P3. N-acetylcysteine is a antioxidant and can 

minimize oxidative stress and the downstream negative effects thought to be associated with 

oxidative stress (Kerksick & Willoughby 2005). All these results suggested that the level of 
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oxidative stress increased in P3. The level of oxidative stress is suggested to associate with fatty 

acid oxidation in ruminants (Li et al. 2016). Thus the variations of these oxidative stress-related 

metabolites might also suggest an increased fatty acid oxidation in P3. The concentration of GSH 

and S-methylglutathione increased in P3. GSH is an important antioxidant in animals, while the S-

methylglutathione is also suggested to attenuate oxidative stress (Thomas et al. 2015), thus it is 

probably that lambs elevated the concentration of GSH and S-methylglutathion to deal with the 

increased oxidative stress in P3.   

    In conclusion, feeding lambs low-quality roughage for 6 months beginning at 2 months of age 

did not improve the digestibility, and the feed intake decreased during the study. Likely due to 

insufficient nutrient supply, the lambs displayed an undernourished condition during the last two 

months of the study. Under such situations, an adjustment of amino acid utilization was observed, 

and the efficiency of glycolysis/gluconeogenesis could be adjusted to meet the low-quality 

roughage fed. At the same time, the oxidation of fatty acid in the liver was enhanced to satisfy 

whole-body energy requirements. The oxidative stress increased along with low-quality roughage 

feeding in this study. In response, the concentration of two antioxidants, GSH and S-

methylglutathione, increased in the liver. The compositions of bile acids were optimized to 

promote efficient lipid absorption. We could not determine whether those metabolic changes were 

induced solely by the early experience of low-quality roughage diet because undernutrition itself 

would also affect metabolism. The present study highlights the advantages of using metabolomics 

to detect a linkage of nutritional condition and metabolic variation in ruminants. Amino acid 

metabolism as well as the activity of urea cycle, glycolysis/gluconeogenesis, fatty acid oxidation 

and bile acid metabolism in ruminants fed low-quality roughage deserve thorough investigation. 

  

3.5 Summary 
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    This study was conducted to explore the variation in the hepatic metabolome of lambs fed low-

quality roughage beginning early in life. Five lambs (2 month of age) were fed sudangrass hay (CP: 

4.6% of DM; NDFom: 68.5% of DM) for six months during time periods P1, P2 and P3, which 

consisted of two months each. The body weight increased in P1 and P2 but decreased in P3. The 

DMI, CPI and NDFI decreased along with period (p < 0.001). The DMD, CPD and NDFD 

increased from P1 to P2, but decreased in P3 (p < 0.05). The GLU, SUN and IGF-1 showed a 

linear decreasing trend (p < 0.05), while the concentration of blood thyroid hormones (T3 and T4) 

showed a linear increased trend (p < 0.05). Liver metabolomics was carried out in P2 and P3. 

Eleven amino acids, including serine, lysine, glycine, asparagine, alanine, arginine, isoleucine, 

histidine, methionine, tyrosine and valine, were altered between P2 and P3. The intermediates of 

urea cycle, citrulline increased while argininosuccinic and arginine decreased in the liver from P2 

to P3. Several intermediates of glycolysis/gluconeogenesis, including glucose 6-phosphate (G6P), 

fructose 6-phosphate (F6P), glycerol 3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP) 

decreased, while NAD+ and NADP+ increased in P3. Glucose 1-phosphate (G1P) and UDP-

glucose decreased in P3. Taurocholic acid and its precursor taurine increased, while glycocholic 

acid decreased in P3. The results suggested that feeding lambs low-quality roughage for 6 months 

beginning at 2 months of age did not improve the digestibility, and the feed intake decreased in the 

present study. The lambs displayed an undernourished condition during the last two months of the 

study. Amino acid utilization and the efficiency of glycolysis/gluconeogenesis might be adjusted 

to accommodate the low-quality roughage fed to the lambs during early stages of life. The 

composition of bile acids might also be optimized to promote the efficiency of lipid absorption. 

The present study promotes a further application of metabolomics to detect the linkage between 

nutritional condition and metabolome variation in ruminants. 
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Table 3.1 Chemical composition of the feeds used in the experiment. 

 Sudan grass Soybean meal 
DM (%) 89.0 86.8 
OM (%DM) 91.1 92.8 
CP (%DM) 4.6 50.0 
RDP (%DM) 2.6 35.7 
NDFom (%DM) 68.5 14.7 
ADFom (%DM) 38.8 9.6 
Ash (%DM) 8.9 7.2 
ME (Mcal/kg) 1.7 3.4 
DM, dry matter; OM, organic matter; CP, crude protein; 

RDP, rumen degradable protein; 

NDFom, neutral-detergent fibre exclusive ash  

ADFom, acid-detergent fibre exclusive ash   

ME, metabolizable energy, estimated value according to the NARO (2009)  
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Table 3.2 Intake and Digestibility of lamb fed low-quality roughage 

DMI, dry matter intake; CPI, crude protein intake; NDFI, neutral detergent fiber intake; 

RDPI, rumen degradable protein intake;  

DMD, dry matter digestibility; CPD, crude protein digestibility;  

NDFD, neutral-detergent fiber digestibility; 

P1, P2 and P3, period 1, 2 and 3, respectively. 

Item P1 P2 P3 
P-value 

Linear Quadric  

Intake (g/day/kg BW0.75) 

DMI            70.4 ± 2.1 57.8 ± 4.7 38.3 ± 2.8 <0.001 0.427 

CPI 7.7 ± 0.5 6.4 ± 0.2 3.7 ± 0.5 <0.001 0.234 

RDPI 5.2 ± 0.1 4.1 ± 0.1 2.4 ± 0.5 <0.001 0.469 

NDFI 40.1 ± 1.3 36.2 ± 3.3 23.5 ± 2.0 <0.001 0.159 

MEI (Mcal/d) 1.9 ± 0.1 1.6 ± 0.2 1.1 ± 0.1 0.002 0.465 

CPI/MEI 
(g/Mcal) 55.0 ± 6.2 60.0 ± 4.6 44.3 ± 12.1 0.102 0.073 

Digestibility (%) 

DMD 61.9 ± 0.9 67.8 ± 1.7 63.7 ± 1.5 0.423 0.019 

CPD 65.1 ± 2.1 68.9 ± 2.4 64.5 ± 3.5 0.871 0.256 

NDFD 58.1 ± 0.8 68.6 ± 1.7 62.2 ± 1.3 0.063 <0.001 
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Table 3.3 Nitrogen balance of lamb fed low-quality roughage 

Item P1 P2 P3 
P-value 

Linear Quadric  

NR 
 (g/day/kg 
BW0.75) 

0.47 ± .0.4 0.37 ± 0.03 0.18 ± 0.02 <0.001 0.237 

NF 
 (g/day/kg 
BW0.75) 

0.43 ± 0.02 0.32 ± 0.03 0.20 ± 0.02 <0.001 0.866 

NU 
 (g/day/kg 
BW0.75) 

0.34 ± 0.03 0.33 ± 0.02 0.21 ± 0.04 0.034 0.272 

NR/NI (%) 37.4 ± 1.2 36.0 ± 2.4 29.9 ± 0.5 0.006 0.241 

NF/NI (%) 34.9 ± 2.1 31.1 ± 2.4 35.5 ± 3.5 0.800 0.232 

NU/NI (%) 27.7 ± 1.1 32.9 ± 3.9 34.5 ± 3.9 0.164 0.672 

NR, nitrogen retention; NF, feces nitrogen; NU, urine nitrogen; NI, nitrogen intake; 

P1, P2 and P3, period 1, 2 and 3, respectively. 
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Table 3.4 Serum parameters of lambs fed low-quality roughage. 

Item P1 P2 P3 
P-value 

Linear Quadric  

GLU (mg/dl) 69.0 ± 2.8 69.7 ± 3.6 57.8 ± 5.2 0.049 0.187 

SUN (mg/dl) 16.7 ± 1.8 14.8 ± 2.0 10.0 ± 1.7 0.015 0.499 

IGF-1 (ng/ml) 182.3 ± 24.3 135.0 ± 12.5 76.4 ± 5.8 <0.001 0.756 

T4 (ug/dl) 5.7 ± 0.3 8.0 ± 1.4 8.8 ± 1.2 0.045 0.054 

T3 (ug/dl) 0.83 ± 0.02 1.08 ± 0.05 1.11 ± 0.10 0.006 0.152 

GLU: serum glucose. SUN: serum urea nitrogen. 

IGF-1: insulin-like growth factor 1.  

T4: thyroxine. T3: triiodothyronine. 

P1, P2 and P3: period 1, 2 and 3, respectively  
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Table 3.5 Identified metabolites with high absolute value of PC1 loading factor 

Compound 
name m/z MT 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean ± SD Mean ± SD Ratio p-Value 

Amino acid  

Ser 106.05 10.43 32.0 ± 8.4 53.0 ± 13.0 1.7 0.04 

Gly 76.04 8.65 35.0 ± 6.0 52.0 ± 19.0 1.5 0.10 

Tyr 182.08 11.90 3.10 ± 0.53 2.20 ± 0.73 0.7 0.04 

Arg 175.11 7.41 1.10 ± 0.37 0.37 ± 0.08 0.3 0.01 

lle 132.10 10.70 6.3 ± 1.0 5.2 ± 0.7 0.8 0.04 

Met 150.05 11.23 1.70 ± 0.35 1.30 ± 0.32 0.8 0.07 

Asn 133.06 10.97 3.60 ± 0.54 2.70 ± 0.52 0.7 0.06 

Val 118.08 10.49 10.00 ± 1.50 8.70 ± 0.68 0.9 0.09 

Amino acid metabolism-related 

Citrulline 176.10 11.58 4.5 ± 2.1 9.0 ± 3.6 2.0 0.05 

Fumaric acid 115.00 25.40 0.77 ± 0.13 1.50 ± 0.55 2.0 0.02 

Malic acid 133.01 21.27 4.9 ± 0.8 9.9 ± 3.7 2.0 0.02 

Urea 61.04 22.36 39.0 ± 8.7 30.0 ± 7.7 0.8 0.02 

Argininosuccini
c acid 291.12 9.85 0.170 ± 0.048 0.098 ± 0.028 0.6 0.01 

5-Oxoproline 128.03 9.26 2.70 ± 0.29 2.00 ± 0.08 0.7 <0.01 

m/z: Mass/charge number of ions;  MT: Migration Time  

GSSG: Glutathione-S-S-Glutathione  
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Table 3.5 Identified metabolites with high absolute value of PC1 loading factor (continued) 

Compound 
name m/z MT 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean ± SD Mean ± SD Ratio p-Value 

 Central carbon metabolism-related 

NADP+ 742.07 9.15 0.47 ± 0.33 0.94 ± 0.26 2.0 0.06 

NAD+ 662.10 6.36 0.86 ± 0.65 1.70 ± 0.43 1.9 0.07 

Glycerol 3-
phosphate 171.00 11.94 23.0 ± 5.5 12.0 ± 3.7 0.5 0.01 

Glucose 6-
phosphate 259.02 9.61 2.10 ± 0.71 0.93 ± 0.47 0.4 0.01 

UDP-glucose 
UDP-galactose 565.05 8.41 3.00 ± 0.72 0.90 ± 0.29 0.3 <0.01 

Fructose 6-
phosphate 259.02 9.72 0.66 ± 0.18 0.38 ± 0.17 0.6 0.05 

Glucosamine 180.08 9.69 0.170 ± 0.059 0.077 ± 0.041 0.4 0.05 

Glucose 1-
phosphate 259.02 9.88 0.36 ± 0.13 0.18 ± 0.07 0.5 0.07 

Dihydroxyaceto
ne phosphate 168.99 12.45 0.420 ± 0.300 0.088 ± 0.075 0.2 0.10 

Glucuronic acid 193.03 7.87 0.44 ± 0.15 0.27 ± 0.04 0.6 0.07 

Lipid metabolism-related 

Taurine 126.02 23.34 1.00 ± 0.36 11.00 ± 6.6 11 0.03 

Taurocholic 
acid

514.28 6.54 5.6 ± 1.6 12.0 ± 1.0 2.2 <0.01 

Glycocholic 
acid

464.30 6.53 3.9 ± 2.1 0.5 ± 0.5 0.14 0.02 

Glycerophospho
choline 258.11 22.91 86 ± 14 47 ± 28 0.5 0.03 
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Table 3.5 Identified metabolites with high absolute value of PC1 loading factor (continued) 

Compound 
name m/z MT 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean ± SD Mean ± SD Ratio p-Value 

Oxidative stress-related 

GSH 308.09 13.88 6.4 ± 6.2 14.0 ± 9.8 2.1 0.02 

GSSG 307.08 12.77 2.1 ± 1.9 11.0 ± 4.9 5.1 0.01 

3-
Methylhistidine

170.09 7.80 0.63 ± 0.12 1.30 ± 0.35 2.0 0.01 

S-
Methylglutathi 322.11 14.01 0.046 ± 0.026 0.092 ± 0.025 2.0 0.03 

Histamine 112.08 4.94 0.18 ± 0.06 0.29 ± 0.08 1.6 <0.01 

Ophthalmic 
acid

290.13 13.86 1.5 ± 0.5 3.8 ± 1.6 2.5 0.05 

Cysteine 
glutathione 
disulfide 

427.09 12.20 0.37 ± 0.17 2.00 ± 1.40 5.5 0.06 

N-
Acetylcysteine

162.02 8.67 0.039 ± 0.016 0.019 ± 0.005 0.5 0.05 

GSH: glutathione; GSSG: Glutathione-S-S-Glutathione
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                                                                         a) Body weight 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                           b) Average daily gain 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                           
 Figure 3.1. a) The average body weight of lambs (n=5) at the start of the study and at the last day 
of each month during the study; b) the average daily gain (ADG) of lambs (n=5). The data were 
analyzed by orthogonal contrast procedures and the P values are showed in right side.   
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Figure 3.2 PCA score plots of liver tissue metabolomics. ●: P2, ▲: P3. C, T, P, O, L represent 5  
individual lambs used in this study. The “2” means sample in P2; “3”means sample in P3. 
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Figure 3.3 Hierarchical cluster analysis for the liver metabolites from lambs fed low-quality 
roughage. Each row represents one metabolite. Each column represents one sample. Cells are 
colored based on the concentration measured from CE-TOFMS. Red represents high concentration, 
green represents low concentration, and white shows the intermediate level (see color scale on the 
left of heat map). L, P, T, C, O represent 5 individual lambs used in this study. The “2” means 
sample in P2; “3” means sample in P3.  
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Chapter IV   

Effects of early experience with low-quality roughage on 

liver metabolome in lambs 

 

4.1 Introduction 

 

    In Chapter 3, liver tissue metabolomics was conducted on lambs fed low-quality roughage 

beginning at two months of age. Eleven amino acids were altered its level along with the feeding 

period. The level of several intermediates in urea cycle was changed; that is, citrulline increased 

while argininosuccinic and arginine decreased in the liver. Several intermediates in 

glycolysis/gluconeogenesis, including glucose 6-phosphate (G6P), fructose 6-phosphate (F6P), 

glycerol 3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP) decreased, while NAD+ 

and NADP+ increased. Taurocholic acid, one of the conjugated primary bile acids, and its 

precursor taurine increased, while glycocholic acid decreased in the liver. The results suggest that 

amino acid utilization and the efficiency of glycolysis/gluconeogenesis might be adjusted to 

accommodate the low-quality roughage fed to the lambs during early stages of life. The 

composition of bile acids might also be optimized to promote the efficiency of lipid absorption.  

