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Chapter 1   

Dietary fat sources for swine 
 
 Diets for swine are generally low in fat, the level being less than 50 g/kg DM 
(Doreau and Chilliard, 1997). The use of diets low in fats and high in carbohydrates is 
more economic than the use of diets high in fats and low in carbohydrates. Fats 
provide energy and thus contribute to meeting the energy requirements of pigs. When 
compared with the other energy sources, carbohydrates and proteins, fats provide 
about twice as much on a weight basis. More importantly, dietary fats provide 
essential fatty acids and are required for the formation of micelles in the duodenum. 
The essential fatty acids, linoleic acid and α-linolenic acid, cannot be synthesized in 
the body and must be ingested to prevent disease symptoms of deficiency. Micelles 
not only facilitate the absorption of fats, but also are required to enable the absorption 
of the fat-soluble vitamin A, D, E, and K.  

Dietary fat sources can be of either animal or plant origin. Different fat 
sources contain different fatty acids as illustrated in Table 1. In general, vegetable oils 
are rich in polyunsaturated fatty acids (PUFA), whereas animal fats are rich in 
saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA). However, the 
plant fats, coconut oil and palm kernel oil, also contain high amounts of SFA. Olive 
oil has a high content of MUFA. Fish oils are typified by high contents of 
polyunsaturated fatty acids with long carbon chains (LC-PUFA). 

In order to reduce the risk of cardiovascular disease in humans, it is 
recommended to lower the intake of saturated fats and cholesterol (Jakobsen, 1999). 
Replacement of SFA in the diet by MUFA or PUFA will decrease the blood 
concentrations of low density lipoprotein (LDL), which is the major carrier of 
cholesterol in humans. High levels of LDL are associated with an increased risk of 
coronary heart disease. Individual fatty acids may have differential effects on blood 
cholesterol concentrations. The SFA’s lauric acid (C12:0), myristic acid (C14:0) and 
palmitic (C16:0) raise cholesterol, whereas the SFA stearic acid (C18:0) does not 
affect blood cholesterol levels (Jakobsen, 1999). The MUFA oleic acid (C18:1) has  
cholesterol-lowering activity (Yu et al., 1995) and increases the oleic acid content of 
LDL (Seiquer et al., 1995), resulting in LDL’s being less susceptible to oxidation 
(Reaven et al., 1993; Reaven et al., 1991) and thereby less atherosclerosis (Nicolosi et 
al., 2002). The PUFA linolenic acid (LA; C18:2 n-6) is more susceptible to oxidation 
than is oleic acid. The cholesterol-lowering effect of α-linolenic acid (ALA; C18:3 n-
3) may be somewhat greater than that of linoleic acid (Arjmandi et al., 1998; Garg and 
Blake, 1997; Goyens and Mensink, 2006). In addition, high intakes of the omega-3 
PUFA’s such as ALA, eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA), are considered to have beneficial effects on blood pressure and platelet 
aggregation through their role as precursor of eicosanoids (Jakobsen, 1999). The ratio 
of n-6:n-3 PUFA’s is considered to be an index of an healthy diet and the 
recommended ratio is less than 4 (Wood et al., 2004). 

In the light of the above-mentioned, vegetable oils rich in PUFA, especially 
LA and ALA, have received extra attention with regard to the human diet. The same 
holds for the diet of swine. As shown below, the intake of PUFA’s by pigs is reflected 
in their edible meat. Thus, there is increased interest in the use of plant oils, at the 
expense of animal fats, for the production of swine diets. There is an additional reason 
for plant oils becoming preferred dietary fats. The contamination with toxic, fat-
soluble agents is more likely to occur with fats of animal origin than with oils of plant 
origin. Animal fats may become contaminated due to the deposition of pesticides in 
adipose tissue (Table 2). The pesticides ingested with contaminated feedstuffs of plant  
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Chapter 1   

origin will be deposited in adipose tissue. This not only holds for body fat of  pigs, but 
for body fat of broiler chickens and yolk fat of eggs. Fish oils are not only becoming 
scarce due to overfishing, but are becoming richer in toxic compounds due to the 
pollution of oceans; these compounds being heavy metals, dioxins, and plasticizers 
(Napier, 2007). The idea of producing healthier swine meat when using fats of plant 
origin rather than of animal origin was a major reason for carrying out the studies 
described in this thesis. 
 
Table 2. Accumulation of pesticides in body fat of  pigs after intake during 4 to 13 
weeks (modified from Kan and Meijer (2007)) 

Pesticide Concentration ratio (body fat/feed) 
   PCB 5-6 
   Polychlorinated dioxins/furans 1.4-2.0 
   Toxaphene 6-16 

 
Essential fatty acids 
 

In mammals, fatty acids can be synthesised de novo from acetyl-Co A, the  
end product being palmitic acid (C16:0), which can be elongated to stearic acid 
(C18:0). The enzyme Δ9-desaturase can add a double bound between carbon atoms 9 
and 10, resulting in the conversion of stearic acid into oleic acid (C18:1 n-9). Both 
plants and animals have the enzyme Δ9-desaturase, but animal cells lack the enzyme 
Δ-12 desaturase for the conversion of oleic acid into linoleic acid (C18:2 n-6). Animal 
cells also lack the enzyme Δ-15-desaturase and thus cannot convert linoleic acid into 
α-linolenic acid (C18:3 n-3). Some plants do possess a Δ-12 desaturase and Δ-15 
desaturase. Therefore, animals can neither synthesize linoleic acid (LA) nor α-
linolenic acid (ALA) acid and thus have to ingest these fatty acids with their diet. 
Consequently, LA and ALA are essential fatty acids for pigs. 
 LA and ALA are the parent fatty acids of the families of n-6 and n-3 PUFA, 
respectively (Figure 1). The two groups of PUFA’s are metabolically not 
interconvertable (Zollner and Tato, 1992). However, the desaturases and elongases 
that convert LA and ALA are identical (Figure 1). Thus, among the two families of 
fatty acids there is competition for the same desaturating and elongating enzymes 
(Zollner and Tato, 1992), but the enzymes have a preference for the n-3 PUFA’s 
(Raes et al., 2004). Additionally, there also is competition between n-3 and n-6 
PUFA’s for the incorporation into phospholipids. The most important products of LC-
PUFA biosynthesis are arachidonic acid (AA, C20:4 n-6), which is derived from LA, 
and eicosapentaenoic acid (EPA, C20:5 n-3) and docosahexaenoic acid (DHA, C22:6 
n-3), which are derived from ALA. Both AA and EPA are substrates for the enzymes 
cyclo-oxygenase and lipoxygenase that convert them into the eicosanoids, comprising 
the prostaglandins, thromboxanes and leukotrienes. The eicosanoids play a crucial 
role in the regulation of inflammation and the immune responses. DHA is of 
particular importance for the structure and function of the retina and the central 
nervous system (Zollner and Tato, 1992). DHA is required for maximum cognitive 
development and for minimizing its loss with aging (Innis, 2007). There is evidence 
that pigs fed diets rich in n-3 PUFAs are healthier than those fed diets poor in n-3 
PUFA’s (Nguyen, 2002). In addition, the meat of pigs fed diets rich in PUFA’s may 
promote health of the consumers. 
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Figure 1. Generalised scheme for LC-PUFA biosynthesis (modified from Napier, 
2007) 
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Chapter 1   

Fatty acid composition of meat 
 

Lipids in mammalian cells can be classified into two major components, 
triacylglycerols (neutral fats) and phospholipids. Triacylglycerols (triglycerides) 
contain a molecule of glycerol esterified with molecules of fatty acids. 
Glycerophospholipids belong to the phospholipids and are crucial components of cell 
membranes. In glycerophospholipids, there are two fatty acids attached to the glycerol 
molecule while the remaining hydroxyl group is bound to a phosphate group that can 
be esterified with on of several alcohols. Most of the triacylglycerols in the body of 
animals are stored in the adipose tissues. Intramuscular fat refers to the lipids present 
in the intramuscular adipose tissues and in the muscle fibres (Raes et al., 2004). 

The phospholipids in muscle are characterised by a high PUFA content, the 
PUFA’s comprising 20 to 50% of the total fatty acids in the phospholipids. The 
phospholipid content is relatively constant and only little influenced by species, breed, 
age and nutrition, but the phospholipid content depends on the metabolic fibre type of 
the muscle (Raes et al., 2004). Red muscles have a greater proportion of 
phospholipids than white muscles, resulting in higher percentage of PUFA in the red 
muscles (Wood et al., 2003). When compared to phospholipids, triacylglycerols in the 
body are rich in SFA and MUFA. In triacylglycerols, the content of PUFA, which are 
mainly represented by LA and ALA, may vary between 2 and 30 % of total fatty acids 
(Raes et al., 2004). However, there is a marked species difference for content of 
PUFA in body triacylglycerols. Beef triacylglycerols contain 2 to 3 % PUFA, whereas 
pork triacylglycerols contain 7 to 15 % PUFA (Gandemer, 1999). Enser et al. (1996) 
reported PUFA/SFA ratios of 0.58 for pork,  but only 0.11 and 0.15 for beef and 
lamb, respectively (Wood et al., 2003). As described below, the composition of the 
diet is a major determinant of the n-6/n-3 PUFA ratio in pork. 
 
Dietary fat and meat quality 
 
 Pork meat is mainly comprised of myofibrils which are rich in protein. As 
explained above, it is considered advantageous to increase the amount of  
polyunsaturated fatty acids in pork. However, a change in the fatty acid composition 
may alter certain aspects of meat quality. The firmness of fat and cohesiveness are 
dependent on a high fraction of stearic acid, whereas these characteristics of meat 
quality are negatively influenced by a high fraction of linoleic acid (Wood et al., 
1985). Firm fat is desirable for meat processing, but it is disadvantageous for 
consumers’ health. The basic pigment of fresh meat is myoglobin while tenderness is 
mainly dependent on the amount and characteristics of connective tissues. As a 
consequence, changing the amount of fat in pork may not have a noticeable impact on 
colour and tenderness (Scheeder et al., 2000). However, an increased concentration of 
PUFA in pork would imply an increased risk of lipid oxidation, leading to off-odours 
and changes of flavour and colour (Wood et al., 2003), but supplementation swine 
diets with extra vitamin E may reduce oxidation of PUFAs in pork fat (Asghar et al., 
1991). Nevertheless, the fatty acid composition of pork can influence meat quality. 
 
Digestibility of dietary fat and fatty acids 
 
 Digestibility is a measure for the availability of nutrients from food. In fact, 
digestibility is an index of the net amount of fat taken up between mouth and anus. 
This index is called faecal fat digestibility. The digestibility of dietary fat by pigs 
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depends on the fatty acid composition of the fat source (Table 3). Fats of animal 
origin have a lower digestibility than vegetable oils rich in PUFA. The digestibility of 
individual fatty acids depends on the fat source and on the type of other fats in the diet 
(JØrgensen et al., 2000; Li et al., 1990). The former is explained by differences in the 
position of an individual fatty acid on the glycerol molecule. In triacylglycerols, the 
fatty acids are bound in the glycerol molecule to either C1, C2 and C3, that is the so-
called sn1-, sn2- and sn3-position, respectively. After consumption of triacylglycerols, 
the lingual and gastric lipase will releases the fatty acids at the sn3-position. Liberated 
fatty acids with less than 12 carbon atoms are protonated at the low pH in the stomach 
and are only partially ionized at higher pH in the small intestine. Longer-chain fatty 
acids with more than 12 carbon atoms and are totally ionized at high pH and are less 
soluble due to the length of the molecule. The lingual and gastric lipase action results 
in 1,2-diacylglycerols and fatty acids entering the duodenum (Bracco, 1994; Mu and 
Porsgaard, 2005) (Figure 2). In the duodenum, pancreatic lipase and colipase liberate 
sn1- and sn3-fatty acids so that fat droplets are formed in combination with bile acids 
(Bracco, 1994). The fat droplets and the sn2-monoacylglycerols that have been 
produced lead to the formation of micelles which can diffuse through the intestinal 
contents to be taken up by the enterocytes. Within the enterocytes, the free fatty acids 
and monoacylglycerols are esterified and as such incorporated into chylomicrons. The 
chylomicrons are secreted into the lymph and will reach the blood for transport to the 
tissues that take up the fatty acids. Mu and Porsgaard (2005) have reviewed the 
literature and concluded that the intestinal absorption of dietary fats is influenced by 
the structure of triacylglycerols. The absorption of fatty acids is enhanced when they 
are located at the sn2-position. This is especially the case under conditions that fat 
digestion and absorption are compromised. The higher the proportion of an individual  
fatty acid bound at the sn2-position, the higher will be the digestibility of that fatty 
acid. 
 
Table 3. Influence of fat source on fat digestibility in pigsa 

Diet composition 
Basal diet Supplemental 

fat source 
Ratio of U/S 
fatty acidsb 

Estimated fat 
digestibility 

Barley-soy Beef tallow 1.0 70-85 
Corn-soy Beef tallow 1.5 85-92 
Barley-soy Soy oil 4.0 90-95 
Corn-soy Soy oil 4.8 90-95 
aModified from Stahly (1984) 
bTotal dietary ratios of unsaturated/saturated fatty acids 

 
Apparent ileal and faecal digestibility 
 
 Apparent ileal digestibility is a measure of the availability of nutrients before 
the terminal ileum, whereas apparent faecal digestibility relates to availability in the 
whole intestinal tract. In the large intestine, carbohydrates, protein and fats that 
escaped absorption in the small intestine are further degraded or transformed by 
microbes. Thus, apparent ileal digestibility reflects the absorbed nutrients, whereas 
apparent faecal digestibility is also influenced by the activity of microbes in the large 
bowel. Figure 3 gives a representative diagram for the absorption, deposition, and 
transformation of dietary LA and ALA (Jakobsen, 1999). Consumed and absorbed LA 
and ALA are deposited in tissues in unchanged form or after desaturation and 
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elongation as mentioned earlier. However, LA and ALA that have escaped from 
absorption in the small intestine will be hydrogenated by microbes in the large bowel, 
resulting in additional saturated fatty acids in the faeces. It should be noted that the 
faecal fats include secreted bile lipids, microbial lipids, lipids associated with 
sloughed intestinal cells and short chain fatty acids produced by microbes (Mu and 
Porsgaard, 2005). 
 
    R1 
 
 R2   Dietary fat 
 
    R3 
 
  Lingual and gastric lipase 
 
 
    R1 
    R3; Short or medium-chain FA  
 R2   R3; Long-chain FA  
    1, 2- Di-acylglycerols 
    OH 
 
  Pancreatic lipase 
 
 
    OH 
    R1 & R3; fatty acids 
 R2   2- Mono-acylglycerols 
 
    OH 
Figure 2. Scheme for enzymatic digestion of dietary triacylglycerols (modified from 
Bracco (1994)) 
 
 Apparent ileal digestibility can be measured by the use of pigs with T-cannula 
at the terminal ileum and using an indigestible marker. An ideal marker for 
digestibility studies should have the following properties (Maynard, 1979): (1) totally 
indigestible and unabsorbable, (2) pharmacologically inactive within the digestive 
tract, (3) pass through the digestive tract at a uniform rate, (4) readily determined 
chemically and (5) preferably a substance naturally present in the feed. In nutritional 
studies, indigestible markers can be classified as internal and external markers. 
Internal markers are integral components of a feedstuff, meeting the properties 
mentioned above. Lignin and acid insoluble ash (AIA) are commonly used as an 
internal marker. External markers are indigestible substances added to a diet or 
feedstuff. Chromic oxide (Cr2O3) is a well-known external marker, but other external 
markers are titanium dioxide (TiO2) and yttrium oxide (Y2O3). The study of Jagger et 
al. (1992) has compared the efficiency of Cr2O3, TiO2 and lignin as indigestible 
marker for pigs and they concluded that TiO2 is most suitable. Cr2O3 gave a low 
recovery and high variation and lignin moved out of phase with amino acids. It was 
suggested that the most appropriate concentration of TiO2 is 1 g/kg feed. In addition, 
TiO2 , unlike Cr2O3, can be legally added to the diet of animals (Titgemeyer et al., 

 8 



General introduction 

2001) and it lacks the carcinogenic property of Cr2O3 (Peddie et al., 1982). To 
quantify the amount of TiO2 in samples, there is a new procedure that is practical, 
accurate and expedient (Myer et al., 2004). Previous studies have focused on the 
apparent digestibility of protein, amino acids, carbohydrates and minerals ((Donkoh et 
al., 1994; Houdijk et al., 1999; Jagger et al., 1992; JØrgensen et al., 1997; Lindberg 
and Cortova, 1995; Pettersson and Lindberg, 1997; Yin et al., 1991), but only few 
studies have looked at the digestibility of individual fatty acids (JØrgensen et al., 
2000; Li et al., 1990). Thus, further studies are required to determine the apparent 
digestibility of individual fatty acids. 
 