    The Chapter 3 showed a potential to apply metabolomics to validate the effects of early 

experience with low-quality roughage on the metabolism of growing ruminants. However, in 

Chapter 3, as the lambs displayed an undernourished condition during the last two months of the 

study, it could not be determined that whether those metabolic changes, as well as the changes of 

the digestibility and serum parameters, were induced solely by the early experience of low-quality 
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roughage diet, because undernutrition itself would also affect metabolism. In addition, the effects 

of growth should be considered. Thus, in Chapter 4, I compared the liver metabolome between 

lambs fed low-quality roughage and those fed normal quality roughage during the early stage of 

their life to determine how early experience with low-quality roughage affect liver metabolism in 

lambs. 

 

4.2 Materials and methods 

 

    All of the animal experimental procedures were approved by the Committee for Animal 

Research and Welfare of Gifu University (#15019). 

 

Animals and experimental design 

    Ten Suffolk wether lambs were used in this study. They were transferred from the Nasu 

Research Station (NARO Institute of Livestock and Grassland Science, Japan) at approximately 3 

months of age on May 17, 2015. The animals were randomly divided into two groups (n = 5 in 

each group) to be of similar mean body weight (20.8 vs 21.2 kg) and were allocated to one of two 

following feeding regime groups: the low-quality roughage group (LR) or the control group (C). 

The animals were housed in well-ventilated pens and had free access to water and mineral blocks 

during the study.  

    After nine days adjustment period, the study was started on May 26, 2015. The study lasted 8 

months. During the first 4 months, LR was offered low-quality roughage, while C was offered 

normal quality roughage. In the last 4 months, both groups were offered low-quality roughage. 

Sudangrass hay was used as the low-quality roughage, whereas timothy hay was used as the 

normal quality roughage (Table 4.1). Both roughages were chopped into lengths of 5 cm before 
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feeding and were fed ad libitum. Formula feed was supplemented to satisfy the lambs’ 

maintenance requirements according to NRC (2007). Specifically, in the first 4 months, 

approximately 360 g/day (as fed-basis) formula feed was offered to each lamb. In the last 4 

months, approximately 400 g/day formula feed (as fed-basis) was offered. Roughages were offered 

at 09:00 and 17:00 daily, whereas formula feed was offered at only 17:00 daily to reduce its 

influence on roughage ingestion by lambs. 

    The BWs of the lambs were measured before the morning feeding at the start of the study and 

then once per month. 

Intake 

    Measurement of feed intake was carried out at the 1, 3 ,5 and 8 months of the study. Thus, four 

measurement periods (P1, P2, P3 and P4) were included in the study. Each period lasted 2 weeks. 

The first week was to ensure that the lambs became accustomed to the testing procedure, and the 

second week was the actual measurement period. The BW of the lambs was measured at the first 

day and at the last day of each period before the morning feeding. 

    Measurement was carried out at 09:00 and 17:00 before feeding. The amount of feed offered 

and the amount refused were recorded, and 50 g of the two roughages (sudangrass hay and timothy 

hay) and 30% of refused feed were sampled. Before the chemical analyses, the samples were oven 

dried at 60°C for 48 h and ground to pass through a 1-mm screen using a Wiley mill (Mitamura 

Riken Kogyo). The DM, CP and NDFom of feed offered and the DM of feed refused were 

determined. The DM and CP were analyzed according to the methods recommended by AOAC. 

(2007; 930.15, 942.05, 990.03, 973.18). The NDFom was estimated according to Van Soest et al. 

(1991). The DM values of feed offered and feed refused were used to determine the DM intake 

(DMI). 

Rumen fluid collection and measurement of VFA 
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    Rumen fluid sample was taken from each lamb on the last day of each measurement period, 

according to the early studies (Garrett et al. 1999; Duffield et al. 2004). Collection site was from 

the ventral sac of the rumen. The site was clipped and surgically prepped before sampling. The 

18G × 1-1/2″ (1.20 × 40 mm) in stainless steel needles (NN-1838R, TERUMO CORPORATION, 

Tokyo, Japan) were used. After inserting the needle into the rumen, rumen fluid was aspirated by a 

10 ml syringe. Approximately 6 ml rumen fluid would be sufficient. After the rumen fluid samples 

were obtained, pH of the rumen fluid was determined immediately by the compact pH meter (twin 

pH meter, B-212, HORIBA, LTD. Kyoto, Japan). Samples were centrifuged (3500 × g; 10 min) 

and supernates were stored at -80°C until assayed. Rumen fluid samples were used to determine 

the VFA content. 

    Before VFA analysis, the supernates were thawed at room temperature and were treated with 25% 

meta-phosphoric acid at a ratio of 4 parts rumen supernate to 1 part of the meta-phosphoric acid. 

The mixtures were then stored at -20°C for more than 8 hours. After that, the mixtures were 

thawed at 4°C for one night, and were centrifuged (10,000 × g; 5 min) to remove proteins. The 

supernates of the mixtures were then placed in the new tubes and were mixed with internal strand 

(10 mmol/L crotonic acid) at a ratio of 6:1. 

    One micro litter (ul) of the prepared sample was taken by micro syringe and was injected into 

gas chromatograph (GC-14A, SHIMADZU corporation, Japan) to analyze the VFA content using 

a capillary column (HR-20M, 0.25mm × 30m, SHINWA CHEMICAL INDUSTRIES, LTD. 

Japan). The column temperature was 130°C, while the temperature of injection port and detector 

was 250°C.  

 

Statistical analyses for intake and VFA 

   The data from P1 and P2 were analyzed according to the general linear mixed model: 

Yij=u+ti+pj+t×p+I+eij, 
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    where Yij is the dependent variable, u is the overall mean, ti is the treatment effect, pj is the 

period effect, t*p is the interaction between t and p, I is the individual effect and eij is the residual 

error. The treatment and period were treated as the fixed effect, and individuals were assumed to 

be the random effect. The post hoc comparisons of the means between the treatments and the 

periods were conducted using Tukey’s HSD test. 

 The data from P3 and P4 were first analyzed using the ANCOVA procedure to determine 

whether the data of P2 affected the statistical results of P3 and P4. The ANCOVA procedure is 

described as follows: 

Yij=u+ti+pj+B(xij- xi)+t×p+I+eij, 

where Yij is the dependent variable, u is the overall mean, ti is the treatment effect, pj is the period 

effect, xij is the observation of the covariate (here, the data of P2 were used as the covariate), xi is 

the mean of xj, I is the individual effect and eij is the residual error. If the P2 showed no effect on 

the dependent variable P3 and P4, the data from P1 and P2 were then analyzed according to the 

general linear mixed model as described above for the data of P1 and P2.  

 All statistical procedures were performed using the JMP statistical software ver.5.01 (SAS 

Institute Inc., Cary, NC, USA). All data were presented as the means ± SE and were considered to 

differ significantly at P < 0.05. 

Liver biopsies 

    Liver biopsies were carried out at the last day of P2 and P3 before the rumen fluid sampling.  

Three lambs from each group were chosen randomly for the liver tissue sampling. The sampling 

location was in the 11th intercostal space (between the 11 and 12th costal bones). Before sampling, 

the hair over the right side of each lamb was shaved and the location of liver biopsy were 

aseptically prepared. Then the site of liver biopsy was locally infiltrated with local anesthetic. 

After local anesthesia, a scalpel puncture of the skin was made over the determined position of 

collecting liver biopsy. The liver samples were then obtained by the tissue biopsy needles (TSK 
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Soft Tissue Biopsy Needles; ACECUT | Automatic Biopsy System; TSK LABORATORY, 

JAPAN) and were immediately frozen in liquid nitrogen and stored at -80°C until assayed. Liver 

samples were used to determine the metabolites via metabolomics analysis.  

Metabolomics analysis  

    Metabolomics was carried out through a facility service at Human Metabolome Technology Inc., 

Tsuruoka, Japan. The analysis procedures include 1) sample pretreatment, 2) CE-TOFMS analysis 

and 3) CE-TOFMS data processing and analysis. The details of the metabolomics analysis were 

almost same with that carried out in experiment 2, what were described in 3.2 Materials and 

methods, Chapter 3. However, the electrophoresis buffer used for anion analysis in this experiment 

was different from that used in experiment 2. In this experiment, the electrophoresis buffer with a 

solution ID: H3302-1023 (Human Metabolome Technologies) was used for anion analysis. 

 

4.3 Results 

 

Intake 

   When different roughages were offered, LR had a greater DMI than that of C in P1 (p < 0.05), 

whereas no difference was observed between the treatments in P2 (Table 4.2). From P1 to P2, 

DMI of C increased significantly (p < 0.05), while DMI of LR did not changed. In P3 and P4, 

when both groups were fed low-quality roughage, DMI was greater in LR than in C (P < 0.01), 

though there were no interactions between the treatments and periods. 

VFA 

    Total VFA concentrations, acetic acid, propionic acid and butyric acid concentration did not 

differ between LR and C throughout the study (Table 4.3). Iso-butyric acid did not differ between 

the treatments in P1 and P2, but was significant higher in C than in LR during P3 and P4 (p = 
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0.01), though there were no interactions between the treatments and periods (Table 2.4). Iso-

valeric acid and valeric acid did not differ between the treatments in P1, whereas these were 

significant higher in C than in LR in P2 (p < 0.05 and p < 0.01, respectively). In P3 and P4, iso-

valeric acid and valeric acid were still significant higher in C than in LR on average (p < 0.05 and 

p < 0.01, respectively), though there were no interactions between the treatments and periods.  

    When each VFA was expressed as a percent (%) of total VFA, acetic acid, propionic acid and 

butyric acid did not differ between LR and C throughout the study (Table 4.3). Iso-butyric acid (%) 

was significant higher in C than in LR in P1 and P2 (p < 0.05), though there were no interactions 

between the treatments and periods. Iso-butyric acid (%) was still higher in C than in LR in P3 (p 

< 0.05), but did not differ between the treatments in P4. Iso-valeric acid (%) and valeric acid  (%) 

did not differ between the treatments in P1, whereas these were significant higher in C than in LR 

in P2 (p < 0.01). Iso-valeric acid (%) and valeric acid  (%) did not differ between the treatments in 

P3 and P4. 

Body weight  

    Both LR and C increased their body weight through the study (Fig. 4.1), and the BW was almost 

the same between LR and C in each month. Average daily gain (ADG) of the first 4 months, when 

they were fed different roughage, and ADG of the last 3 months, when both groups were fed low-

quality roughage were calculated (Table 4.4). No difference was found in ADG between LR and C, 

either in the first 4 months or in the last 3 months.  

Metabolomics analysis  

    Twelve liver samples took from 6 lambs were used for metabolomics analysis. Here, a, b, c 

were used to represent the 3 lambs of LR, while d, e, f were used to represent the 3 lambs of C. 

The 3 liver samples took from LR in P2 (LR-P2) were represented as L2-a, L2-b, L2-c. The 3 liver 

samples took from LR in P3 (LR-P3) were represented as L3-a, L3-b, L3-c. The 3 liver samples 
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took from C in P2 (C-P2) were represented as C2-d, C2-e, C2-f. The 3 liver samples took from C 

in P3 (C-P3) were represented as C3-d, C3-e, C3-f. 

    Two hundred and ninety peaks were detected by the CE-TOFMS system. Welch’s t test was 

applied to compare individual metabolites between LR-P2, LR-P3, C-P2 and C-P3, however 

almost no statistically significant differences were found (Table S4.1). The detected metabolites 

were then analyzed using principal component analysis (PCA) and hierarchical cluster analysis 

(HCA). In general, samples were divided into 4 parts in the PCA score plots (Fig. 4.2). The PC 1 

and PC 2 explained 51.6% of the total variances within the data. The LR-P3 and C-P3, except C2-f, 

were clustered in the middle left of the figure. In their bottom left were the C2-f and C3-f. The C-

P2 was clustered in the middle right of the figure, except the C2-f. The LR-P2 was located in the 

middle of the figure; however they were scattered with each other. These 4 parts were separated 

with each other along the PC1. Furthermore, the C2-f and C3-f were separated with other samples 

by PC2. The hierarchical analysis and heat map also showed differences in the clustering of liver 

metabolites between the samples (Fig. 4.3). Samples were divided into 4 clusters in the heat map. 

They were 1) LR-P2, 2) C-P2, except C2-f, 3) LR-P3 and C-P3, except C3-f, and 4) C2-f and C3-f. 

It seems that the f showed a great individual difference compared with other lambs, which might 

influence the results of Welch’s t test. 

    Based on the PC 1 loadings, a list of metabolites whose changes in the liver led to the clustering 

is presented in Table 4.5. Metabolites with positive loadings were positively correlated with PC 1, 

and their concentrations were the highest in C-P2, while the lowest in LR-P3 and C-P3 (C-P2 > 

LR-P2 > LR-P3, C-P3). Reversely, metabolites with negative loadings had a negative correlation 

with PC 1, and their concentrations were the lowest in C-P2, while the highest in LR-P3 and C-P3 

(C-P2 < LR-P2 < LR-P3, C-P3). Twenty-four metabolites with a large negative loading (≤ -0.080) 

were identified and were categorized into five groups: amino acid, amino acid metabolism-related, 

coenzyme metabolism-related, lipid metabolism-related and nucleic acid metabolism-related. 

Among the metabolites with positive loading, seventeen metabolites with a large loading (≥ 0.075) 
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were identified and were categorized into five groups: glycolysis/gluconeogenesis intermediates, 

TCA cycle related, pentose phosphate pathway intermediates, amino acid metabolism-related and 

lipid metabolism-related. The concentrations of these metabolites on LR-P2, LR-P3, C-P2 and C-

P3 are showed in Table 4.6, while the C2-f and C3-f were removed from C-P2 and C-P3, 

respectively, due to the great individual difference observed in f. 

 

4.4 Discussion 

 

    The early experience with low-quality roughage has been shown to improve the feed intake of 

low-quality roughage (Distel and Provenza, 1991; Distel et al., 1994, 1996). The results of the 

present study were consistent with these previous studies. After a 4 months diet training, when 

both groups were fed low-quality roughage during the last 3 months, LR had a significant greater 

DMI than that of C (70.3 vs 60.7 g/day/kg BW0.75, as the mean of P3 and P4, p < 0.01). However, 

the BW did not differ between LR and C. After the 4 months diet training, the BW was 36.3 kg 

and 36.7 kg for LR and C, respectively. While in the end of the study, the BW was 47.4 kg and 

47.7 kg for LR and C, respectively. During these 3 months, the ADG was 110.0 g/day and 110.4 

g/day for LR and C, respectively (p = 0.96). These results suggested that although LR ate more 

sudangrass hay than C in the 3 months, it did not convert into BW. Consistent with the present 

results, in the studies of Distel and Provenza (1991) and Distel et al. (1994), the BW and ADG 

also did not differ between experienced animals and unexperienced animals, although the 

experienced animals ingested more low-quality roughage. In contrast, Wiedmeier et al. (2002) 

found that early experience with low-quality roughage improved BW in cows after 3 years. 

Wiedmeier et al. (2012) reported a greater body weight gain due to a higher feed intake in cattle, 

who has been exposed to low-quality roughages in utero. In Chapter 2, although BW did not differ 

between experienced lambs and unexperienced lambs, the feed intake was significant low in 
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experienced lambs, suggesting that they utilized low-quality roughage more efficiently than 

unexperienced lambs. The differences on growth performance in response to early experience 

could be due to the differences during the early diet training between these studies. Thus, more 

studies are needed to explore the best conditions of the early low-quality roughage diet training. 

    No differences were observed on the concentration of total VFA, acetic acid, propionic acid and 

butyric acid, as well as their molar proportions to total VFA, during each period. It suggested that 

the energy efficiency of ruminal fermentation was similar between LR and C. In P2, the 

concentrations of iso-valeric acid and valeric acid, as well as their molar proportions to total VFA, 

were significantly greater in C than in LR. Branched-chain VFAs are formed by the fermentation 

of branched-chain amino acids present in natural proteins (Leng, 1973). In P2, the CP content of 

sudangrass hay and timothy hay were 2.8 % of DM and 6.9 % of DM, respectively. Thus, the 

different concentrations of iso-valeric acid and valeric acid between LR and C in P2 may due to 

the different in CP content between sudangrass hay and timothy hay. Although the CP content also 

lower in sudangrass hay than in timothy hay in P1 (5.7 %DM vs 8.2 %DM), LR had a greater feed 

intake than that of C (p < 0.05) in P1, thus the concentrations of branched-chain VFA did not 

differ between treatments. In P3 and P4, when both LR and C were fed sudangrass hay, the 

concentrations of branched-chain VFA, include iso-butyric acid, iso-valeric acid and valeric acid, 

were significant greater in C than in LR. The results suggest that the metabolism of branched-

chain amino acids in the rumen may different between the treatments. In addition, iso-butyric acid 

and iso-valeric acid have been shown to be required for growth by many rumen cellulolytic 

bacteria (Slyter and Weaver, 1969). Thus, the species and quantity of rumen cellulolytic bacteria 

might be different between treatments. However, when be expressed as a percent of total VFA, 

iso-butyric acid (%), iso-valeric acid (%) and valeric acid (%) were not different between LR and 

C during P3 and P4, excepted the molar proportions of iso-butyric acid  in P3, which was great in 

C than in LR significantly (p < 0.05). 
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    The C2-f and C3-f were separated with other samples in the PCA score plots, suggesting a great 

individual difference in f. Thus the C2-f and C3-f were excluded from the following discussion. 

LR-P2 and C-P2 were divided along the horizontal axis (PC1) in the PCA score plots, which 

means that the liver metabolism were different between LR and C in P2. It might be due to the 

difference on roughage quality between sudangrass hay and timothy hay. Ebara et al. (2012) found 

that the glucose- and lipid metabolism-related mRNA expression were different between cattle fed 

high quality diet or normal quality diet during the early life stage. The roughage type also has been 

shown to affect animal metabolism. Zhao et al. (2014) revealed that different types of roughages 

with the same proportion of crude protein (17.4 ± 1.9% DM) can significantly influence the 

ruminal microbial metabolome in cows, especially with regard to organic acids, amines and amino 

acids. As these compounds will finally be absorbed by animals, it is predictable that the different 

types of roughages can result in differences in liver metabolism. The PCA score plots also showed 

differences between LR-P2 and LR-P3, which suggested that the metabolism was varied in the 

liver of LR from P2 to P3. It is consistent with the results of Chapter 3, which also found the 

metabolic variations in lambs fed low-quality roughage from early life stage. However, from P2 to 

P3, the metabolic variations were also observed in the liver of C, and no difference was found 

between the liver metabolome of LR and C in P3, as LR-P3 and C-P3 did not be divided in the 

PCA score plots. These results suggested that the metabolic adaptations were also occurred in 

unexperienced lambs after 1 month of low-quality roughage feeding. The degree of adaptation did 

not differ with lambs fed low-quality roughage from an early life stage, at least on the metabolome 

level. 

    The activities of glycolysis/gluconeogenesis were weaker in the livers of lambs fed low-quality 

roughage than lambs fed normal quality roughage, suggested by the highest concentrations of five 

glycolysis/gluconeogenesis intermediates, dihydroxyacetone phosphate (DHAP), glucose 6-

phosphate (G6P), fructose 6-phosphate (F6P), glucose 1-phosphate (G1P) and Lactic acid, found 

in C-P2 (Table 4.6). Furthermore, the ATP concentration was also lower in LR-P2 than in C-P2. 
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For LR, along with the low-quality roughage feeding, the activities of glycolysis/gluconeogenesis 

and the ATP concentration were reduced from P2 to P3, suggesting an adjustment of liver glucose 

metabolism in response to the long term low-quality roughage diet. Consistent with the present 

results, in Chapter 3, the liver concentrations of DHAP, G6P, F6P and G1P were also found to 

decrease in lambs’ livers along with the low-quality roughage feeding. However, in Chapter 3, the 

liver concentration of glycerol 3-phosphate (G3P) decreased along with low-quality roughage 

feeding, while in the present study, G3P increased from P2 to P3 in LR. G3P is converted from 

glycerol, and can be oxidized to DHAP and enter the gluconeogenesis. In Chapter 3, 

gluconeogenesis from glycerol was suggested to be accelerated to offer lambs more glucose, but 

because the low-quality roughage diet could not support enough lipid to lambs during the last two 

months, the G3P concentration decreased in liver. In contrast, in the present study, lambs were in 

good nutritional status during the whole study; thus the G3P concentration increased in the liver as 

the result of the acceleration of gluconeogenesis from glycerol. In addition, the concentrations of 

ribulose 5-phosphate and ribose 5-phosphate were the lowest in P3, suggesting the adaptation of 

pentose phosphate pathway in lambs’ liver along with the low-quality roughage feeding. 

    The concentrations of carnitine and its precursor γ-butyrobetaine were the highest in C-P2, 

while the lowest in LR-P3 and C-P3 (Table 4.6). Carnitine is essential for fatty acid oxidation in 

ruminant liver (Harmeyer. 2003), because it participates in transport of long-chain fatty acid from 

cytosol into mitochondria (Carlon et al. 2007). Additionally, carnitine supports β-oxidation by 

transporting short- and medium-chain fatty acids from peroxisomes to mitochondria (Rebouche 

and Seim, 1998). Carlon et al. (2007) showed that the dietary L-carnitine supplementation 

increased the liver carnitine concentrations and increased in vitro palmitate β-oxidation by the 

liver slices in cows. In addition, the concentration of O-acetylcarnitine (acetyl-L-carnitine; ALC) 

was also the highest in C-P2, while the lowest in LR-P3 and C-P3. ALC is an ester of the L-

carnitine, and can facilitate the uptake of acetyl CoA into the mitochondria during fatty acid 

oxidation. Thus, in the present study probably the fatty acid oxidation was weaker in the liver of 
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lambs fed low-quality roughage than in the liver of lambs fed normal quality roughage. And along 

with the study, the fatty acid oxidation decreased further in lambs fed low-quality roughage. The 

results of the present study were contrary to the results of Chapter 3, which suggested an enhanced 

fatty acid oxidation in the liver of lambs fed low-quality roughage from 2 months of age. Such 

difference could be explained by the undernourished condition observed in lambs of Chapter 3. 

During undernutrition, whole body fatty acid oxidation will increase largely in ruminants 

(Chilliard et al. 1998), while the liver will become the main site for fatty acid oxidation to produce 

ketone bodies (Knop and Cernescu, 2009). 

    In many case, ruminants absorb more nitrogen as ammonia than as α-amino nitrogen. These 

ammonia are primarily converted into urea in the liver. From 40% to 60% of this urea could be 

reutilized by ruminants again (Huntington, 1986). This process is known as nitrogen recycle. 

When ruminants suffer dietary protein deficiency, or asynchronous carbohydrate and protein 

supply, the extent of nitrogen recycle will increase further (Reynolds and Kristensen, 2008). In the 

present study, the CP content was quite lower in sudangrass hay than in timothy hay during P2 

(2.8% DM vs 6.9% DM); thus the ureagenesis could be more greater in the liver of LR than in the 

liver of C. As the evidence, the concentration of ornithine was observed to be higher in LR-P2 

than in C-P2 (Table 4.6). As the intermediate of urea cycle, ornithine availability is suggested to 

control the rate of the urea cycle directly (Watford, 2003). In addition, ornithine also appears to 

stimulate carbamoyl-phosphate synthetase I in intact mitochondria (Watford, 2003), while the later 

is the rate-limiting enzyme of the urea cycle. Moreover, the concentration of N-Acetylglutamine 

also was higher in LR-P2 than in C-P2, what can facilitate increased flux through the urea cycle by 

activating carbamoyl-phosphate synthetase I (Brosnan, 2000). Ureagenesis always accompanies α-

amino nitrogen removal (Reynolds, 1992). In the present study, the liver concentrations of six 

amino acids, glycine (Gly), histidine (His), glutamate (Glu), aspartate (Asp), lysine (Lys) and 

tyrosine (Tyr), were higher in LR-P2 than in C-P2. Among them, the Glu and Asp are each 

required for separate but essential steps in the urea cycle, which is responsible for ammonia 
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detoxication and nitrogen excretion. For LR, the concentrations of the metabolites mentioned 

above increased in the liver from P2 to P3, suggesting a greater urea cycle and an enhanced amino 

acids metabolism in lambs along with the low-quality roughage feeding. On the contrary, in 

Chapter 3, the activity of urea cycle was weakened along with low-quality roughage feeding. At 

the same time, lambs tended to reduce the amino acid metabolism in the liver to spare protein loss. 

The undernourished condition observed in lambs of Chapter 3 should be the main reason of these 

metabolic variations. 

    In conclusion the results of the present study indicate that the feed intake was increased after 4 

months of rearing when feeding lambs low-quality roughage from the age of 3 months. However, 

the early foraging experience did not show effects on VFA production in the rumen, except the 

branched-chain VFA. Along with low-quality roughage feeding, the activities of 

glycolysis/gluconeogenesis and fatty acid oxidation were reduced, while the urea cycle and amino 

acid metabolism were enhanced in lambs’ liver, suggesting the adaptions of liver metabolism in 

response to the low-quality roughage diet. However, when unexperienced lambs were fed low-

quality roughage for 1 month, the similar metabolic variations were occurred in their liver. No 

differences were observed in liver metabolome between experienced lambs and unexperienced 

lambs. It means the liver metabolism in unexperienced lambs also could rapidly adapt the low-

quality roughage to the same degree compare with the experienced lambs.    

 

4.5 Summary 

    The objective of this study was to compare the feed intake, VFA and liver metabolome in lambs 

fed low-quality roughage with those of lambs fed normal roughage from their 3 months of age. 

The study consisted of 2 treatments, low-quality roughage group (LR) and control group (C) over 

8 months. Five lambs were allocated to each treatment. In first 4 months, LR was fed sudangrass 

hay (CP: 4.9% DM; NDF: 68.2% DM) whereas C was fed timothy hay (CP: 7.6% DM; NDF: 64.1% 
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DM). In last 4 months, all lambs were fed sudangrass hay. DM intake (DMI) and VFA were 

measured at the 1, 3 ,5 and 8 months (P1, P2, P3 and P4). DMI was greater in LR than in C in P1 

(p < 0.05), whereas no difference was observed between the treatments in P2. During P3 and P4, 

DMI was greater in LR than in C on average (P < 0.01), though there were no interactions between 

treatments and periods. VFA did not differ between treatments throughout the study, except the 

branched-chain VFA. In P2, the concentrations of iso-valeric acid and valeric acid were greater in 

C than in LR (p < 0.05 and p < 0.01, respectively). During P3 and P4, iso-butyric acid, iso-valeric 

acid and valeric acid were significant greater in C than in LR (p < 0.05). The body weight did not 

differ between treatments throughout the study. Liver metabolomics was carried out in P2 and P3. 

The liver metabolome differed between LR-P2, C-P2 and samples in P3. The metabolites involve 

with glycolysis/gluconeogenesis, fatty acid oxidation, urea cycle and amino acid metabolism were 

identified to contribute greatly to the difference. However no differences were observed in liver 

metabolome between LR and C in P3. The results suggested that feeding lambs low-quality 

roughage from early stage of life increased the feed intake. At the same time, the metabolism of 

branched-chain amino acids in rumen might be improved. However, the early experience with 

low-quality roughage did not affect the liver metabolism in this study.        
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Table 4.1 Chemical composition of the feeds used in the experiment. 

 Sudangrass hay Timothy hay 

P1   

DM (%) 86.8 86.1 

CP (%DM) 5.7 8.2 

NDFom (%DM) 68.2 63.1 

P2   

DM (%) 86.3 85.3 

CP (%DM) 2.8 6.9 

NDFom (%DM) 69.6 65.2 

P3   

DM (%) 88.3 — 

CP (%DM) 3.1 — 

NDFom (%DM) 68.2 — 

P4   

DM (%) 89.3 — 

CP (%DM) 8.2 — 

NDFom (%DM) 66.7 — 
DM, dry matter; CP, crude protein; NDFom, neutral detergent fiber exclusive ash  
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Table 4.2 Intake of lambs from treatment group and control group. 

 Treatment P-value 

Item LR C Treatment Period T*P 

DMI (g/day/kg BW0.75) 

P1 73.5 ± 2.5b 65.6 ± 2.4a 
0.26 0.54 0.02 

P2 69.6 ±1.0 71.9 ± 2.8 

P3 70.7 ± 1.2 61.0 ± 1.6 
<0.01 0.51 0.98 

P4 70.0 ± 1.2 60.4 ± 1.4 

a,b, different lowercase indicates difference between treatments (P<0.05); 

LR, treatment group; C, control group; 

DMI, dry matter intake; BW, body weight; 

P1, P2, P3 and P4, period 1, 2, 3 and 4, respectively;In P1 and P2, LR was fed low-quality 

roughage (sudangrass hay) while C was fed control roughage (timothy hay). In P3 and P4, both LR 

and C were fed low-quality roughage (sudangrass hay).  