Feed            18:2 n-6 
             18:3 n-3 
 
 
 
 
 Stomach           18:2 n-6 
             18:3 n-3 
 
 
 
 
      Lymph  Tissues 

18:2 n-6,18:3 n-3 
 Small intestine 
      Bile 
      18:2 n-6,18:3 n-3 
 
 
             18:2 n-6          18:3 n-3 
  
 Large intestine 
 
    
 
 Faeces          18:2 n-6  18:0   18:3 n-3 
                18:1 
 
Figure 3. Fate of C18:2 n-6 and C18:3 n-3 in monogastric animals and preruminants 
(modified from Jakobsen, 1999) 
 
Metabolism and biosynthesis of fatty acids 
 

Dietary and endogenously synthesized fatty acids can serve for the generation 
of energy or can be stored in the body for oxidation at a later stage. The metabolic 
pathways are well known, but the quantitative aspects have not been studied 
extensively. Especially, the quantitative differences in metabolic pathways for 
individual saturated, monounsaturated and polyunsaturated n-6 and n-3 fatty acids 
have not been described for pigs fed diets either rich or poor in PUFA. The proportion 
of body fat and the efficiency of energy storage can be reduced by high intakes of 

 
18:2 n-6 
18:3 n-3 

LC-PUFA 
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PUFA at the expense of SFA (Okuno et al., 1997; Sanz et al., 2000a; Sanz et al., 
2000b). This may be explained by the observation that LA and ALA are preferentially 
oxidised (Cunnane and Anderson, 1997; Leyton et al., 1987). Previous studies 
(Cunnane and Anderson, 1997; Kabir and Ide, 1996) have also shown that the feeding 
of ALA may increase fatty acid oxidation. Thus, a higher oxidation rate of ALA could 
explain the observed lower rate of ALA deposition in body of pigs, when compared 
with LA (Nguyen et al., 2003). 

Fatty acids that are consumed in the form of the triacylglycerols will be 
digested, absorbed and reformed into triacylglyerols. Subsequently, the dietary fatty 
acids taken up by tissues can be oxidized, elongated to longer chain fatty acids or 
deposited as such (Figure 4). De novo synthesis of fatty acids mainly results in the 
deposition of palmitic, stearic and oleic acid. The losses of fatty acids with faeces can 
be quantified by measuring fatty acids in faeces, but these fatty acids are not 
necessarily derived from the diet as explained above. Thus, calculating the amount 
fatty acids digested by using the apparent ileal digestibility of fatty acids (Kloareg et 
al., 2005) would give more realistic values. Fatty acids can be synthesized de novo 
from precursors such as glucose and amino acids and can be itself precursors for fatty 
acid elongation (Figure 5) (Kloareg et al., 2005). However, only the non-essential 
fatty acids can be synthesized and not the essential fatty acids (EFA), LA and ALA. 
This means that the disappearance (oxidation) of EFA can be estimated by subtracting 
the amount of EFA retained from the amount of EFA intake (Bazinet et al., 2003; 
Javadi et al., 2007b). Likewise, de novo synthesis of NEFA can be estimated by 
subtracting the amount of NEFA intake from the amount of NEFA retained (Javadi et 
al., 2007b; Kloareg et al., 2005). However, the actual amount of fatty acid oxidation, 
transformation, and synthesis cannot be quantified using whole carcass analysis. 
Therefore, the indicated calculations of oxidation and de novo synthesis should be 
defined as maximum disappearance and minimum de novo synthesis, respectively 
(Javadi et al., 2007b). 
 
Energy metabolism 
 
 Carbohydrates, fats and proteins can be used to generate energy in the form of 
ATP for the functioning of animal cells. Animals are not capable to capture all of the 
energy available in the feed consumed, because the efficiency of digestion and energy 
transfer is less than 100% (Figure 6). Energy loss occurs at all metabolic conversions 
steps. Maynard (1979) estimated that the losses of gross energy in a typical pig diet 
were 20 % in the form of faecal losses, 2 – 3 % as urinary losses, negligible gaseous 
losses and 15 – 40 % losses as heat. Total heat production of an animal is composed 
of heat increment and heat used for maintenance (Bondi and Drori, 1987). Thus, 
energy expenditure equals total heat production (Figure 6). Because the amounts of 
gaseous losses in pigs are very small, the energy expenditure can be calculated as 
follows: energy intake – faecal energy – urine energy – energy stored in body. The 
efficiency of the conversion of glucose or protein into body fat is considerably lower 
than that of feed fat into body fat (Bondi and Drori, 1987; Newsholme and Leech, 
1986). Energetic efficiency is also influenced by the type of fat and is related to (1) 
chain length; (2) degree of saturation; (3) degree of esterification; and (4) the 
combinations of (1), (2) and (3) (Stubbs and Tolkamp, 2006). Beynen and Katan 
(1985) have suggested that PUFA are more preferentially oxidised than SFA, which 
has an impact on the oxidation of carbohydrates in that they may shift from the 
oxidative into the lipogenic pathway. As a consequence, the feeding of pigs with 
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PUFA instead of SFA would lead to more heat expenditure because of the lower 
energetic efficiency of the conversion from carbohydrates into body fat. 
 
 
 

Fatty acid intake  
 
            EFA & NEFA 
 
 
 
 
            EFA & NEFA 
 
 
 
    EFA & NEFA 
 
          NEFA   
 
 
 
 
 
 
 
 
 
Figure 4. The flow diagram for lipid deposition (modified from Lizardo (2002)). EFA 
= Essential fatty acids; NEFA = Non-essential fatty acids. Using a digestibility trial 
and whole carcass analysis, the gray box can be quantified by fat extraction and gas 
chromatography, and the box with dashed and double lines can be calculated as 
minimum synthesis or maximum disappearance for NEFA and EFA, respectively .  
 
 

 14:0  14:0 
 
 
 
  16:0  16:0   16:1  16:1 
 
 
 

 18:0  18:0   18:1  18:1 
 
Figure 5. Schematic illustration of de novo synthesis, deposition and oxidation of 
fatty acids in growing pigs. Rectangles = deposited fatty acids; Circles = intermediate 
fatty acids undergoing deposition or further metabolism (modified from Kloareg et al. 
(2005)) 
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Gross energy (GE)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. The partitioning of food energy within the growing-finishing pig (modified 
from Bondi and Drori (1987) and Maynard (1979)). Using a digestibility trial and 
whole carcass analysis and bomb calorimetry the gray boxes can be quantified; the 
box with dotted lines can be ignored because of the small amount, and the box with 
double lines can be estimated based on the known values for the gray boxes. 
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OUTLINE OF THE THESIS 
 
 The general scope of the research described in this thesis is the impact of  
replacement of animal fat by vegetable oil in the diet of growing-finishing pigs with 
emphasis on meat composition and meat quality characteristics, incorporation of 
dietary fatty acids into the body, de novo synthesis of fatty acids in whole body and 
energy expenditure. It was anticipated that the data collected would provide new 
information on fatty acid and energy metabolism and the possibility to improve pork 
meat with regard to its effect on the health of consumers. For each chapter, the topic 
or objective may be summarized as follows. 
Chapter 1 provides a summary of the current knowledge on dietary fat type in 
relation to pork meat quality, fatty acid digestibility, fatty acid and energy 
metabolism. 
Chapter 2 shows the effects of feeding growing-finishing pigs on diets with either  
sunflower oil or beef tallow on meat quality and fatty acid composition of various 
tissues. 
Chapter 3 describes the interaction between metabolism and intake of individual fatty 
acids from sunflower oil or beef tallow. 
Chapter 4 illustrates how iso-energetic intakes of diets containing either sunflower 
oil or beef tallow influence fatty acid composition of pork meat and the digestibility, 
deposition and de novo synthesis of individual fatty acids. 
Chapter 5 is an account of an investigation of how a diet high in α-linolenic acid or 
linoleic acid would affect energy metabolism, fatty acid deposition and fatty acid 
metabolism in the whole body of native Thai pigs. 
Chapter 6 describes a study similar to that in Chapter 5, but the diets used were high 
in α-linolenic acid and contained either sunflower oil or beef tallow as fat 
background. 
Chapter 7 documents the quantification of the apparent ileal and faecal digestibility 
in pigs fed diets containing either sunflower oil or beef tallow. In addition, the whole 
body oxidation of fatty acids and energy expenditure were determined by taking into 
account ileal digestibility of individual fatty acids. 
Chapter 8 lists the general conclusions of the various studies performed. 
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Chapter 2 

Abstract 
 
 Thirty-six castrated male growing pigs were used to study the effect of dietary 
beef tallow (BT) versus sunflower oil (SO) on meat quality and fatty acid composition 
of various tissues. The diets used contained either 5% (w/w) of the variable fat source. 
The fat type had no significant effect on carcass traits (carcass weight, back-fat 
thickness, fat-lean ratio) and meat quality (colour, pH1, pHU, drip losses, cooking 
losses, shear force, sacromere length, loin moisture, loin marbling). The diet with SO 
instead of BT significantly increased the incorporation of polyunsaturated fatty acids 
in adipose tissues, loin and liver at the expense of the sum of saturated and  
monounsaturated fatty acids. In erythrocytes, the diet containing SO raised the 
contents of saturated and polyunsaturated fatty acids and lowered that of 
monounsaturated fatty acids. In particular, the SO diet produced an increase in the 
content of linoleic acid (C18:2 n-6) in the various tissues. It is concluded that feeding 
a diet with SO instead of BT altered the fatty acid composition of tissues without 
simultaneously affecting various characteristics of meat quality. 
 
Keywords: Swine; Sunflower oil; Beef tallow; Meat quality; Fatty acid composition 
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Dietary fat type and meat quality 

1. Introduction 
 

In non-ruminants, the fatty acid pattern of dietary lipids is reflected in the fatty 
acid composition of tissues (Jorgensen, Jensen, & Eggum, 1996). Therefore, it would 
be anticipated that the dietary fat type affects the meat quality of pigs. For adipose 
tissue and intramuscular fat of swine, mathematical relationships between the dietary 
concentration of polyunsaturated fatty acids and the fatty acid composition of these 
tissues have been established (Nguyen, Nuijens, Everts, Salden, & Beynen, 2003). 
The consumer increasingly prefers products with a higher unsaturated fatty acid 
composition because of their beneficial effects in preventing cardiovascular diseases 
(Van Oeckel, Casteels, Warnants, Damme, & Boucque, 1996). Pig diets supplemented 
with vegetable oils such as soybean oil, sunflower oil, and corn oil, contain a high 
percentage of unsaturated fatty acids and should lead to healthy products for 
consumers. However, the impact of these oils on meat quality is not well known. In 
two studies the feeding of diets rich in sunflower oil (SO) to pigs had no clear 
influence on various characteristics of meat quality (Miller, Shackelford, Hayden & 
Reagan, 1990; Rhee, Davidson, Knabe, Cross, Ziprin & Rhee, 1988). It was the aim 
of the present study to repeat the two earlier studies, but extending the number of 
meat quality variables and the types of tissues for determination of their fatty acid 
composition. In the present study, the effect of SO was compared with that of beef 
tallow (BT). In samples taken from each pig both meat quality characteristics and 
tissue fatty acid composition were measured. 
 
2. Materials and Methods 
 
2.1. Animals, diets and feeding 
 

Thirty-six barrows, Landrace × Large White × Duroc crossbred, with 25.9 ± 
2.5 kg of body weight fed a commercial diet for 10 days before the commencement of 
the present study. Then, the pigs, weighing 31.0 ± 3.1 kg, were allotted to one of two 
treatments on the basis of body weight in a completely randomised design by dividing 
them into 2 groups that were penned in groups of 3 animals. The pigs were allowed ad 
libitum access to feed and water throughout the experiment. Feed consumption was 
recorded twice a day. There were two experimental diets with either beef tallow (BT) 
or sunflower oil (SO) as shown in Table 1. Ingredients and nutrient composition of the 
experimental diets are shown in Table 1. In Table 2 the analysed fatty acid 
composition of the diets is shown. The pigs were weighed weekly until the end of the 
experiment which lasted 91 days. All pigs were slaughtered at body weight of 96 ± 
7.2 kg in a commercial slaughterhouse. The pigs were put on transport by truck in the 
evening and killed the next morning after a fasting and resting period of 8 hours upon 
arrival. Immediately after killing the pigs were exsanguinated.    
 
2.2. Carcass traits, meat quality and chemical analyses 
 

Hot carcass weight was measured after removing all internal organs including 
kidney. The thickness of back fat was determined according to standard methods 
described previously (Sripromma, 1984). Fat-lean ratio was expressed according to 
the LSQ (Lenden-Speck-Quotient) system of Pfeiffer & Falkenberg (1972). Briefly, 
the LSQ is calculated as (B1 + B2)/(2 x B3) where B1 = back fat thickness at the front 
base of gluteus muscle, B2 = back fat thickness on top of gluteus muscle (at the 
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thinnest part of back fat) and B3 = shortest distance from the front base of gluteus 
muscle to the dorsal border of the spinal cord. The right M. longissimus was used for 
meat quality assessing. The colour score of M. longissimus thoracic was measured by 
using the 6-point Japanese pork colour scale (Nakai, Saito, Ikeda, Ando, & Komatsu, 
1975). The scoring was done at 30 min after slaughtering. The pH-value of muscle 
was determined using the Meat pH meter (Model HI99163, Hanna Instruments, 
Portugal) at 45 min (pH1) and 24 hr (pHU) after slaughter. Drip loss was assessed as 
the proportionate weight loss of a slice of muscle (175 – 185 g with thickness of 2.54 
cm) that had been suspended in a plastic bag for 24 h at 2°C (Honikel, 1987).  Right 
M. longissimus lumborum (loin) was collected and stored at –20oC until analysing the 
remaining meat quality parameters. Pork chops were weighed before and after 
cooking to determine percentage of cooking loss. The pork chops were put in a plastic 
bag and then cooked for 40 min in a water bath with constant temperature of 70 C. 
After the chops had cooled to room temperature (25°C), five 1.27-cm-diameter cores 
from each chop were removed with a cylindrical core parallel to the muscle fiber 
orientation. Cores were sheared perpendicular to the muscle fiber orientation using a 
Warner-Bratzler shear V-blade attached to an Texture Analyser (Stable Micro System 
Ltd., Surrey, England) fitted with a 10-g compression load cell with a crosshead speed 
of 900 mm/min. Peak force values of cores sheared through the centre were used to 
determine the mechanical tenderness of the sample. Sarcomere length was assessed 
(in four replicates) by taking the slice from the central part of small M. longissimus 
thoracic (3 to 4 g) according to a method described previously (Monin, Larzul, Le 
Roy, Culioli, Mourot, Rousset-Akrim, Talmant, Touraille, & Sellier, 1999). The diet 
and meat samples were dried at 60oC for 72 hr in a forced-hot air oven and then were 
analysed for crude protein, crude fiber, and ash (AOAC, 1990). The dried meat 
samples were quantified for the percentage of moisture and fat contents according to 
standard chemical analyses (AOAC, 1990) and then the percentage of fat was 
calculated and expressed as loin intramuscular fat. 
 