 

 90 

Table 4.3 VFA concentration of lambs from treatment group and control group 

 Treatment P-value 

Item LR C Treatment Period T*P 

Total (mmol/L)    

P1 98.4 ± 10.2 84.5 ± 11.4 
0.39 0.87 0.54 

P2 91.3 ± 8.3 88.7 ± 9.4 

P3 72.0 ± 8.3 82.3 ± 8.5 
0.34 0.15 0.83 

P4 81.1 ± 9.4 89.2 ± 6.5 

Acetic acid (mmol/L)    

P1 70.2 ± 7.2 60.1 ± 7.5 
0.28 0.92 0.64 

P2 66.7 ± 6.0 62.5 ± 5.8 

P3 53.1 ± 6.4 61.0 ± 6.5 
0.38 0.23 0.66 

P4 59.1 ± 6.8 63.9 ± 4.5 

Propionic acid (mmol/L)    

P1 16.9 ± 1.8 14.3 ± 2.2 
0.37 0.66 0.57 

P2 15.1 ± 1.2 14.5 ± 2.0 

P3 11.4 ± 1.2 12.8 ± 1.3 
0.39 0.06 0.98 

P4 13.5 ± 1.9 14.8 ± 1.2 

Butyric acid (mmol/L)    

P1 8.9 ± 1.2 7.7 ±1.3 
0.97 0.54 0.44 

P2 7.5 ± 0.9 8.3 ± 1.9 

P3 6.0 ±0.7 6.3 ± 0.8 
0.29 0.18 0.39 

P4 6.3 ± 0.7 7.8 ± 0.8 

ISO-Butyric acid (mmol/L)    

P1 0.75 ± 0.10 0.77 ± 0.13 
0.09 0.70 0.13 

P2 0.61 ± 0.11 1.00 ± 0.14 

P3 0.46 ± 0.01 0.76 ± 0.12 
0.01 <0.01 0.13 

P4 0.79 ± 0.06 0.90 ± 0.04 

a,b, different lowercase indicates difference between treatments (P<0.05);LR, treatment group; C, 

control group; In P1 and P2, LR was fed low-quality roughage (sudangrass hay) while C was fed 

control roughage (timothy hay). In P3 and P4, both LR and C were fed low-quality roughage. 
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Table 4.3 VFA concentration of lambs from treatment group and control group (continued) 

 Treatment P-value 

Item LR C Treatment Period T*P 

ISO-Valeric acid (mmol/L)    

P1 0.96 ± 0.15 0.95 ± 0.18 
0.11 0.46 0.05 

P2 0.79 ± 0.14a 1.32 ± 0.13b 

P3 0.66 ± 0.02 0.76 ± 0.11 
0.03 <0.01 0.28 

P4 0.85 ±0.07 1.08 ± 0.04 

Valeric acid (mmol/L)    

P1 0.56 ± 0.06 0.57 ± 0.12 
0.03 0.18 0.04 

P2 0.45 ± 0.06a 1.01 ± 0.20b 

P3 0.44 ± 0.02 0.60 ± 0.07 
<0.01 0.78 0.38 

P4 0.49 ± 0.04 0.58 ± 0.04 

Acetic acid (%)    

P1 71.3 ± 0.5 71.4 ± 0.7 
0.28 0.31 0.19 

P2 73.1 ± 0.6 70.8 ± 1.5 

P3 73.5 ± 0.7 74.1 ± 1.0 
0.26 0.01 0.10 

P4 72.9 ± 0.5 71.7 ± 0.5 

Propionic acid (%)    

P1 17.2 ± 0.7 16.8 ± 0.4 
0.45 0.32 0.97 

P2 16.6 ± 0.6 16.1 ± 0.6 

P3 15.8 ± 0.6 15.6 ± 0.6 
0.95 0.04 0.57 

P4 16.4 ± 0.6 16.6 ± 0.3 

Butyric acid (%)    

P1 9.0 ± 0.3 9.0 ± 0.4 
0.61 0.53 0.65 

P2 8.2 ± 0.4 9.0 ± 1.6 

P3 8.3 ± 0.6 7.6 ± 0.3 
0.91 0.41 0.04 

P4 7.8 ± 0.2 8.7 ± 0.3 

a,b, different lowercase indicates difference between treatments (P<0.05); LR, treatment group; C, 

control group;In P1 and P2, LR was fed low-quality roughage (sudangrass hay) while C was fed 

control roughage (timothy hay). In P3 and P4, both LR and C were fed low-quality roughage. 
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Table 4.3 VFA concentration of lambs from treatment group and control group (continued) 

 Treatment P-value 

Item LR C Treatment Period T*P 

ISO-Butyric acid (%)    

P1 0.78 ± 0.11 0.91 ± 0.04 
0.04 0.56 0.15 

P2 0.66 ± 0.07 1.19 ± 0.25 

P3 0.66 ± 0.07a 0.92 ± 0.10b 
0.20 <0.01 <0.01 

P4 1.00 ± 0.07 1.03 ± 0.10 

ISO-Valeric acid (%)    

P1 1.00 ± 0.18 1.11 ± 0.07 
0.03 0.21 0.01 

P2 0.85 ± 0.11a 1.52 ± 0.15b 

P3 0.95 ± 0.11 0.93 ± 0.12 
0.61 <0.01 0.09 

P4 1.08 ± 0.11 1.24 ± 0.13 

Valeric acid (%)    

P1 0.59 ± 0.06 0.66 ± 0.04 
0.02 0.14 0.05 

P2 0.49 ± 0.04a 1.19 ± 0.26b 

P3 0.63 ± 0.07 0.76 ± 0.11 
0.54 0.23 0.41 

P4 0.61 ± 0.03 0.65 ± 0.02 

a,b, different lowercase indicates difference between treatments (P < 0.05); 

LR, treatment group; C, control group; P1,  

P2, P3 and P4, period 1, 2, 3 and 4, respectively;In P1 and P2, LR was fed low-quality roughage 

(sudangrass hay) while C was fed control roughage (timothy hay). In P3 and P4, both LR and C 

were fed low-quality roughage (sudangrass hay).  
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Table 4.4 Average daily gain of lambs from treatment group and control group. 

 Treatment 
P-value 

Item LR C 

ADG (g/day)    

First 4 months 127.7 ± 16.3 133.1 ± 12.7 0.57 

Last 3 months 110.0 ± 25.4 110.4 ± 7.3 0.96 

LR, treatment group; C, control group; ADG, average daily gain; 

In first 4 months, LR was fed low-quality roughage (Sudangrass hay) while C was fed control 

roughage (Timothy hay). In last 3 months, both LR and C were fed low-quality roughage 

(Sudangrass hay) 
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Table 4.5 Identified metabolites with high absolute value of PC1 loading factor 

Compound name m/z MT PC1 Loading 

Amino acid   

Gly 76.040 8.29 -0.089 

His 156.075 7.30 -0.088 

Glu 148.059 10.93 -0.086 

Asp 134.044 11.58 -0.084 

Lys 147.111 6.88 -0.080 

Tyr 182.079 11.38 -0.080 

Amino acid metabolism-related    

Ornithine 133.096 6.80 -0.089 

N-Acetylglucosamine 1-phosphate 300.050 9.31 -0.088 

5-Oxoproline 128.035 9.26 -0.085 

S-Adenosylhomocysteine 385.127 8.75 -0.084 

CMP-N-acetylneuraminate 613.140 7.97 -0.082 

Piperidine 86.097 6.97 -0.081 

Gly-Gly 133.061 8.33 -0.081 

N-Acetylglutamine 187.073 7.90 -0.080 

Coenzyme metabolism-related    

FAD_divalent 391.572 7.68 -0.089 

Nicotinamide 123.054 7.39 -0.087 

Ascorbate 2-sulfate 254.982 13.94 -0.083 

Pyridoxamine 5'-phosphate 249.063 10.48 -0.082 

Lipid metabolism-related  

Glycerophosphocholine 258.108 21.79 -0.084 

Glycerol 3-phosphate 171.007 11.86 -0.083 

Ethanolamine phosphate 140.012 7.82 -0.080 
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Table 4.5 Identified metabolites with high absolute value of PC1 loading factor (continued) 
Compound name m/z MT PC1 Loading 

Nucleic acid metabolism-related    

Guanosine 284.096 12.55 -0.084 

Uridine 245.075 22.26 -0.083 

Allantoin 159.052 22.21 -0.081 

Glycolysis/Gluconeogenesis    

Dihydroxyacetone phosphate 168.991 12.30 0.075 

Lactic acid 89.025 10.56 0.076 

Fructose 6-phosphate 259.023 9.69 0.076 

Glucose 6-phosphate 259.023 9.59 0.077 

Glucose 1-phosphate 259.023 9.85 0.078 

TCA cycle    

Citric acid 191.020 25.56 0.085 

ATP 505.990 11.43 0.088 

Pentose phosphate pathway    

Ribulose 5-phosphate 229.013 10.69 0.084 

Ribose 5-phosphate 229.013 10.29 0.090 

Amino acid metabolism-related    

Homocarnosine 241.127 6.89 0.081 

Carnosine 227.112 6.75 0.082 

Anserine_divalent 121.068 6.88 0.083 

Creatine 133.078 8.84 0.084 

Cysteine glutathione disulfide 427.093 11.67 0.083 

Lipid metabolism-related    

Carnitine 162.111 8.51 0.082 

O-Acetylcarnitine 204.121 9.02 0.085 

γ-Butyrobetaine 146.116 8.11 0.086 
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Table 4.6 The concentration of identified metabolites with high absolute value of PC1 loading 
factor 

Compound name C-P2 LR-P2 C-P3 LR-P3 

Amino acid   

Gly 12 ± 2.8 22 ± 7.5 27 ± 7.8 29 ± 1.2 

His 1.8 ± 0.0 3.9 ± 1.5 4.4 ± 0.35 5.1 ± 0.15 

Glu 18 ± 2.8 31 ± 6.1 34 ± 9.2 38 ± 1.2 

Asp 1.2 ±0.07 5.5± 2.5 7.5 ± 1.2 12 ± 1.9 

Lys 2.5 ± 0.0 5.2 ± 2.2 5.8 ± 0.35 6.7 ± 0.49 

Tyr 2.0 ± 0.21 3.2 ± 1.2 3.9 ± 0.57 4.7 ± 0.65 

Amino acid metabolism-related 

Ornithine 2.4 ± 0.42 5.2 ± 1.4 6.9 ± 0.57 8.3± 0.42 

N-Acetylglucosamine 1-
phosphate 6.0 ± 0.64 15 ± 6.3 25 ± 2.8 23 ± 2.1 

5-Oxoproline 1.2 ± 0.38 2.7 ± 1.0 4.5 ± 0.14 4.4 ± 0.4 

S-Adenosylhomocysteine 2.9 ± 0.57 5.6 ± 1.5 7.3 ± 2.6 10 ± 1.5 

CMP-N-acetylneuraminate 2.5 ± 0.14 5.4 ± 2.8 5.9 ± 0.78 7.4± 1.5 

Piperidine 1.3 ± 0.28 2.3 ± 0.9 2.2 ± 0.21 3.4 ± 0.75 

Gly-Gly 5.2 ± 0.28 10 ± 2.4 12 ± 3.5 12 ± 2.0 

N-Acetylglutamine 5.7 ± 4.0 14 ± 8.1 25 ± 1.1 20 ± 1.0 

Coenzyme metabolism-related 

FAD_divalent 3.5± 0.14 6.7 ± 2.8 9.7 ± 0.49 9.6 ± 1.3 

Nicotinamide 4.4± 0.64 5.6 ± 1.4 7.0 ± 1.3 8.4 ± 8.1 

Ascorbate 2-sulfate 2.4 ± 0.42 4.0 ± 1.5 5.7 ± 0.14 5.3 ± 0.85 

Pyridoxamine 5'-phosphate 6.8 ± 2.5 13 ± 4.8 25 ± 14 29 ± 2.1 

Lipid metabolism-related 

Glycerophosphocholine 17 ± 4. 30 ± 8.9 37 ± 12 38 ± 2.3 

Glycerol 3-phosphate 5.8 ± 0.14 11 ± 2.4 14 ± 3.5 13 ± 0.58 

Ethanolamine phosphate 2.6 ± 0.49 5.2 ± 2.0 6.0 ± 1.6 5.7 ± 1.4 
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Table 4.6 The concentration of identified metabolites with high absolute value of PC1 loading 
factor (continued) 

Compound name C-P2 LR-P2 C-P3 LR-P3 

Nucleic acid metabolism-related 

Guanosine 5.4 ± 0.49 10 ± 3.6 17 ± 4.9 20 ± 1.7 

Uridine 8.7 ± 0.42 15 ± 0.49 24 ± 4.9 27 ± 3.6 

Allantoin 3.8 ± 0.14 5.5 ± 0.52 5.7 ± 0.99 6.8 ± 1.0 

Glycolysis/Gluconeogenesis 

Dihydroxyacetone 
phosphate 8.1 ± 8.4 3.0 ± 3.4 0.11 ± 0.07 N.D. 

Lactic acid 6.5 ± 1.3 2.0 ± 0.62 2.0 ± 1.2 1.8 ± 0.55 

Fructose 6-phosphate 2.8 ± 1.3 1.2 ± 0.8 0.71 ± 0.0 0.78 ± 0.1 

Glucose 6-phosphate 7.8 ± 2.8 3.2 ± 1.7 2.5 ± 0.07 2.4 ± 0.15 

Glucose 1-phosphate 3.0 ± 1.4 1.1 ± 0.68 0.99 ± 0.16 0.88 ± 0.29 

TCA cycle 

Citric acid 4.8 ± 2.5 2.6 ± 2.2 0.39 ± 0.03 0.21± 0.03 

ATP 4.8 ± 0.35 1.3 ± 1.1 0.55 ± 0.32 0.47 ± 0.22 

Pentose phosphate pathway 

Ribulose 5-phosphate 3.4 ± 0.14 2.1 ± 1.3 0.89 ± 0.16 1.0 ± 0.24 

Ribose 5-phosphate 6.8 ± 0.57 3.0 ± 2.4 1.3 ± 0.07 1.3 ± 0.25 

Amino acid metabolism-related 

Homocarnosine 4.5 ± 0.07 3.2 ± 0.36 0.14 ± 0.04 0.16 ± 0.07 

Carnosine 1.6 ± 0.21 0.20 ± 0.22 0.08 ± 0.04 0.09 ± 0.04 

Anserine_divalent 1.7 ± 0.07 0.14 ± 0.19 0.03 ± 0.01 0.04 ± 0.03 

Creatine 3.8 ± 0.71 0.84 ± 0.67 0.44 ± 0.23 0.44 ± 0.13 

Cysteine glutathione 
disulfide 1.8 ± 0.35 0.58 ± 0.64 0.34 ± 0.01 0.04 ± 0.01 

N.D, not detected.  
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Table 4.6 The concentration of identified metabolites with high absolute value of PC1 loading 
factor (continued) 

Compound name C-P2 LR-P2 C-P3 LR-P3 

Lipid metabolism-related 

Carnitine 2.2 ± 0.71 0.38 ± 0.41 0.11 ± 0.01 0.18 ± 0.13 

O-Acetylcarnitine 1.2 ± 0.21 0.13 ± 0.20 0.003 ±0.002 0.002 ± 0.002 

γ-Butyrobetaine 8.4 ± 0.85 2.2 ± 1.7 0.85 ± 0.07 1.2 ± 0.54 
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Figure 4.1 Body weight of lambs in LR and C at the start of the study and at the last day of each 

month during the study. 

The full line represent treatment group, LR; the imaginary line represent control group, C; 

From start of the study to 4 month, LR was fed low-quality roughage (sudangrass hay) while C 

was fed control roughage (timothy hay).  

From 4 month to 7 month, both LR and C were fed low-quality roughage (sudangrass hay)  
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Figure 4.2 PCA score plots of liver tissue metabolomics. ●: sample of LR in P2, ◦: sample 

of LR in P3, ▲: sample of C in P2, : sample of C in P3. a,b,c,d,e,f represent 6 

individual lambs. The “L” means LR group; “C” means C group. The “2” means sample 

in P2; “3”means sample in P3. 
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Figure 4.3 Hierarchical cluster analysis for the liver metabolites. Each row represents one 

metabolite. Each column represents one sample. Cells are colored based on the concentration 

measured from CE-TOFMS. Red represents high concentration, green represents low 

concentration, and white shows the intermediate level (see color scale on the left of heat map). 

a,b,c,d,e,f represent 6 individual lambs. The “L” means LR group; “C” means C group. The “2” 

means sample in P2; “3” means sample in P3. 
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 Chapter V   

Conclusion  

 

    The experience with low-quality roughage during the early stages of life has been shown to 

have a potential to improve the utilization of low-quality roughage by ruminants. However, the 

underlying mechanisms have not been elucidated. We hypothesized that feeding ruminants low-

quality roughage early in life can cause the adaption in digestion and metabolism by ruminants. 