2.3. Fatty acid composition 
 
 Total lipids in the fresh and dried samples (subcutaneous fat from the inguinal 
region and the back, loin, liver, and diet) were extracted according to a procedure 
described previously (Horwitz, 1975). In the total lipid fraction the fatty composition 
was determined. Each sample was added to a flask and 2 ml of ethanol was added to 
moisturise the sample. Subsequently, 10 ml of HCl (8 mol/l) was added; the contents 
were gently mixed, and the flask was placed in a water-bath of 80oC for 30-40 min. 
The tubes were cooled down, 10 ml of ethanol (96%) and 25 ml of petroleum ether 
(boiling point between 40 and 60oC) were added and the tube was again vigorously 
shaken for another 1 min. The fat-containing upper layer was decanted into a 150 ml 
round-bottom flask. The extraction procedure was repeated twice with 15 ml of 
diethyl ether and 15 ml of petroleum ether and the lipid extract was evaporated to 
dryness under N2 in a water-bath at 40oC. The round-bottom flasks with the lipids 
were dried overnight at 60oC and the total lipids were measured gravimetrically. Total 
lipids were saponified and methylated according to the procedure of Metcalfe, 
Schmitz and Pelka (1966) followed by gas liquid chromatography using a flame 
ionisation detector, a Chrompack column (Fused silica, no.7485, CP.FFAPCB 25m * 
0.32 mm, Chrompack, Middelburg, The Netherlands) and H2 as carrier gas. The 
individual fatty acids are expressed as weight percentage of total methyl esters. Blood 
samples were collected by vena cava puncture. For the analysis of the fatty acid 
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composition of erythrocyte membranes, blood was collected in heparinised tubes. 
Erythrocytes were separated by centrifugation for 5 min at 3000 rpm. The 
erythrocytes were haemolysed and stored at –20oC until fatty acid analyses. From the 
erythrocyte membranes fatty acids were extracted, methylated (Metcalfe, Schmitz, & 
Pelka, 1966), and determined by gas chromatography (Nelson, 1975). 
 
2.4. Statistical analyses 
 

The effect of dietary fat type was evaluated for statistical significance by the 
Student’s t test (SPSS, 1999). All results are expressed as means ± SD for 18 animals 
per group except for ADFI and feed:gain because the pigs were housed three in a pen. 
 
Table 1  
Composition of the diets 
 BT SO 
Raw materials (%)   
Cassava chip 45.53 45.53 
Soybean meal (44% CP) 34.00 34.00 
Extruded soy beans   7.00   7.00 
Beef tallow   5.00 - 
Sunflower oil -   5.00 
Molasses   4.00   4.00 
Calcium carbonate   1.00   1.00 
Di-calcium phosphate   2.70   2.70 
NaCl   0.35   0.35 
DL-Methionine   0.17   0.17 
Premix   0.25   0.25 
Analysed nutrients (%)   
Dry matter            86.5            86.3 
Crude protein            19.3            19.2 
Crude fat              6.8              6.7 
Crude fiber              4.7              4.9 
Ash              7.7              8.2 
Calculated ME (MJ/kg)            13.8            14.0 
BT = beef tallow; SO = sunflower oil 
 
3. Results and Discussion 
 
3.1. Animal performance 
 

Final body weight, average daily feed intake (ADFI), average daily gain 
(ADG), and feed to gain ratio were not significantly different (P > 0.05) between pigs 
fed either the BT diet or the SO diet (Table 3). These results agree with previous 
research (Bryhni, Kjos, Ofstad, & Hunt, 2002; Cera, Mahan, & Reinhart, 1990; Smith, 
Knabe, & Smith, 1996; Wiseman & Agunbiade, 1998) in which the experimental pigs 
were fed either restricted amounts of feed or ad libitum. Hence, in the present study, 
the fat type in the diet for growing-finishing pigs did not affect growth performance. 
 
3.2. Meat quality 
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Table 2  
Fatty acid composition of experiment diets 
 BT SO
Fatty acids, g methylester/100 g methylesters 
C 8:0 0.02 0.02
C 10:0 0.05 0.05
C 14:0 1.48 0.05
C 14:1 0.06 0.06
C 15:0 0.51 0.06
C 15:1 0.37 0.37
C 16:0 19.23 9.26
C 16:1 0.68 0.04
C 17:0 1.59 0.05
C 17:1 0.28 0.00
C 18:0 29.48 4.34
C 18:1 n-9 21.91 31.52
C 18:1 n-7 4.71 1.11
C 18:2 n-6 11.65 49.07
C 18:3 n-6 0.32 0.00
C 18:3 n-3 1.63 1.42
C 18:4n-3 0.00 0.00
C 20:0 0.44 0.34
C 20:1 n-9 0.48 0.39
C 20:5n-3 0.05 0.05
 
C 22:0 0.02 0.77
C 22:1 n-9 0.00 0.11
C 24:0 0.10 0.33
Unidentified 4.75 0.57
Σ SFA 52.92 15.27
Σ MUFA 28.49 33.60
Σ PUFA 13.65 50.54
BT = beef tallow; SO = sunflower oil 
 
 Carcass traits did not differ (P > 0.05) for the two fat supplements (Table 3). 
These results agree with reports published earlier (Bee, Gebert, & Messikommer, 
2002; Miller, Shackelford, Hayden, & Reagan, 1990; Nuernberg, Fischer, Nuernberg, 
Kuechenmeister, Klosowska, Eliminowska-Wenda, Fiedler, & Ender, 2005). Meat 
quality traits were not statistically different between the BT and SO treatments. These 
results agree with previous results of Scheeder, Gläser, Eichenberger, and Wenk 
(2000) who found that feeding 7% pork fat, 4.95% olive oil or 3.17% soybean oil to 
growing-finishing pigs did not affect pH, cooking losses, texture, or colour of pork. 
Miller, Shackelford, Hayden, and Reagan (1990) also found no difference in drip 
losses, cooking losses, shear force, and marbling between pigs fed animal fat and 
sunflower oil. The sacromere length (1.97-1.98 μm) was close to the values of pigs 
carrying the nn type of halothane gene as reported by Monin, Larzul, Le Roy, Culioli, 
Mourot, Rousset-Akrim, Talmant, Touraille, and Sellier (1999). The intramuscular fat 
or marbling of loin was not statistically different between both treatments which is in 
accordance with the results of Nuernberg, Fischer, Nuernberg, Kuechenmeister, 
Klosowska, Eliminowska-Wenda, Fiedler, and Ender (2005) when the effect of olive 
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and linseed oil were compared. From overall carcass and meat quality results, it may 
be concluded that adding SO instead of BT to the diet did not alter the quality of pig 
meat. 
 
Table 3 
Animal performance, carcass traits, and meat quality 
 BT SO P-value 
Growth performance    
Initial BW, kg 30.9 ± 3.4 31.1 ± 3.1 0.858 
Final BW, kg 95.6 ± 6.1 96.5 ± 8.4 0.728 
ADFI, kg/d (n=6) 2.30 ± 0.3 2.33 ± 0.1 0.803 
ADG, kg/d 0.790 ± 0.06 0.809 ± 0.07 0.476 
Feed : gain (n=6)   3.1 ± 0.4   2.9 ± 0.2 0.420 
    

Carcass  quality    
Hot carcass, kg 72.42 ± 12.0        76.62 ± 9.0 0.294 
Back fat thickness, cm 2.52 ± 0.4 2.60 ± 0.3 0.509 
Fat-lean ratio (LSQ) 0.25 ± 0.1 0.27 ± 0.1 0.709 
    

Meat quality (loin)    

Colour1 2.78 ± 0.7 3.00 ± 0.7 0.340 
pH1  6.04 ± 0.3 6.13 ± 0.3 0.467 
pHU  5.74 ± 0.4 5.72 ± 0.5 0.880 
Drip loss, % 3.16 ± 2.4 2.20 ± 1.9 0.204 
Cooking loss, %        18.38 ± 2.9         17.17 ± 2.6 0.222 
Shear force, N        56.16 ± 7.1         56.49 ± 9.1 0.917 
Sacromere length, μm 1.97 ± 0.2         1.98 ± 0.1 0.875 
Moisture, %        69.12 ± 3.2         69.65 ± 3.8 0.660 
IMF, % wet weight 3.03 ± 0.5 2.97 ± 0.6 0.731 
BT = beef tallow; SO = sunflower oil 

1Japanese colour score: 1 = pale, pinkish grey, 6 = dark, purplish red (Nakai, Saito, 
Ikeda, Ando & Komatsu, 1975). 
IMF = intramuscular fat 
 