This study was therefore conducted to determine how the digestion and metabolism changed in 

lambs, who were fed low-quality roughage from an early stage of their life.  

 

Intake 

    In Chapter 2 and Chapter 4, the feed intake was observed to be improved by the low-quality 

roughage regimen. Whereas in Chapter 3, the feed intake decreased along with the study. However, 

the results of Chapter 3 were probably influenced by the undernourished condition. As the 

conclusion, we suggest that feeding lambs low-quality roughage from an early life stage have a 

potential to improve the feed intake of low-quality roughage later. However, the effect of early 

experience on BW and ADG can not be determined. The conditions of the early low-quality 

roughage diet training therefore should be further studied. 

 

Digestibility 

    The early experience with low-quality roughage showed the positive effects on digestibility in 

this study. In Chapter 2, the DMD, CPD and NDFD of the experienced lambs showed a tendency 
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to be greater than that of unexperienced lambs (p = 0.08, 0.09 and 0.07, respectively). In Chapter 3, 

feeding lambs low-quality roughage 6 months from their 2 months of age, the digestibility 

increased from P1 to P2. Although the digestibility decreased again in P3, it may mainly due to the 

undernourished condition occurred in P3. As the conclusion, the early experience with low-quality 

roughage can improve the digestibility of low-quality roughage on lamb.   

 

Nitrogen balance 

    The early experience with low-quality roughage showed improvement of the nitrogen balance in 

lambs. After a 4 months of low-quality roughage regimen from lambs’ 4 month of age, the 

nitrogen retention tended to be higher in experienced lambs than in unexperienced lambs, either 

when expressed as g/day/kg BW0.75, or expressed as the percentage of nitrogen intake. In addition, 

early experience with low-quality roughage decreased the amount of nitrogen excretion by feces, 

but did not affect the urine nitrogen. As the conclusion, the early experience with low-quality 

roughage can improve the nitrogen retention on lambs fed low-quality roughage. 

 

VFA 

    The early experience with low-quality roughage did not affect the concentration of total VFA, 

acetic acid, propionic acid and butyric acid, as well as their molar proportions. The concentrations 

of branched-chain VFA, including iso-butyric acid, iso-valeric acid and valeric acid, were different 

between experienced lambs and unexperienced lambs. It might relate to the differences of the 

metabolism of branched-chain amino acids in rumen between experienced lambs and 

unexperienced lambs.  

 

Serum parameters 
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    The early experience with low-quality roughage elevated the concentration of serum urea 

nitrogen in lambs, but showed no influence on the concentration of serum glucose and IGF-1. The 

lambs fed low-quality roughage during the early stage of life had the lower thyroid hormone (T3 

and T4) concentrations in serum, which suggested early foraging experience may induce lambs to 

adapt to a lower basal metabolic rate.

 

Liver metabolism 

    In both Chapter 3 and Chapter 4, the activity of glycolysis/gluconeogenesis were observed to 

reduce in lambs fed low-quality roughage. In Chapter 3, when lambs were undernutrition, the 

amino acid utilization in the liver were adjusted in order to spare protein loss. The oxidation of 

fatty acid in the liver was enhanced to satisfy whole-body energy requirements. At the same time, 

the compositions of bile acids were optimized to promote efficient lipid absorption. In Chapter 4, 

when lambs were under good nutritional status, urea cycle and amino acid metabolism were 

enhanced to increase the nitrogen recycle.  At the same time, the fatty acid oxidation were reduced 

in lambs’ liver. However, in Chapter 4, the similar metabolic variations were also occurred in the 

liver of lambs who did not ingest low-quality roughage before, after one month of low-quality 

roughage feeding. It means the liver metabolism in unexperienced lambs also could rapidly adapt 

the low-quality roughage to the same degree compared with the experienced lambs.   

 

    Overall, feeding lambs low-quality roughage from early stage of their life influenced both lambs’ 

digestion and metabolism functions. The adjustments of nitrogen utilization were the most 

noticeable. The experienced lambs trended to increase nitrogen absorption and decrease its 

wastage from feces. The adaptations on rumen protein degradation were also observed. 

Furthermore, early experience with low-quality roughage could induce lambs to adapt to a lower 

basal metabolic rate. On the other hand, feeding lambs low-quality roughage from early stage of 
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life, the adjustments on glycolysis/gluconeogenesis were observed. The urea cycle and amino acid 

metabolism were enhanced in order to increase the nitrogen recycle. At the same time, the 

oxidation of fatty acid in the liver was reduced. However, when unexperienced lambs were fed 

low-quality roughage for 1 month, the similar metabolic variations were occurred in their liver. No 

differences were observed in liver metabolome between experienced lambs and unexperienced 

lambs. It means the liver metabolism in unexperienced lambs also could rapidly adapt the low-

quality roughage to the same degree compare with the experienced lambs.
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Appendix
Table S3.1 Metabolites detected by CE-TOFMS

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

cAMP N.D. N.A. 2.1E-04 N.A. 1< N.A. 

dTMP N.D. N.A. 1.6E-04 N.A. 1< N.A. 

Ascorbate 2-glucoside N.D. N.A. 3.7E-04 N.A. 1< N.A. 

Butyric acid N.D. N.A. 3.6E-04 1.3E-04 1< N.A. 

Heptanoic acid N.D. N.A. 2.8E-04 9.2E-06 1< N.A. 

Isethionic acid N.D. N.A. 3.8E-04 N.A. 1< N.A. 

O-Phosphoserine N.D. N.A. 1.4E-03 N.A. 1< N.A. 

XA0012 N.D. N.A. 3.1E-04 N.A. 1< N.A. 

1-Aminocyclopropane-1-
carboxylic acid 

Homoserinelactone 
N.D. N.A. 2.0E-04 N.A. 1< N.A. 

2,3-Diaminopropionic acid N.D. N.A. 3.4E-04 9.4E-05 1< N.A. 

trans-Glutaconic acid N.D. N.A. 1.5E-03 N.A. 1< N.A. 

β-Ala-Lys N.D. N.A. 8.1E-04 4.4E-04 1< N.A. 

Putrescine 7.3E-04 2.6E-04 1.2E-02 1.3E-02 16 0.141 

Taurine 1.0E-02 3.6E-03 1.1E-01 6.6E-02 11 0.031 

Cysteine glutathione 
disulfide 3.7E-03 1.7E-03 2.0E-02 1.4E-02 5.5 0.055 

N-Acetyl-β-alanine 1.2E-03 6.1E-04 6.6E-03 4.0E-03 5.5 0.038 

Glutathione 
(GSSG)_divalent 2.1E-02 1.9E-02 1.1E-01 4.9E-02 5.1 0.013 

2-Aminoadipic acid 1.4E-02 9.6E-03 6.2E-02 6.5E-02 4.5 0.173 

Isovaleric acid 6.9E-04 N.A. 2.7E-03 3.5E-03 3.9 N.A. 

XC0061 4.8E-03 3.6E-03 1.9E-02 1.2E-02 3.9 0.059 
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Table S3.1 Metabolites detected by CE-TOFMS (continued) 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

N-Formylmethionine 2.2E-04 N.A. 8.4E-04 7.2E-04 3.8 N.A. 

Saccharopine 8.6E-04 2.6E-04 3.3E-03 2.5E-03 3.8 0.096 

Methylmalonic acid 6.4E-03 3.8E-03 2.1E-02 1.6E-02 3.3 0.117 

XC0089 5.5E-04 2.1E-04 1.7E-03 1.0E-03 3.1 0.060 

Succinic acid 7.8E-03 9.9E-03 2.2E-02 3.5E-02 2.8 0.439 

NMN 1.3E-03 6.5E-04 3.3E-03 5.6E-04 2.7 6.9E-04 

Cystine 4.1E-03 4.1E-03 1.0E-02 8.0E-03 2.5 0.178 

Ophthalmic acid 1.5E-02 5.0E-03 3.8E-02 1.6E-02 2.5 0.029 

Taurocholic acid 5.6E-02 1.6E-02 1.2E-01 1.0E-02 2.2 1.6E-04 

Homocitrulline 1.0E-03 4.9E-04 2.2E-03 1.7E-03 2.1 0.204 

Glutathione (GSH) 6.4E-02 6.2E-02 1.4E-01 9.8E-02 2.1 0.214 

GABA 5.9E-03 1.0E-03 1.2E-02 9.7E-03 2.1 0.208 

3-Methylhistidine 6.3E-03 1.2E-03 1.3E-02 3.5E-03 2.0 0.013 

Malic acid 4.9E-02 8.1E-03 9.9E-02 3.7E-02 2.0 0.038 

S-Methylglutathione 4.6E-04 2.6E-04 9.2E-04 2.5E-04 2.0 0.033 

NADP+ 4.7E-03 3.3E-03 9.4E-03 2.6E-03 2.0 0.040 

Citrulline 4.5E-02 2.1E-02 9.0E-02 3.6E-02 2.0 0.051 

Fumaric acid 7.7E-03 1.3E-03 1.5E-02 5.5E-03 2.0 0.038 

NAD+ 8.6E-03 6.5E-03 1.7E-02 4.3E-03 1.9 0.059 

XC0016 6.8E-03 1.3E-03 1.2E-02 9.8E-03 1.8 0.269 
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Table S3.1 Metabolites detected by CE-TOFMS (continued) 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

Procaine 6.4E-03 5.9E-03 1.1E-02 6.9E-03 1.8 0.245 

Ethanolamine phosphate 1.3E-02 5.9E-03 2.3E-02 1.0E-02 1.8 0.095 

Cystathionine 2.3E-03 5.7E-04 4.0E-03 1.6E-03 1.7 0.071 

Ser 3.2E-01 8.4E-02 5.3E-01 1.3E-01 1.7 0.020 

3-Aminoisobutyric acid 1.0E-02 9.7E-03 1.7E-02 1.3E-02 1.6 0.388 

Formiminoglutamic acid 3.5E-02 4.3E-02 5.7E-02 3.0E-02 1.6 0.375 

γ-Glu-Val-Gly 2.7E-04 9.0E-05 4.3E-04 6.5E-05 1.6 0.027 

Histamine 1.8E-03 6.0E-04 2.9E-03 8.0E-04 1.6 0.041 

Triethanolamine 1.0E-03 3.4E-04 1.7E-03 7.9E-04 1.6 0.163 

Guanine 2.3E-04 8.0E-05 3.6E-04 2.2E-04 1.6 0.351 

N-Acetyllysine 1.8E-03 8.1E-04 2.9E-03 3.4E-03 1.6 0.529 

Thiaproline 4.6E-03 9.9E-04 7.1E-03 2.3E-03 1.5 0.073 

Phosphorylcholine 1.7E-02 3.8E-03 2.5E-02 1.2E-02 1.5 0.183 

Gly 3.5E-01 6.0E-02 5.2E-01 1.9E-01 1.5 0.108 

β-Ala 2.8E-02 1.7E-02 4.2E-02 2.8E-02 1.5 0.379 

N6-Methyllysine 2.1E-02 3.2E-03 3.0E-02 1.1E-02 1.5 0.120 

Carnitine 6.0E-02 4.5E-02 8.5E-02 1.9E-02 1.4 0.302 

Hypotaurine 3.9E-03 2.4E-03 5.6E-03 1.1E-03 1.4 0.210 

Hypoxanthine 5.4E-03 4.5E-03 7.6E-03 3.8E-03 1.4 0.429 

Uracil 4.4E-03 8.4E-04 6.1E-03 1.5E-03 1.4 0.060 
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Table S3.1 Metabolites detected by CE-TOFMS (continued) 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

XC0132 5.0E-04 4.4E-05 6.9E-04 6.4E-05 1.4 7.6E-04 

N-Acetylglutamic acid 1.2E-03 3.0E-04 1.7E-03 5.7E-04 1.4 0.160 

Cytidine 2.1E-03 3.9E-04 2.9E-03 7.2E-04 1.4 0.070 

XA0033 4.6E-03 1.1E-03 6.1E-03 3.0E-03 1.3 0.337 

Glu 6.5E-01 8.9E-02 8.7E-01 5.6E-01 1.3 0.445 

2-Deoxyribose 1-phosphate 3.0E-04 4.2E-05 3.9E-04 N.A. 1.3 N.A. 

3-Aminobutyric acid 1.0E-03 2.3E-04 1.3E-03 5.4E-04 1.3 0.280 

XA0055 1.9E-03 1.7E-03 2.4E-03 N.A. 1.3 N.A. 

Betaine 5.4E-02 2.9E-02 7.0E-02 2.6E-02 1.3 0.392 

Sarcosine 1.8E-03 4.8E-04 2.3E-03 8.9E-04 1.3 0.312 

N-Acetylglucosamine 1-
phosphate 1.0E-03 2.6E-04 1.3E-03 4.1E-04 1.3 0.240 

Thr 7.4E-02 3.3E-02 9.3E-02 1.5E-02 1.3 0.282 

Gln 2E-01 3.0E-02 2.5E-01 1E-01 1.3 0.344 

Guanosine 1.7E-02 1.7E-03 2.2E-02 5.1E-03 1.3 0.125 

Spermidine 4.9E-03 1.9E-03 6.1E-03 7.5E-04 1.2 0.239 

S-Adenosylhomocysteine 1.9E-03 7.9E-04 2.3E-03 9.3E-04 1.2 0.427 

Adenylosuccinic acid 2.4E-03 9.5E-04 3.0E-03 2.1E-03 1.2 0.595 

Citric acid 2.1E-03 8.1E-04 2.6E-03 7.5E-04 1.2 0.350 

Lys 6.7E-02 1.1E-02 8.3E-02 1.0E-02 1.2 0.048 

Asp 7.8E-02 2.2E-02 9.6E-02 4.3E-02 1.2 0.444 
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Table S3.1 Metabolites detected by CE-TOFMS (continued) 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

Decanoic acid 6.1E-04 6.8E-05 7.4E-04 1.8E-04 1.2 0.333 

1-Methylhistamine 5.9E-04 1.4E-04 7.2E-04 2.3E-04 1.2 0.327 

Homovanillic acid 3.6E-04 6.9E-05 4.3E-04 2.4E-04 1.2 0.589 

4-Amino-3-hydroxybutyric 
acid 4.4E-04 N.A. 5.3E-04 N.A. 1.2 N.A. 

Ethanolamine 1.4E-02 6.5E-04 1.7E-02 2.7E-03 1.2 0.081 

N5-Ethylglutamine 6.5E-03 2.1E-03 7.7E-03 2.2E-03 1.2 0.396 

N,N-Dimethylglycine 1.7E-03 8.6E-04 2.0E-03 1.2E-03 1.2 0.664 

XC0001 4.8E-04 9.2E-05 5.6E-04 8.5E-05 1.2 0.167 

N-Acetylglucosamine 6-
phosphate 1.6E-03 4.1E-04 1.8E-03 7.3E-04 1.2 0.495 

ADMA 2.2E-03 3.6E-04 2.5E-03 8.6E-04 1.2 0.431 

Isobutyrylcarnitine 5.7E-04 N.A. 6.6E-04 N.A. 1.2 N.A. 