3.3. Fatty acid composition 
 
 Fatty acid profiles of fat in subcutaneous fat, back fat, retroperitoneal fat, loin, 
erythrocytes, and liver are shown in Tables 4-6. The fatty acid composition of 
erythrocytes and liver was determined for comparative reasons because in metabolic 
studies these measurements are often considered relevant. The relative concentration 
of C16:0 (palmitic acid) after feeding the BT diet was higher for adipose tissue (P < 
0.001) and liver (P < 0.05), but there was no statistical difference for loin and 
erythrocytes. Similarly, the relative concentrations of C18:0 and C18:1 n-9 (oleic 
acid) after feeding BT diet were higher for adipose tissues (P < 0.01) and loin (P < 
0.05) (except for lower concentration of C18:0 in erythrocytes) while no difference 
was found for liver. Conversely, the relative concentration of C18:2 n-6 (linoleic acid) 
upon SO diet treatment was higher (P < 0.001) for adipose tissues, loin, erythrocytes, 
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and liver. Similar observations have been reported by Miller, Shackelford, Hayden & 
Reagan (1990). As would be expected on the basis of the concentrations of C18:3 n-3 
(α-linolenic acid) in the experimental diets, the relative concentration of C18:3 n-3 in 
adipose tissues of pigs fed the SO diet was lower (P < 0.05) than that in pigs fed the 
BT diet. However, the concentrations of α-linolenic acid in the diet and adipose tissue 
may not be correlated strongly especially when the level in the diet is quite low as in 
this study. The essential α-linolenic acid may be desaturated and elongated in the 
body. Probably more importantly, α-linolenic acid may be preferentially oxidized for 
energy generation, leading to a diminished incorporation into adipose tissue as has 
been suggested previously (Leyton, Drury, & Crawford, 1987). The relative 
percentage of C20:4 n-6 (arachidonic acid) in the adipose tissues of pigs fed the SO 
diet was higher, but there was no significant difference for loin, erythrocytes, and 
liver. In contrast, the relative percentage of C22:6 n-3 (docosahexaenoic acid) was 
higher (P < 0.001) in liver of pigs fed BT whereas there was no difference in the loin 
and it was not detectable in adipose tissues and erythrocytes.  
 In the current study, the content of saturated fatty acids (SFA) in adipose 
tissues (P < 0.01) and loin (P < 0.05) of the animals fed BT were higher, but it was 
lower (P < 0.01) in the erythrocytes and there was no change for liver. In all tissues of 
the pigs fed BT, the levels of monounsaturated fatty acids (MUFA) were higher (P < 
0.001) whereas the levels of polyunsaturated fatty acids (PUFA) were higher (P < 
0.001) for the pigs fed the diet containing SO. These results are in agreement with a 
previous study (Hartman, Costello, Libal, & Walhlstrom, 1985). The ratio of 
MUFA/SFA was not different between both treatments whilst the PUFA/SFA ratio 
was markedly increased by feeding sunflower oil. In all tissues except for erythrocytes 
which contained no detectable n-3 polyunsaturated fatty acids, the ratios of n-6/n-3 
and C18:2 n-6/C18:3 n-3 were about two to three times higher for pigs fed the SO diet 
than for those fed the BT diet. In the current study the ratios of n-6/n-3 and C18:2 n-
6/C18:3 n-3 were markedly higher than the recommended value of 4, which is based 
on the presumed effects of dietary polyunsaturated fatty acids on human health 
(Wood, Richardson, Nute,, Fisher, Campo, Kasapidou, ., Sheard, & Enser, 2003). 
However, the higher incorporation of C18:2 n-6 had no adverse effect on meat quality 
which is in accordance with previous results of Hartman, Costello, Libal, & 
Walhlstrom (1985) and those of West and Myer (1987). It is known that a high n6/n3 
PUFA ratio is a risk factor of cancer and coronary heart disease (Assman, Cullen, 
Jossa, Lewis & Mancini, 1999).  Feeding crushed whole linseed had no adverse effect 
on meat quality and could reduce the n-6/n-3 ratio closed to the target level (less than 
4) (Enser, Richardson, Wood, Gill, & Sheard, 2000; Sheard, Enser, Wood, Nute, Gill, 
& Richardson, 2000). Therefore, in further experiments attention may be directed to 
supplements rich in α-linolenic acid in order to produce healthier pork. 
 Nguyen, Nuijens, Everts, Salden, and Beynen (2003) have published 
mathematical relationships for the intake of n-6 and n-3 PUFA and their contents in 
adipose tissue and muscle by using the data of different feeding trials. We used the 
relationships to predict the incorporation of linoleic and α-linolenic acids in adipose 
tissue of the swine in the current study. The predicted levels of linoleic acid and α-
linolenic acid in adipose tissue were close to those actually measured in this study.  
 
4. Conclusion 
 
 In this study, the supplementation of SO at an inclusion level of 5% as fed in 
the diet for growing-finishing pigs had no clear effect on the selected carcass traits  
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Table 4 
Fatty acid composition of subcutaneous and back fat 

 Subcutaneous fat Back fat 

  BT SO 

Signi-
ficance BT SO 

Signi-
ficance 

Analysed fatty acids (g/100g methylester)     
C 14:0 1.56 ± 0.14 1.24 ± 0.21 *** 1.47 ± 0.11 1.02 ± 0.14 *** 
C 16:0 22.97 ± 1.73 20.89 ± 2.56 *** 22.04 ± 1.53 18.67 ± 2.00 *** 
C 17:0 0.66 ± 0.16 0.32 ± 0.09 *** 0.82 ± 0.19 0.36 ± 0.08 *** 
C 18:0 12.80 ± 1.75 11.04 ± 1.75   ** 13.41 ± 1.86 10.64 ± 1.69 *** 
C 20:0 0.16 ± 0.09 0.21 ± 0.03     * 0.15 ± 0.09 0.19 ± 0.05 NS 
C 22:0 ND ND - ND ND - 
C 24:0 ND ND - ND ND - 
∑ SFA 38.19 ± 3.35 33.70 ± 4.43   ** 38.01 ± 3.21 30.88 ± 3.67 *** 
C 16:1 2.13 ± 0.36 1.59 ± 0.35 *** 1.78 ± 0.32 1.10 ± 0.21 *** 
C 17:1 0.50 ± 0.11 0.20 ± 0.08 *** 0.55 ± 0.15 0.19 ± 0.07 *** 
C 18:1n-7 3.44 ± 0.40 2.40 ± 0.42 *** 3.50 ± 0.50 2.06 ± 0.22 *** 
C 18:1n-9 39.05 ± 2.28 35.96 ± 1.99 *** 38.06 ± 1.84 34.47 ± 1.76 *** 
C 20:1n-9 0.88 ± 0.10 0.81 ± 0.11     * 0.92 ± 0.09 0.81 ± 0.07 *** 
C 24:1 ND ND - ND ND - 

∑ MUFA 46.00 ± 2.99 40.95 ± 2.55 *** 44.80 ± 2.56 38.66 ± 2.14 *** 
C 18:2n-6  11.48 ± 3.22 22.29 ± 5.26 *** 12.24 ± 3.13 26.99 ± 3.52 *** 
C 18:3n-3 1.19 ± 0.23 1.01 ± 0.18     * 1.25 ± 0.16 1.08 ± 0.14   ** 
C 18:3n-6 ND ND - 0.00 ±  0.00 0.01 ± 0.03 NS 
C 20:2n-6 0.46 ± 0.11 0.89 ± 0.18 *** 0.47 ± 0.13 1.06 ± 0.09 *** 
C 20:3n-6 0.00 ± 0.00 0.04 ± 0.06     * 0.00 ± 0.00 0.05 ± 0.07   ** 
C 20:3n-3 0.12 ± 0.08 0.05 ± 0.07   ** 0.13 ± 0.08 0.07 ± 0.07     * 
C 20:4n-6 0.15 ± 0.10 0.27 ± 0.06 *** 0.12 ± 0.08 0.25 ± 0.06 *** 
C 20:5n-3 ND ND - ND ND - 
C 22:3 0.00 ± 0.00 0.03 ± 0.06     * 0.00 ± 0.00 0.03 ± 0.06 NS 
C 22:4n-6 0.00 ± 0.00 0.01 ± 0.03 NS 0.00 ± 0.00 0.02 ± 0.05 NS 
C 22:5n-3 0.04 ± 0.07 0.01 ± 0.03 NS 0.02 ± 0.05 0.00 ± 0.00 NS 
C 22:6n-3 ND ND - ND ND - 

∑ PUFA 13.43 ± 3.50 24.59 ± 5.64 *** 14.23 ± 3.23 29.56 ± 3.79 *** 
unknown 2.38 ± 0.63 0.75 ± 0.33 *** 2.96 ± 0.78 0.91 ± 0.26 *** 