Lauric acid 5.5E-03 1.0E-03 6.3E-03 5.4E-04 1.2 0.144 

Choline 1.2E-01 1.4E-02 1.4E-01 1.2E-02 1.2 0.058 

2-Hydroxyglutaric acid 1.1E-03 2.4E-04 1.3E-03 1.1E-03 1.1 0.754 

Uridine 2.6E-02 3.8E-03 3.0E-02 8.4E-03 1.1 0.439 

2,4-Diaminobutyric acid 1.1E-03 1.9E-04 1.2E-03 4.3E-04 1.1 0.547 

Adenosine 7.3E-03 2.1E-03 8.1E-03 3.2E-03 1.1 0.643 

CDP-choline 6.6E-04 1.1E-04 7.3E-04 1.2E-04 1.1 0.365 

3-Hydroxybutyric acid 6.6E-03 1.4E-03 7.2E-03 7.4E-04 1.1 0.418 

γ-Glu-2-aminobutyric acid 5.8E-04 2.4E-04 6.4E-04 2.3E-04 1.1 0.752 
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Table S3.1 Metabolites detected by CE-TOFMS (continued) 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

N8-Acetylspermidine 9.0E-04 8.9E-04 9.8E-04 5.2E-04 1.1 0.870 

S-Methylmethionine 3.9E-04 7.0E-05 4.2E-04 1.0E-04 1.1 0.674 

Ascorbic acid 3.3E-02 8.5E-03 3.4E-02 2.1E-02 1.1 0.866 

Inosine 2.6E-01 3.0E-02 2.8E-01 3.3E-02 1.1 0.497 

Tropic acid 6.9E-04 1.6E-04 7.2E-04 4.6E-04 1.0 0.890 

Glu-Glu 1.6E-04 1.4E-05 1.7E-04 3.4E-05 1.0 0.776 

Nω-Methylarginine 4.1E-04 9.3E-05 4.2E-04 8.4E-05 1.0 0.795 

Urocanic acid 7.3E-04 N.A. 7.5E-04 2.4E-04 1.0 N.A. 

Glutaric acid 9.1E-04 2.3E-04 9.4E-04 4.4E-04 1.0 0.899 

NADH 3.4E-04 6.6E-05 3.5E-04 1.6E-04 1.0 0.895 

FAD_divalent 3.5E-03 6.0E-04 3.6E-03 2.5E-04 1.0 0.688 

6-Phosphogluconic acid 1.3E-03 2.7E-04 1.3E-03 5.1E-04 1.0 0.887 

2-Hydroxybutyric acid 1.4E-03 1.7E-03 1.5E-03 5.9E-04 1.0 0.963 

Methionine sulfoxide 1.3E-03 3.5E-04 1.3E-03 3.4E-04 1.0 0.882 

N6-Acetyllysine 8.4E-04 N.A. 8.6E-04 6.5E-04 1.0 N.A. 

Trimethylamine N-oxide 1.5E-03 8.7E-04 1.5E-03 5.4E-04 1.0 0.945 

Octanoic acid 5.5E-04 1.6E-04 5.6E-04 1.1E-04 1.0 0.921 

UDP-N-acetylglucosamine 2.6E-02 7.2E-03 2.7E-02 5.3E-03 1.0 0.900 

S-Methylcysteine 2.0E-03 3.9E-04 2.1E-03 3.8E-04 1.0 0.887 

XA0017 1.3E-03 2.4E-04 1.3E-03 5.6E-05 1.0 0.956 
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Table S3.1 Metabolites detected by CE-TOFMS (continued) 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

CoA_divalent 7.5E-03 4.4E-03 7.5E-03 6.2E-03 1.0 0.993 

Myristoleic acid 4.4E-04 2.4E-04 4.4E-04 1.7E-04 1.0 0.992 

N-Acetylasparagine 2.3E-04 N.A. 2.3E-04 1.5E-04 1.0 N.A. 

Tyr-Arg_divalent 1.9E-04 7.1E-05 1.9E-04 9.1E-05 1.0 0.997 

Cys 5.1E-02 3.2E-02 5.1E-02 2.1E-02 1.0 0.984 

Homocarnosine 1.5E-03 5.1E-04 1.5E-03 8.5E-04 1.0 0.978 

Gly-Asp 3.3E-04 1.8E-05 3.2E-04 4.1E-05 1.0 0.886 

Terephthalic acid 5.3E-04 6.4E-05 5.2E-04 7.8E-05 1.0 0.817 

dTDP-glucose 2.9E-04 1.2E-04 2.8E-04 6.3E-05 1.0 0.930 

γ-Glu-Cys 3.1E-03 1.7E-03 3.1E-03 1.6E-03 1.0 0.935 

Glycerol 2.5E-01 6.2E-02 2.4E-01 4.8E-02 1.0 0.786 

Ornithine 1.5E-01 2.0E-02 1.5E-01 2.6E-02 1.0 0.671 

Pro 6.5E-02 9.5E-03 6.2E-02 1.7E-03 0.9 0.476 

SDMA 1.1E-03 3.3E-04 1.0E-03 5.4E-04 0.9 0.833 

Trp 8.2E-03 1.4E-03 7.7E-03 1.4E-03 0.9 0.580 

Diethanolamine 1.6E-03 6.0E-04 1.5E-03 4.9E-04 0.9 0.752 

Xanthine 1.3E-03 9.7E-04 1.2E-03 4.3E-04 0.9 0.845 

Creatinine 1.3E-02 1.5E-03 1.2E-02 2.0E-03 0.9 0.426 

Pelargonic acid 2.5E-03 3.4E-04 2.3E-03 1.5E-04 0.9 0.301 

Threonic acid 1.2E-03 1.1E-03 1.1E-03 2.1E-04 0.9 0.862 
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Table S3.1 Metabolites detected by CE-TOFMS (continued) 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

CMP 7.6E-04 3.0E-04 6.9E-04 3.0E-04 0.9 0.752 

Ribulose 5-phosphate 5.7E-03 9.7E-04 5.2E-03 2.3E-03 0.9 0.681 

myo-Inositol 2-phosphate 1.8E-03 1.6E-04 1.6E-03 2.4E-04 0.9 0.234 

GDP 9.3E-04 2.6E-04 8.4E-04 1.5E-04 0.9 0.527 

Thr-Asp 2.3E-04 6.4E-05 2.1E-04 N.A. 0.9 N.A. 

S-Adenosylmethionine 1.8E-03 1.6E-04 1.6E-03 3.0E-04 0.9 0.247 

Sedoheptulose 7-phosphate 3.5E-02 5.7E-03 3.1E-02 1.2E-02 0.9 0.530 

Gluconic acid 7.6E-03 1.8E-03 6.6E-03 2.0E-03 0.9 0.465 

Phe 3.4E-02 4.9E-03 3.0E-02 6.8E-03 0.9 0.299 

Spermine 4.5E-04 1.9E-04 3.9E-04 1.5E-04 0.9 0.619 

Val 1E-01 1.5E-02 8.7E-02 6.8E-03 0.9 0.129 

UDP-glucuronic acid 1.6E-02 5.9E-03 1.4E-02 7.7E-03 0.9 0.638 

Creatine 2.7E-01 1.1E-01 2.3E-01 8.7E-02 0.9 0.567 

myo-Inositol 1-phosphate 
myo-Inositol 3-phosphate 1.1E-02 3.1E-03 9.7E-03 1.3E-03 0.9 0.316 

Leu 1.6E-01 3.2E-02 1.4E-01 1.6E-02 0.9 0.188 

Guanidoacetic acid 5.1E-02 2.7E-02 4.4E-02 3.9E-02 0.9 0.730 

ADP-glucose 
GDP-fucose 1.0E-03 2.3E-04 8.8E-04 1.0E-04 0.9 0.221 

Hydroxyproline 3.3E-03 4.3E-04 2.8E-03 3.4E-04 0.8 0.075 

3-Phenylpropionic acid 1.0E-03 3.2E-04 8.7E-04 9.0E-05 0.8 0.331 

XC0071 4.1E-04 6.5E-05 3.4E-04 9.8E-05 0.8 0.267 
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Table S3.1 Metabolites detected by CE-TOFMS (continued) 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

Noradrenaline 3.4E-04 7.2E-05 2.8E-04 3.0E-05 0.8 0.327 

2-Phosphoglyceric acid 8.0E-04 2.4E-04 6.7E-04 2.5E-04 0.8 0.587 

Pyridoxamine 5'-phosphate 4.1E-04 1.4E-04 3.4E-04 1.2E-04 0.8 0.404 

Ile 6.3E-02 1.0E-02 5.2E-02 7.9E-03 0.8 0.098 

Thiamine phosphate 6.7E-04 2.4E-04 5.5E-04 3.1E-04 0.8 0.517 

CMP-N-acetylneuraminate 2.8E-03 5.0E-04 2.3E-03 4.6E-04 0.8 0.138 

His 7.8E-02 1.2E-02 6.4E-02 1.2E-02 0.8 0.095 

Gluconolactone 2.7E-03 8.8E-04 2.2E-03 7.6E-04 0.8 0.349 

XC0120 8.6E-04 4.4E-04 7.0E-04 5.2E-04 0.8 0.709 

N-Acetylalanine 2.5E-04 2.0E-05 2.0E-04 2.9E-05 0.8 0.211 

Phenaceturic acid 1.6E-03 1.9E-04 1.3E-03 5.8E-04 0.8 0.313 

UDP 4.7E-04 1.8E-04 3.7E-04 6.4E-05 0.8 0.306 

XA0065 1.7E-03 6.6E-04 1.4E-03 3.7E-04 0.8 0.325 

γ-Butyrobetaine 2.1E-03 1.7E-03 1.7E-03 6.8E-04 0.8 0.606 

Urea 3.9E-01 8.7E-02 3E-01 7.7E-02 0.8 0.158 

GDP-glucose 9.2E-04 3.0E-04 7.2E-04 3.6E-04 0.8 0.382 

3-Guanidinopropionic acid 8.5E-04 5.5E-04 6.6E-04 4.9E-04 0.8 0.725 

2-Aminoisobutyric acid 4.6E-02 1.7E-02 3.5E-02 1.3E-02 0.8 0.305 

2-Hydroxyvaleric acid 4.7E-04 N.A. 3.6E-04 3.5E-04 0.8 N.A. 

AMP 2.5E-02 1.1E-02 1.9E-02 1.6E-02 0.8 0.509 
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Table S3.1 Metabolites detected by CE-TOFMS (continued) 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

N-Acetylgalactosamine 
N-Acetylmannosamine 2.6E-03 9.2E-04 2.0E-03 1.3E-03 0.8 0.392 

XC0126 4.4E-04 1.7E-04 3.3E-04 1.0E-04 0.8 0.278 

Guanidinosuccinic acid 1.3E-03 6.9E-04 9.9E-04 N.A. 0.8 N.A. 

Met 1.7E-02 3.5E-03 1.3E-02 3.2E-03 0.8 0.078 

5-Aminovaleric acid 4.6E-03 1.1E-04 3.5E-03 1.4E-04 0.8 0.015 

Asn 3.6E-02 5.4E-03 2.7E-02 5.2E-03 0.7 0.026 

Adenine 1.2E-03 3.5E-04 8.8E-04 3.1E-04 0.7 0.176 

5-Oxoproline 2.7E-02 2.9E-03 2.0E-02 8.2E-04 0.7 0.004 

Glyceric acid 6.4E-04 2.8E-04 4.7E-04 8.0E-05 0.7 0.313 

Hippuric acid 2.9E-03 8.5E-04 2.1E-03 5.0E-04 0.7 0.120 

N-Acetylglycine 5.0E-04 6.4E-05 3.6E-04 2.6E-04 0.7 0.312 

Tyr 3.1E-02 5.3E-03 2.2E-02 7.3E-03 0.7 0.063 

Carnosine 2.9E-02 1.5E-02 2.0E-02 5.1E-03 0.7 0.280 

Phosphoenolpyruvic acid 1.5E-03 7.5E-04 1.0E-03 6.2E-04 0.7 0.335 

3'-Dephospho CoA 2.6E-03 1.1E-03 1.8E-03 1.3E-03 0.7 0.345 

2,3-Diphosphoglyceric acid 1.1E-03 4.4E-04 7.4E-04 1.3E-04 0.7 0.176 

ADP 9.5E-03 4.0E-03 6.5E-03 1.5E-03 0.7 0.182 

Ala 1.8E-01 3.9E-02 1.2E-01 3.4E-02 0.7 0.036 

β-Cyanoalanine 1.5E-03 3.0E-05 1.1E-03 N.A. 0.7 N.A. 

3-Phosphoglyceric acid 4.7E-03 2.6E-03 3.2E-03 2.1E-03 0.7 0.327 
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Table S3.1 Metabolites detected by CE-TOFMS (continued) 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

Thiamine 1.2E-03 2.3E-04 8.0E-04 4.0E-04 0.7 0.094 

N-Acetylneuraminic acid 2.9E-03 7.2E-04 1.9E-03 8.0E-04 0.7 0.076 

GMP 7.1E-03 2.5E-03 4.6E-03 2.9E-03 0.6 0.178 

Piperidine 5.7E-04 1.7E-04 3.7E-04 1.2E-04 0.6 0.179 

UMP 1.1E-02 4.0E-03 7.1E-03 5.4E-03 0.6 0.213 

Nicotinamide 1.3E-01 3.7E-02 7.9E-02 1.4E-02 0.6 0.041 

Ala-Ala 3.7E-03 1.5E-03 2.3E-03 8.8E-04 0.6 0.121 

Glucuronic acid 4.4E-03 1.5E-03 2.7E-03 4.0E-04 0.6 0.069 

5-Aminoimidazole-4-
carboxamide ribotide 1.6E-03 N.A. 1.0E-03 3.7E-04 0.6 N.A. 

Ethyl glucuronide 2.6E-03 1.8E-03 1.6E-03 7.6E-04 0.6 0.281 

Serotonin 5.3E-04 2.4E-04 3.2E-04 7.3E-05 0.6 0.146 

1-Methyladenosine 2.2E-04 N.A. 1.3E-04 3.0E-05 0.6 N.A. 

N-Glycolylneuraminic acid 1.0E-03 2.9E-04 5.9E-04 2.3E-04 0.6 0.041 

Lactic acid 2.1E-01 8.6E-02 1.2E-01 3.6E-02 0.6 0.094 

3-Hydroxy-3-
methylglutaric acid 3.1E-04 N.A. 1.9E-04 N.A. 0.6 N.A. 

Anserine_divalent 9.5E-03 1.7E-02 5.6E-03 8.4E-03 0.6 0.656 

Argininosuccinic acid 1.7E-03 4.8E-04 9.8E-04 2.8E-04 0.6 0.022 

ATP 3.8E-03 2.7E-03 2.2E-03 1.0E-03 0.6 0.264 

Fructose 6-phosphate 6.6E-03 1.8E-03 3.8E-03 1.7E-03 0.6 0.033 

Arg-Glu 3.0E-04 6.6E-05 1.7E-04 3.5E-05 0.6 0.056 
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Table S3.1 Metabolites detected by CE-TOFMS (continued) 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

Dihydrouracil 4.2E-04 1.4E-05 2.4E-04 3.6E-05 0.6 0.062 

UTP 4.2E-04 1.6E-04 2.3E-04 9.8E-06 0.6 0.344 

Glycerophosphocholine 8.6E-01 1.4E-01 4.7E-01 2.8E-01 0.5 0.033 

Glycerol 3-phosphate 2.3E-01 5.5E-02 1.2E-01 3.7E-02 0.5 0.009 

Betaine aldehyde_+H2O 1.5E-03 9.8E-04 8.4E-04 3.2E-04 0.5 0.488 

Imidazole-4-acetic acid 1.0E-03 5.0E-04 5.5E-04 1.7E-04 0.5 0.232 

Ribose 5-phosphate 9.5E-04 4.6E-04 5.0E-04 2.1E-04 0.5 0.106 

Dyphylline 3.7E-02 7.5E-03 1.9E-02 3.4E-03 0.5 0.004 

Betonicine 1.9E-03 N.A. 9.8E-04 4.1E-04 0.5 N.A. 