MUFA/SFA 1.22 ± 0.16 1.23 ± 0.15 NS 1.19 ± 0.15 1.27 ± 0.20 NS 

PUFA/SFA 0.36 ± 0.11 0.76 ± 0.26 *** 0.38 ± 0.11 0.98 ± 0.26 *** 

∑ n6/∑ n3 9.31 ± 2.88 18.35 ± 4.13 *** 9.46 ± 4.10 24.97 ± 2.76 *** 

18:2n6/18:3n3 9.81 ± 2.99 22.17 ± 3.48 *** 10.00 ± 3.65 25.16 ± 1.57 *** 
BT = beef tallow; SO = sunflower oil 
ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
NS: P > .05; *P < .05; **P < .01; ***P < .001. 
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Table 5 
Fatty acid composition of retroperitoneal fat and loin intramuscular fat 

Retroperitoneal fat Loin 

 BT SO 

Signi-
ficance BT SO 

Signi-
ficance 

Analysed fatty acids (g/100g methylester)     
C 14:0 1.73 ± 0.14 1.22 ± 0.17 *** 1.29 ± 0.23 1.27 ± 0.17 NS 
C 16:0 25.31 ± 2.11 21.74 ± 2.82 *** 23.40 ± 1.90 22.40 ± 1.89 NS 
C 17:0 0.85 ± 0.17 0.33 ± 0.09 *** 0.34 ± 0.07 0.23 ± 0.05 *** 
C 18:0 18.67 ± 2.61 14.73 ± 2.52 *** 12.32 ± 1.15 11.59 ± 1.15 * 
C 20:0 0.22 ± 0.07 0.23 ± 0.04 NS 0.11 ± 0.10 0.17 ± 0.07 NS 
C 22:0 ND ND - ND ND - 
C 24:0 0.01 ± 0.02 0.00 ± 0.00 NS ND ND - 

  ** ∑ SFA 46.89 ± 4.26 38.27 ± 5.37 *** 37.93 ± 2.79 35.32 ± 2.83 
C 16:1 1.56 ± 0.36 0.91 ± 0.22 *** 2.99 ± 0.38 2.23 ± 0.35 *** 
C 17:1 0.43 ± 0.08 0.13 ± 0.07 *** 0.35 ± 0.08 0.14 ± 0.08 *** 
C 18:1 n-7 2.98 ± 0.34 1.59 ± 0.19 *** 3.73 ± 0.30 2.73 ± 0.30 *** 
C 18:1 n-9 32.71 ± 2.24 30.39 ± 1.44 ** 38.45 ± 3.10 35.80 ± 2.12   ** 
C 20:1 n-9 0.63 ± 0.09 0.62 ± 0.08 NS 0.76 ± 0.12 0.73 ± 0.11 NS 
C 24:1 ND ND - ND ND - 

∑ MUFA 38.32 ± 2.72 33.63 ± 1.80 *** 46.55 ± 3.52 41.63 ± 2.63 *** 
C 18:2 n-6  10.40 ± 2.18 25.26 ± 5.27 *** 9.83 ± 2.66 17.54 ± 3.97 *** 
C 18:3 n-3 1.17 ± 0.25 1.00 ± 0.23     * 0.65 ± 0.11 0.58 ± 0.17 NS 
C 18:3 n-6 0.01 ± 0.04 0.00 ± 0.00 NS 0.01 ± 0.06 0.00 ± 0.00 NS 
C 20:2 n-6 0.31 ± 0.05 0.78 ± 0.09 *** 0.28 ± 0.04 0.65 ± 0.13 *** 
C 20:3 n-6 0.00 ± 0.00 0.05 ± 0.06   ** 0.29 ± 0.16 0.23 ± 0.06 NS 
C 20:3n-3 0.02 ± 0.05 0.02 ± 0.04 NS 0.00 ± 0.00 0.01 ± 0.03 NS 

NS C 20:4n-6 0.13 ± 0.08 0.26 ± 0.05 *** 1.60 ± 0.91 1.58 ± 0.60 
C 20:5n-3 ND ND - 0.08 ± 0.14 0.00 ± 0.00 *** 
C 22:3 0.00 ± 0.00 0.05 ± 0.06   ** ND ND - 
C 22:4n-6 0.00 ± 0.00 0.01 ± 0.02 NS 0.17 ± 0.16 0.27 ± 0.07   ** 
C 22:5 n-3 ND ND - 0.34 ± 0.18 0.14 ± 0.09 *** 
C 22:6n-3 ND ND - 0.15 ± 0.17 0.07 ± 0.08 NS 

∑ PUFA 12.05 ± 2.56 27.42 ± 5.68 *** 12.93 ± 4.42 21.07 ± 4.75 *** 
unknown 2.75 ± 0.87 0.69 ± 0.23 *** 2.88 ± 1.18 1.65 ± 0.54 *** 

NS MUFA/SFA 0.83 ± 0.13 0.90 ± 0.16 NS 1.24 ± 0.11 1.17 ± 0.09 

PUFA/SFA 0.26 ± 0.08 0.76 ± 0.31 *** 0.35 ± 0.15 0.61 ± 0.19 *** 

∑ n6/ ∑ n3 9.11 ± 0.43 26.20 ± 2.02 *** 9.82 ± 1.20 27.01 ± 6.57 *** 
18:2 n6/18:3n3 8.86 ± 0.28 25.47 ± 1.68 *** 14.22 ± 2.38 30.61 ± 3.66 *** 
BT = beef tallow; SO = sunflower oil 
ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
NS: P > .05; *P < .05; **P < .01; ***P < .001. 
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Table 6 
Fatty acid composition of erythrocytes, and liver 

Erythrocytes Liver 

 BT SO 

Signi-
ficance BT SO 

Signi-
ficance 

Analysed fatty acids (g/100g methylester)     
C 14:0 0.41 ± 0.04 0.30 *** 0.56 ± 0.27 0.40 ± 0.04  ± 0.37 NS 
C 16:0 26.90 NS     *  ± 1.70 28.00 ± 1.70 15.28 ± 2.14 13.41 ± 3.05 

***   ** C 17:0 1.57 ± 0.18 1.42 ± 0.18 0.98 ± 0.30 0.75 ± 0.29 
*** NS C 18:0 16.20 ± 0.78 18.26 ± 0.78 21.13 ± 4.43 22.06 ± 4.67 
NS C 20:0 0.68 ± 0.09 0.70 ± 0.09 ND ND - 
NS C 22:0 2.96 ± 0.35 2.83 ± 0.35 ND ND - 

    * C 24:0 6.28 ± 0.65 6.81 ± 0.65 ND ND - 

55.29 58.38   ** 38.01 36.65 NS ∑ SFA  ± 2.71  ± 2.71  ± 2.76  ± 1.86 
***   ** C 16:1 0.57 ± 0.07 0.09 ± 0.07 1.04 ± 0.36 0.58 ± 0.53 

*** *** 0.38 ± 0.08 0.07 ± 0.15 C 17:1 0.45 ± 0.06 0.15 ± 0.06 
  ** *** C 18:1 n-7 1.63 ± 0.13 1.10 ± 0.13 1.99 ± 0.24 1.36 ± 0.31 
*** NS C 18:1 n-9 29.08 ± 2.85 25.81 ± 2.85 18.25 ± 4.32 14.98 ± 5.18 
NS     * C 20:1 n-9 1.17 ± 0.16 1.21 ± 0.16 0.18 ± 0.11 0.25 ± 0.08 

NS C 24:1 2.64 ± 0.33 2.67 ± 0.33 ND ND - 

35.53 31.03 *** 21.84 17.24     * ∑ MUFA  ± 2.66  ± 2.66  ± 4.80  ± 6.07 
*** *** C 18:2 n-6  6.09 ± 1.29 7.49 ± 1.29 15.94 ± 3.41 22.54 ± 2.49 

- NS C 18:3 n-3 ND ND 0.93 ± 0.41 0.65 ± 0.42 
- NS C 18:3 n-6 ND ND 0.38 ± 0.17 0.42 ± 0.17 
- *** 0.38 ± 0.10 0.74 ± 0.22 C 20:2 n-6 ND ND 

NS - 0.27 ± 0.28 0.59 ± 0.24 C 20:3 n-6 ND ND 
- ND ND - C 20:3n-3 ND ND 

0.48± 0.22 NS NS C 20:4n-6 0.58 ± 0.21 13.37 ± 3.00 16.03 ± 4.61 
- 0.82 ± 0.26 C 20:5n-3 ND ND 0.16 ± 0.12 *** 
- 0.03 ± 0.09 C 22:3 0.13 ± 0.18 0.16 ± 0.18 0.05 ± 0.09 NS 