Glucose 1-phosphate 3.6E-03 1.3E-03 1.8E-03 7.1E-04 0.5 0.039 

N-Acetylcysteine 3.9E-04 1.6E-04 1.9E-04 5.5E-05 0.5 0.079 

GTP 6.1E-04 9.0E-05 3.0E-04 1.1E-04 0.5 0.048 

Mucic acid 7.7E-04 2.5E-04 3.7E-04 1.0E-04 0.5 0.020 

Pantothenic acid 1.2E-03 8.7E-05 5.9E-04 2.7E-04 0.5 0.004 

Cholic acid 4.9E-03 4.7E-03 2.3E-03 3.5E-03 0.5 0.351 

Cys-Gly 1.3E-03 2.8E-04 6.0E-04 4.3E-04 0.5 0.055 

allo-Threonine 1.9E-03 3.7E-04 8.6E-04 1.5E-04 0.5 0.031 

Isoglutamic acid 4.0E-03 6.0E-03 1.8E-03 2.1E-03 0.4 0.599 

Glucosamine 1.7E-03 5.9E-04 7.7E-04 4.1E-04 0.4 0.020 

Glucose 6-phosphate 2.1E-02 7.1E-03 9.3E-03 4.7E-03 0.4 0.015 
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Table S3.1 Metabolites detected by CE-TOFMS (continued) 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

ADP-ribose 5.4E-04 3.6E-04 2.3E-04 4.6E-06 0.4 0.121 

Uric acid 6.2E-04 5.0E-04 2.5E-04 6.7E-05 0.4 0.235 

3',5'-ADP 1.7E-03 5.3E-04 7.0E-04 1.8E-04 0.4 0.010 

IMP 1.3E-02 4.4E-03 4.9E-03 1.9E-03 0.4 0.009 

Rhein 5.8E-04 1.7E-04 2.1E-04 1.1E-05 0.4 0.009 

Arg 1.1E-02 3.7E-03 3.7E-03 8.2E-04 0.3 0.011 

3'-AMP 5.8E-03 3.1E-03 2.0E-03 4.4E-04 0.3 0.049 

UDP-glucose 
UDP-galactose 3.0E-02 7.2E-03 9.0E-03 2.9E-03 0.3 0.002 

2-Aminoethylphosphonic 
acid 2.3E-03 9.2E-04 6.3E-04 7.2E-05 0.3 0.017 

NADPH_divalent 2.0E-03 N.A. 5.4E-04 3.4E-05 0.3 N.A. 

Dihydroxyacetone 
phosphate 4.2E-03 3.0E-03 8.8E-04 7.5E-04 0.2 0.066 

Fructose 1,6-diphosphate 7.6E-03 9.3E-03 1.5E-03 N.A. 0.2 N.A. 

Propionyl CoA_divalent 9.2E-04 N.A. 1.7E-04 N.A. 0.2 N.A. 

O-Acetylcarnitine 8.6E-03 1.4E-02 1.5E-03 7.9E-04 0.2 0.384 

Glycocholic acid 3.9E-02 2.1E-02 5.3E-03 5.3E-03 0.14 0.019 

Allantoic acid 3.4E-04 8.0E-05 N.D. N.A. <1 N.A. 

N-Acetylaspartic acid 6.1E-04 1.4E-04 N.D. N.A. <1 N.A. 

Galacturonic acid 4.8E-04 N.A. N.D. N.A. <1 N.A. 
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Table S3.1 Metabolites detected by CE-TOFMS 

Compound name 

Relative Area Comparative Analysis 

P2 P3 P3 VS P2 

Mean SD Mean SD Ratio p-Value 

Nicotinic acid 7.5E-04 6.6E-04 N.D. N.A. <1 N.A. 

1-Methyl-4-imidazoleacetic 
acid 6.4E-04 2.7E-05 N.D. N.A. <1 N.A. 

Pyridoxal 2.4E-04 1.3E-04 N.D. N.A. <1 N.A. 

Lidocaine 2.3E-03 2.0E-03 N.D. N.A. <1 N.A. 
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Fig. S3.1 Metabolic map of central carbon metabolism 
 

Blue Block: P2; Red Block: P3 
N.D.:Not Detected  
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Fig. S3.2 Metabolic map of urea cycle and related amino acid metabolism 
 

Blue Block: P2; Red Block: P3 
N.D.:Not Detected  
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Fig. S3.3 Metabolic map of lipid and related amino acid metabolism 
 
Blue Block: P2; Red Block: P3 
N.D.:NOT DETECTED  
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Table S4.1 Metabolites detected by CE-TOFMS 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

1-Aminocyclopropane-1-
carboxylic acid 

Homoserinelactone 
N.A. N.A.  1.3 N.A.  <1 N.A.  

1-Methyl-4-
imidazoleacetic acid 1.7 0.192  0.8 0.359  0.9 0.816  

1-Methyladenosine 1.5 0.331  1.5 0.078  0.7 0.240  

1-Methylhistamine 1.0 0.921  1.1 0.591  0.9 0.688  

1-Methylhistidine 
3-Methylhistidine 1.2 0.416  1.2 0.437  1.2 0.482  

1-Methylnicotinamide 1.1 N.A.  0.9 0.532  0.8 N.A.  

1-Pyrroline 5-carboxylic 
acid 1.2 N.A.  <1 N.A.  1< N.A.  

2'-Deoxycytidine 0.7 N.A.  1.4 N.A.  1.1 N.A.  

2'-Deoxyguanosine 0.9 0.934  1.1 0.825  0.4 0.031 * 

2,3-Diphosphoglyceric 
acid 1.2 N.A.  0.8 0.299  0.9 0.761  

2,4-Diaminobutyric acid 0.9 0.904  1.3 0.451  0.9 0.719  

2,6-Diaminopimelic acid 6.7 N.A.  <1 N.A.  1< N.A.  

2-Aminoethylphosphonic 
acid 0.9 0.892  0.5 0.142  0.7 0.582  

2-Aminoisobutyric acid 
2-Aminobutyric acid 1.6 0.502  1.4 0.415  0.9 0.669  

2-Deoxyglucose 6-
phosphate 0.8 N.A.  0.9 0.845  0.9 0.854  

2-Deoxyribose 1-
phosphate <1 N.A.  N.A. N.A.  N.A. N.A.  

2-Hydroxybutyric acid 1.2 0.620  1.9 0.165  0.6 0.184  

2-Hydroxyglutaric acid 0.9 0.599  0.6 0.170  1.2 0.664  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

2-Hydroxyisobutyric acid 1.0 N.A.  1< N.A.  0.8 N.A.  

2-Hydroxyvaleric acid 0.6 0.461  0.7 0.181  0.9 0.733  

2-Oxoglutaric acid 0.5 N.A.  N.A. N.A.  1< N.A.  

2-Phenylethylamine 1.9 N.A.  1.1 0.844  1.2 N.A.  

2-Phosphoglyceric acid 0.9 0.805  0.3 0.100  1.4 0.574  

3',5'-ADP 1.0 N.A.  <1 N.A.  1< N.A.  

3'-AMP 1.0 0.947  0.5 0.199  1.1 0.859  

3'-Dephospho CoA 0.7 0.356  2.6 0.166  0.3 0.125  

3-Aminobutyric acid 1.1 0.815  1.6 0.090  0.6 0.092  

3-Aminoisobutyric acid 1.4 0.482  1.5 0.416  0.5 0.272  

3-Aminopropane-1,2-diol 1< N.A.  <1 N.A.  1< N.A.  

3-Hydroxy-3-
methylglutaric acid 2.5 0.404  1.2 0.418  1.9 0.474  

3-Hydroxybutyric acid 0.9 0.574  1.0 0.946  0.9 0.473  

3-Phosphoglyceric acid 1.3 0.609  0.4 0.282  1.8 0.350  

4-(β-
Acetylaminoethyl)imidaz

ole 
N.A. N.A.  2.2 N.A.  <1 N.A.  

4-Amino-3-
hydroxybutyric acid 0.7 N.A.  1.3 0.296  0.7 N.A.  

4-Guanidinobutyric acid 1< N.A.  1.2 N.A.  1.0 N.A.  

4-Methyl-2-oxovaleric 
acid 

3-Methyl-2-oxovaleric 
acid

1.2 0.428  1.2 0.295  0.7 0.007 ** 
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

4-Methyl-5-
thiazoleethanol N.A. N.A.  <1 N.A.  N.A. N.A.  

4-Pyridoxic acid 0.7 0.696  0.7 0.324  0.8 0.364  

5-Hydroxylysine 2.1 0.314  1.0 0.914  1.5 0.489  

5-Methoxyindoleacetic 
acid 2.3 0.252  1.1 0.735  1.2 0.669  

5-Oxoproline 1.2 0.693  1.1 0.644  0.6 0.083  

6-Phosphogluconic acid 0.8 0.111  0.8 0.534  0.9 0.600  

Adenine 0.7 0.731  1.2 0.330  0.7 0.223  

Adenosine 1.4 0.648  1.5 0.364  0.6 0.165  

ADP 1.1 0.793  0.9 0.544  1.2 0.693  

ADP-glucose 
GDP-fucose 0.9 0.619  1.0 0.925  1.0 0.952  

ADP-ribose 0.9 0.855  0.7 0.227  1.0 0.949  

Ala 0.9 0.557  0.9 0.760  0.8 0.121  

Allantoic acid 1.0 0.931  1.2 0.447  0.6 0.161  

Allantoin 1.2 0.384  1.2 0.248  0.8 0.144  

allo-Threonine 1.0 0.954  0.9 0.707  0.4 0.104  

Aminoacetone <1 N.A.  N.A. N.A.  N.A. N.A.  

AMP 1.1 0.955  1.0 0.953  0.9 0.806  

Anserine_divalent 0.12 0.208  1.4 0.651  3.4 0.471  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

Anthranilic acid 1.0 N.A.  1.2 0.503  0.7 N.A.  

Arg 0.8 0.589  0.7 0.580  1.3 0.568  

Arg-Glu 0.6 0.188  0.8 0.476  0.6 0.017 * 

Argininosuccinic acid 0.8 0.669  0.6 0.446  1.0 0.923  

Ascorbic acid 1.1 0.930  1.3 0.319  0.3 0.027 * 

Asn 1.1 0.844  0.9 0.820  0.8 0.431  

Asp 1.5 0.596  1.2 0.561  0.5 0.026 * 

ATP 0.4 0.272  0.7 0.427  2.9 0.307  

Benzoic acid N.A. N.A.  <1 N.A.  N.A. N.A.  

Betaine 1.4 0.538  1.2 0.225  1.4 0.573  

Betaine aldehyde_+H2O 3.1 0.023 * 1.7 0.383  0.9 0.851  

Betonicine N.A. N.A.  2.8 N.A.  <1 N.A.  

Carboxymethyllysine 1.7 0.493  1.1 0.586  1.5 0.585  

Carnitine 0.3 0.272  1.7 0.444  2.1 0.502  

Carnosine 0.2 0.216  1.0 0.903  2.0 0.515  

CDP-choline 0.8 N.A.  0.9 0.772  1.1 N.A.  

Cholic acid 1.9 0.427  0.9 0.911  1.0 0.956  

Choline 2.1 0.311  1.1 0.578  1.1 0.849  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

Citric acid 0.8 0.798  0.5 0.006 ** 12 0.376  

Citrulline 0.6 0.364  1.5 0.140  0.4 0.053  

CMP 1.5 N.A.  0.9 0.772  1.5 N.A.  

CMP-N-
acetylneuraminate 1.1 0.828  1.1 0.723  0.7 0.340  

CoA_divalent 1.0 0.961  2.7 0.268  0.5 0.358  

Creatine 0.3 0.240  1.0 0.974  1.9 0.415  

Creatinine 0.8 0.533  1.2 0.347  1.2 0.651  

Cys 0.2 0.448  3.4 0.078  0.05 0.056  

Cys-Gly <1 N.A.  <1 N.A.  N.A. N.A.  

Cystathionine 1.5 0.473  1.5 0.257  0.6 0.233  

Cysteine glutathione 
disulfide 0.4 0.251  1.5 0.231  1.2 0.847  

Cystine 1.6 0.643  0.8 0.370  1.1 0.925  

Cytidine 1.8 0.401  1.1 0.817  1.9 0.371  

Daminozide 
Ala-Ala 1.8 0.396  1.3 0.641  1.2 0.731  

Decanoic acid 1.4 0.457  1.4 0.292  1.2 0.642  

Diethanolamine 1.3 0.547  2.0 0.342  0.5 0.335  

Dihydroxyacetone 
phosphate 0.5 0.667  <1 N.A.  1< N.A.  

DOPA <1 N.A.  <1 N.A.  N.A. N.A.  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

Ethanolamine 3.1 0.382  1.2 0.269  1.0 0.958  

Ethanolamine phosphate 1.5 0.309  0.9 0.723  0.9 0.699  

Ethyl glucuronide 0.5 0.101  2.8 0.232  0.08 0.128  

FAD_divalent 1.1 0.883  1.0 0.977  0.7 0.196  

FMN 1.0 N.A.  0.9 N.A.  1.0 N.A.  

Formiminoglutamic acid 1.1 0.921  1.3 0.750  0.3 0.321  

Fructose 1,6-diphosphate 0.3 N.A.  N.A. N.A.  1< N.A.  

Fructose 6-phosphate 0.5 0.290  0.9 0.594  1.5 0.470  

Fumaric acid 0.9 0.804  0.9 0.431  0.7 0.142  

GABA 1.3 0.414  1.1 0.740  0.9 0.617  

Galactosamine 
Glucosamine 1.0 0.971  1.2 0.539  0.7 0.259  

GDP 1< N.A.  0.9 N.A.  1.7 N.A.  

GDP-glucose 
GDP-mannose 
GDP galactose

<1 N.A.  N.A. N.A.  N.A. N.A.  

Gln 0.8 0.212  1.0 0.850  0.8 0.209  

Glu 1.2 0.546  1.0 0.898  0.8 0.202  

Glu-Glu 0.7 0.276  0.9 0.838  0.6 0.166  

Glucaric acid 1.2 0.740  0.9 0.663  0.9 0.580  

Gluconic acid 1.1 0.921  1.1 0.765  0.4 0.048 * 
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

Gluconolactone 1.0 0.984  1.2 0.529  0.5 0.037 * 

Glucose 1-phosphate 0.5 0.320  0.8 0.341  1.3 0.583  

Glucose 6-phosphate 0.5 0.190  0.8 0.385  1.4 0.461  

Glucuronic acid-1 
Galacturonic acid-1 0.9 0.791  0.9 0.539  0.8 0.220  

Glucuronic acid-2 
Galacturonic acid-2 1.2 0.475  0.8 0.556  1.0 0.918  

Glutaric acid 1.4 0.650  1.0 0.961  0.7 0.301  

Glutathione (GSH) 0.05 N.A.  5.1 0.209  0.9 N.A.  

Glutathione 
(GSSG)_divalent 0.2 N.A.  1< N.A.  15 N.A.  

Gly 1.2 0.710  1.1 0.607  0.7 0.210  

Gly-Asp 0.9 0.823  1.0 0.832  0.7 0.183  

Gly-Gly 1.2 0.657  0.9 0.657  0.8 0.289  

Glyceric acid 1.3 0.407  0.4 0.266  1.0 0.991  

Glycerol 1.2 0.429  1.0 0.776  1.4 0.178  

Glycerol 3-phosphate 1.2 0.641  0.9 0.510  0.8 0.288  

Glycerophosphocholine 1.2 0.559  1.1 0.608  0.8 0.246  

Glycocholic acid 1.4 0.724  1.4 0.534  0.7 0.559  

GMP 1.3 0.815  0.7 0.331  4.5 0.487  

GTP 0.7 0.504  0.8 0.461  1.9 0.273  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

Guanidoacetic acid 2.4 0.382  0.7 0.338  1.5 0.575  

Guanine 6.3 0.472  1.0 0.793  6.5 0.470  

Guanosine 0.9 0.849  1.2 0.272  0.5 0.028 * 

Heptanoic acid 1.0 0.869  1.1 0.721  0.9 0.471  

Hexanoic acid 1.4 0.045 * 1.0 0.740  1.2 0.154  

Hexylamine <1 N.A.  1.1 N.A.  <1 N.A.  

Hippuric acid 2.6 0.270  1.0 0.922  1.8 0.400  

His 1.1 0.801  1.0 0.918  0.8 0.314  

His-Glu 0.6 N.A.  0.6 0.552  0.8 N.A.  

Histamine 1.1 0.773  0.8 0.635  1.3 0.527  

Homoarginine 1.3 0.049 * 1.1 0.597  0.9 0.655  

Homocarnosine 0.11 0.189  0.9 0.854  2.0 0.515  

Homocitrulline 0.9 0.795  1.2 0.071  1.3 0.587  

Homovanillic acid 1.1 0.744  0.7 0.102  0.8 0.390  

Hydroxyproline 0.9 0.830  0.9 0.459  1.6 0.380  

Hypotaurine 1.5 0.533  2.5 0.099  0.4 0.119  

Hypoxanthine 4.3 0.293  0.8 0.852  3.7 0.310  

Ile 1.1 0.822  0.9 0.875  0.9 0.610  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

Imidazole-4-acetic acid 1.0 0.937  0.7 0.122  0.9 0.714  

IMP 0.11 0.262  1.1 N.A.  8.4 N.A.  

Inosine 0.9 0.667  1.1 0.489  0.6 0.052  

Isobutyric acid 
Butyric acid <1 N.A.  0.6 N.A.  <1 N.A.  

Isobutyrylcarnitine 0.09 0.190  N.A. N.A.  1< N.A.  

Isopropanolamine 1< N.A.  0.9 0.827  2.5 N.A.  

Isovaleric acid 
Valeric acid 0.10 N.A.  0.8 N.A.  0.5 N.A.  

Isovalerylalanine 
N-Acetylleucine 1.0 0.947  1.2 0.363  0.6 0.023 * 

Lactic acid 0.4 0.208  0.8 0.589  1.1 0.669  

Lauric acid 1.8 0.131  1.4 0.152  0.8 0.205  

Leu 1.0 0.952  0.9 0.821  0.8 0.353  

Lys 1.1 0.880  0.9 0.698  0.8 0.358  

Malic acid 0.9 0.669  0.9 0.459  0.7 0.109  

Malonylcarnitine 1.2 0.455  1.1 0.433  1.6 0.198  

Met 1.1 0.937  1.0 0.983  0.7 0.229  

Methionine sulfoxide 0.8 0.686  0.5 0.275  1.3 0.270  

Metronidazole 0.5 N.A.  0.7 N.A.  1.2 N.A.  

Mevalolactone N.A. N.A.  1.0 N.A.  <1 N.A.  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

Mucic acid 1.6 0.332  1.4 0.254  0.6 0.124  

myo-Inositol 1-phosphate 
myo-Inositol 3-phosphate 1.2 0.648  0.8 0.594  0.8 0.450  

myo-Inositol 2-phosphate 1.1 0.537  1.0 0.987  1.5 0.140  

Myristoleic acid 1.2 N.A.  1.9 0.004 ** 0.7 0.145  

N,N-Dimethylglycine 1< N.A.  1< N.A.  1.1 N.A.  

N-Acetyl-β-alanine 1.4 0.261  2.2 0.129  0.5 0.124  

N-Acetylalanine 0.8 0.463  0.8 0.535  0.6 0.163  

N-Acetylaspartic acid 0.4 0.310  0.7 0.331  0.7 0.393  

N-Acetylcysteine 0.6 0.372  1.8 0.188  0.3 0.002 ** 

N-Acetylgalactosamine 
N-Acetylmannosamine 
N-Acetylglucosamine 

1.5 0.422  1.2 0.446  0.6 0.098  

N-Acetylglucosamine 1-
phosphate 1.2 0.732  0.9 0.394  0.7 0.176  

N-Acetylglucosamine 6-
phosphate 0.7 0.606  0.7 0.477  1.0 0.937  

N-Acetylglucosylamine 1.4 0.662  1.0 0.981  0.8 0.640  

N-Acetylglutamic acid 0.9 0.556  1.0 0.926  0.6 0.021 * 

N-Acetylglutamine 1.1 0.877  0.9 0.591  0.7 0.001 ** 

N-Acetylglycine 1.0 0.881  1.0 0.942  0.6 0.124  

N-Acetylhistidine 1.2 N.A.  0.8 0.432  1.5 N.A.  

N-Acetyllysine 0.7 0.337  0.5 0.094  0.7 0.336  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

N-Acetylmethionine 0.8 0.548  1.3 0.073  0.4 0.066  

N-Acetylneuraminic acid 1.3 0.660  1.0 0.942  0.6 0.265  

N-Acetylornithine <1 N.A.  0.5 N.A.  <1 N.A.  

N-Glycolylneuraminic 
acid 1.4 0.675  1.0 0.949  0.7 0.453  

N-Methylnorsalsolinol 0.8 0.646  0.8 0.382  0.6 0.160  

N5-Ethylglutamine 1.0 0.998  1.3 0.277  1.1 0.827  

N6-Methyllysine 1.1 0.775  1.4 0.104  0.8 0.238  

N8-Acetylspermidine 1.4 0.315  1.6 0.306  0.8 0.617  

NAD+ 0.7 0.717  1.2 0.623  0.5 0.192  

NADP+ 1.5 0.606  1.2 0.406  0.8 0.519  

Nicotinamide 1.0 0.980  1.1 0.379  0.7 0.056  

Nicotinic acid 1.7 0.335  0.5 0.253  2.0 0.143  

NMN 0.7 0.754  1.2 0.654  0.4 0.118  

Noradrenaline 
6-Hydroxydopamine 0.8 N.A.  0.9 0.800  0.9 0.781  

Nω-Methylarginine 1.2 0.754  1.2 0.548  0.7 0.150  

O-Acetylcarnitine 0.2 0.236  0.8 0.820  48 0.395  

O-Acetylhomoserine 
2-Aminoadipic acid 1.1 0.683  1.5 0.154  0.7 0.205  

Octanoic acid 1.2 0.244  1.2 0.265  1.1 0.473  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

Ophthalmic acid 1.8 0.654  2.6 0.334  3.5 0.507  

Ornithine 1.0 0.979  1.0 0.876  0.6 0.056  

p-Aminobenzoic acid 0.9 N.A.  1.0 N.A.  0.8 N.A.  

p-Toluic acid 
m-Toluic acid 
o Toluic acid

1.3 0.118  0.9 0.275  1.0 0.774  

Pantothenic acid 1.1 0.889  1.2 0.093  0.5 0.012 * 

Pelargonic acid 1.4 0.006 ** 1.1 0.073  1.0 0.452  

Phe 1.0 0.976  0.8 0.633  0.9 0.779  

Phosphocreatine <1 N.A.  N.A. N.A.  N.A. N.A.  

Phosphoenolpyruvic acid 1.4 0.545  0.4 0.279  1.9 0.252  

Pipecolic acid 0.8 0.654  4.6 0.203  0.5 0.362  

Piperidine 1.2 0.727  1.2 0.471  0.7 0.210  

Pro 1.3 0.585  1.0 0.911  0.9 0.813  

Procaine 0.7 0.739  1.0 0.997  0.9 0.856  

Propionic acid N.A. N.A.  0.9 N.A.  <1 N.A.  

PRPP <1 N.A.  N.A. N.A.  N.A. N.A.  

Putrescine 1.3 0.188  0.6 0.622  1.0 0.702  

Pyridoxal 0.4 N.A.  0.5 0.039 * 0.8 0.464  

Pyridoxamine 5'-
phosphate 0.8 0.818  1.2 0.569  0.5 0.018 * 
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

Riboflavin 0.8 N.A.  1.2 0.306  0.7 0.121  

Ribose 5-phosphate 0.6 0.421  0.9 0.469  2.3 0.343  

Ribulose 1,5-diphosphate 0.6 N.A.  N.A. N.A.  1< N.A.  

Ribulose 5-phosphate 0.8 0.608  0.9 0.773  2.0 0.308  

S-Adenosylhomocysteine 1.0 0.959  1.3 0.161  0.5 0.018 * 

S-Adenosylmethionine 0.5 0.122  0.8 0.577  0.6 0.236  

S-
Carboxymethylcysteine 1.4 N.A.  1.1 0.559  1.3 0.683  

S-Lactoylglutathione <1 N.A.  N.A. N.A.  N.A. N.A.  

S-Methylcysteine 1.3 0.614  1.2 0.351  0.6 0.091  

Saccharopine 0.8 0.801  1.5 0.326  0.5 0.230  

Sarcosine 0.7 0.214  0.6 0.220  1.1 0.704  

SDMA 1.1 0.770  0.9 0.468  1.1 0.812  

Sedoheptulose 7-
phosphate 2.0 0.368  1.4 0.262  0.8 0.483  

Ser 1.2 0.735  1.0 0.922  0.8 0.426  

Serotonin 4.2 0.452  0.6 0.326  6.0 0.417  

Spermidine 0.6 0.145  1.3 0.472  0.8 0.524  

Spermine 0.3 0.097  0.8 0.236  0.7 0.188  

Stachydrine 1.3 0.719  1.2 0.558  3.3 0.324  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

Succinic acid 1.5 0.494  0.9 0.831  1.0 0.991  

Sulfotyrosine 1< N.A.  N.A. N.A.  1< N.A.  

Taurine 1.7 0.467  1.2 0.460  2.5 0.279  

Taurocholic acid 2.0 0.312  1.8 0.112  0.5 0.101  

Terephthalic acid 1.1 0.704  0.9 0.338  1.0 0.833  

Thiamine 1.4 0.394  1.2 0.474  0.8 0.484  

Thiamine phosphate 1.9 0.322  1.8 0.326  0.7 0.455  

Thiaproline 1.1 0.829  0.7 0.462  0.8 0.587  

Thr 1.1 0.835  0.9 0.670  0.8 0.407  

Thr-Asp 
Ser-Glu <1 N.A.  1.1 0.718  <1 N.A.  

Threonic acid 1.0 0.812  1.1 0.708  0.9 0.510  

Thymidine 1.0 0.832  1.1 0.458  0.9 0.538  

trans-Glutaconic acid 0.9 N.A.  N.A. N.A.  1< N.A.  

Trigonelline 0.9 0.841  0.8 0.695  1.1 0.854  

Trimethylamine N.A. N.A.  1.6 0.013 * <1 N.A.  

Trimethylamine N-oxide 1.0 0.977  1.9 0.117  0.7 0.327  

Tropic acid 
3-Phenyllactic acid 

3 (2
2.1 0.025 * 1.6 0.077  1.1 0.645  

Trp 1.2 0.698  0.9 0.822  1.0 0.867  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

Tyr 0.9 0.916  0.9 0.812  0.7 0.144  

Tyramine 1< N.A.  <1 N.A.  1< N.A.  

UDP-glucose 
UDP-galactose 0.6 0.486  0.6 0.179  1.1 0.923  

UDP-glucuronic acid 1.6 0.208  1.3 0.448  1.9 0.129  

UDP-N-
acetylgalactosamine 

UDP N
0.3 0.061  0.5 0.344  1.0 0.968  

UMP 0.5 0.380  0.6 0.283  1.7 0.545  

Undecanoic acid 0.9 N.A.  1.1 N.A.  0.8 0.134  

Uracil 1.5 0.383  1.4 0.138  0.6 0.081  

Urea 0.6 0.029 * 1.1 0.614  0.8 0.267  

Uric acid 1.4 0.209  0.8 0.615  1.0 0.895  

Uridine 1.0 0.942  1.1 0.584  0.6 0.031 * 

UTP <1 N.A.  N.A. N.A.  N.A. N.A.  

Val 1.1 0.863  0.9 0.826  0.9 0.574  

XA0003 0.6 0.444  1.8 0.214  0.3 0.092  

XA0013 2.6 N.A.  1.2 0.204  1.3 0.553  

XA0017 1.3 0.072  1.0 0.940  1.0 0.780  

XA0019 1.4 0.524  0.5 0.056  1.6 0.119  

XA0027 0.9 N.A.  1.4 0.104  0.8 0.151  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

XA0033 3.5 0.355  1.0 0.817  1.7 0.551  

XA0036 
Ascorbate 2-sulfate 1.0 0.967  0.9 0.565  0.7 0.263  

XA0055 0.9 N.A.  N.A. N.A.  1< N.A.  

XA0065 0.7 0.398  0.9 0.739  0.9 0.766  

Xanthosine 1.5 0.558  0.6 0.407  1.3 0.643  

XC0001 1.2 0.689  1.2 0.440  0.7 0.318  

XC0016 0.8 0.637  0.9 0.805  1.3 0.539  

XC0029 2.1 0.306  2.2 N.A.  1.3 0.569  

XC0061 0.4 0.335  1.1 0.916  5.2 0.381  

XC0071 1.4 0.275  1.5 0.094  0.9 0.741  

XC0089 0.7 0.802  1.2 0.641  0.4 0.071  

XC0120 1.6 0.215  0.8 0.551  1.3 0.368  

XC0126 1.0 0.960  0.8 0.309  0.7 0.251  

XC0132 1.0 0.939  1.1 0.504  1.0 0.926  

Xylulose 5-phosphate 2.1 N.A.  0.4 N.A.  1.0 0.988  

β-Ala 1.4 0.504  1.3 0.245  0.8 0.407  

β-Ala-Lys 0.6 0.150  0.8 0.279  0.7 0.123  

γ-Butyrobetaine 0.4 0.256  1.3 0.439  1.9 0.407  
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Table S4.1 Metabolites detected by CE-TOFMS (continue) 

Compound name 

Comparative Analysis 

LR-P2 vs C-P2 LR-P3 vs C-P3 LR-P2 vs LR-P3 

Ratio p-Value  Ratio p-Value  Ratio p-Value  

γ-Glu-2-aminobutyric 
acid 0.9 0.902  1.9 0.210  0.7 0.376  

γ-Glu-Cys 0.11 0.328  3.9 0.041 * 0.15 0.038 * 
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