ND ND - *** C 22:4n-6 0.65 ± 0.21 1.02 ± 0.29 
- 2.17 ± 0.70 C 22:5 n-3 ND ND 1.22 ± 0.23 *** 

C 22:6n-3 ND ND - 1.63 ± 0.44 1.06 ± 0.21 *** 

∑ PUFA 6.81 ± 1.47 8.14 ± 1.47   ** 36.85 ± 3.21 44.48 ± 5.51 *** 

*** unknown 2.36 ± 1.53 2.45 ± 1.53 NS 3.30 ± 3.37 1.63 ± 4.61 

MUFA/SFA 0.55 ± 0.08 0.57 ± 0.08 NS 0.58 ± 0.17 0.48 ± 0.19 NS 
PUFA/SFA 0.18 ± 0.03 0.17 ± 0.03 NS 0.97 ± 0.12 1.21 ± 0.14 *** 

∑ n6/ ∑ n3 ND ND - 5.91 ± 1.93 13.62 ± 2.68 *** 
18:2 n6/18:3n3 ND ND - 19.85 ± 7.07 45.64 ± 0.12 *** 
BT = beef tallow; SO = sunflower oil 
ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
NS: P > .05; *P < .05; **P < .01; ***P < .001. 
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and meat quality when compared with supplementation of BT at the same level. The 
SO diet increased the incorporation of PUFA, mainly linoleic acid (C18:2 n-6), in the 
various animal tissues. Apparently, under the conditions of this study there was no 
impact of fatty acid composition of tissues on meat quality. 
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ABSTRACT 
 
 The apparent digestibility and deposition in carcass of individual dietary fatty 
acids were determined in growing-finishing pigs fed diets containing either beef 
tallow or sunflower oil. The beef tallow was rich in saturated fatty acids and the 
sunflower oil had a high content of polyunsaturated fatty acids. A total of 39 barrows 
was used; the mean initial body weight was 31 kg. The experimental diets contained 5 
% (w/w) of the variable fat source and were fed ad libitum. The dietary fat type had 
no effect (p > 0.05) on growth performance, even though the apparent digestibilities 
of crude fat and crude protein were higher (p < 0.05) in the animals fed sunflower oil. 
The pigs fed the sunflower oil diet showed higher apparent digestibilities (p < 0.05) of 
the sum of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and 
polyunsaturated fatty acids (PUFA), but had a lower digestibility (p < 0.05) of stearic 
acid (C18:0). The intakes of individual digestible fatty acids were derived from feed 
intake data, fatty acid contents of the diets and the digestibility of individual fatty 
acids. For the entire feeding period of 13 weeks, the ratio of deposition in carcass to 
intake of digestible fatty acids was increased (p < 0.05) for palmitic acid (C16:0) and 
C18:0 in the pigs fed sunflower oil, but the ratios for oleic acid (C18:1 n-9) and 
linoleic acid (C18:2 n-6)  were decreased (p < 0.001). In the pigs fed sunflower oil 
instead of beef tallow, the deposition:intake ratio was raised for the SFA (p < 0.001), 
but diminished for the MUFA (p < 0.05) . The calculated minimum de novo synthesis 
of SFA was increased (p < 0.05) and that of MUFA decreased (p < 0.05) in the pigs 
fed sunflower oil. It is concluded that the feeding of a diet with sunflower oil instead 
of beef tallow improved apparent digestibility of SFA, MUFA and PUFA, increased 
the deposition:digestible intake ratio for SFA, but lowered that for MUFA and PUFA. 
 
Keywords: Pig; Dietary fat type; Digestibility; Fatty acid deposition; Fatty acid 
metabolism 
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INTRODUCTION 
 

In relation to the development of cardiovascular disease in humans, there are 
concerns about the use of animal fats as feed ingredients for production animals, 
causing a shift towards the use of vegetable oils (Van Oeckel et al., 1996). Thus, the 
effects on production animals of dietary inclusion of vegetable oils, instead of animal 
fat, are of interest. In general, pigs digest vegetable oils rich in unsaturated fatty acids 
more efficiently than they do animal fats rich in saturated fatty acids (Cera et al., 
1988, , 1990; Jorgensen et al., 1996). The fatty acid composition of subcutaneous and 
intramuscular fat of pigs reflects the fatty composition of the diet (Nguyen et al., 
2003). In particular, the percentage in the dietary fat of linoleic acid (C18:2 n-6) and 
alpha-linolenic acid (C18:3 n-3) is directly related to the percentage of these fatty 
acids in the adipose tissue (Nguyen et al., 2003). This direct relationship may relate to 
the fact that linoleic and alpha-linolenic acid are essential fatty acids that cannot be 
synthesized in the body of pigs. Thus, the production of swine meat rich in linoleic 
acid can be achieved by feeding a diet rich in this polyunsaturated fatty acid. 

In the body there is metabolism of fatty acids. Upon digestion, dietary fatty 
acids may be oxidized or deposited in tissues. Except for the two essential 
polyunsaturated fatty acids, there is de novo synthesis of fatty acids from acetyl-CoA 
derived from carbohydrate and/or protein breakdown (Acheson et al., 1988). The 
complex metabolism of fatty acids implies that the deposition in the carcass of 
individual dietary fatty acids may not be directly related to their intake. The aim of 
this study was to gain insight into the interactions between metabolism and intake of 
individual fatty acids in growing-finishing swine. As a measure, we used for 
individual fatty acids the ratio of deposition in carcass to the amount digested. It was 
hypothesized that the ratios would be influenced by the type of fat in the diet. In the 
light of the increased interest in the use of vegetable oils for manufacturing animal 
feeds we compared the feeding of beef tallow with that of sunflower oil in growing-
finishing pigs.   
 

MATERIALS AND METHODS 
 
Animals, diets and feeding 

Thirty-nine castrated, male pigs (Landrace × Large White × Duroc crossbred) 
with average body weight of 31 kg were used (Mitchaothai et al., 2007). The study 
was conducted at the Sakon Nakhon Agricultural Research and Training Center, 
Rajamangala University of Technology-Isan, Thailand. Three pigs with an average 
body weight of 31 kg were selected to be killed for baseline measurements. Then, the 
remaining pigs were allotted to one of the two dietary treatments on the basis of body 
weight and were housed in 12 pens with 3 pigs each (6 pens per treatment). The pigs 
were allowed ad libitum access to feed and water throughout the experiment. Feed 
consumption was recorded twice a day. There were two experimental diets containing 
either beef tallow (Montee slaughter house, Phangkhon, Sakon Nakhon, Thailand) or 
sunflower oil (Aro®, Siam Makro Ltd., Bangkapi, Bangkok, Thailand) (Table 1). The 
other ingredients were purchased locally. To determine macronutrient digestibility, 
the pigs were kept individually in metabolism cages during weeks 4 and 10 after the 
start of the experiment. The pigs were weighed weekly until the end of the 
experiment. All pigs were slaughtered at an average body weight of 96 kg in a 
commercial slaughterhouse. 
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Table 1. Ingredient and analysed composition of the diets on as-fed basis  
 Beef tallow diet Sunflower oil diet 
Raw materials (%)   
Cassava chips 45.53 45.53 
Soybean meal (44% CP) 34.00 34.00 
Extruded soy beans   7.00   7.00 
Beef tallow   5.00 - 
Sunflower oil -   5.00 
Molasses   4.00   4.00 
Calcium carbonate   1.00   1.00 
Di-calcium phosphate   2.70   2.70 
NaCl   0.35   0.35 
DL-Methionine   0.17   0.17 
Premix*   0.25   0.25 
Analysed macronutrients (%)   
Dry matter            86.5            86.3 
Crude protein            19.3            19.2 
Crude fat              6.8              6.7 
Dietary fiber              4.7              4.9 
Ash              7.7              8.2 
*1 kilogram of vitamin and mineral premix contained: 325,000 IU vitamin A; 75,000 
IU vitamin D3; 75 IU vitamin E; 1 mg vitamin B12; 80 mg vitamin K3; 300 mg 
riboflavin; 1,200 mg niacinamide; 540 mg pantothenic acid; 6,000 mg choline 
chloride; 4,700 mg Fe; 6,500 mg Zn; 4,500 mg Mn; 20 mg Co; 1,400 mg Cu and 45 
mg I. 
 
Collection and pre-treatment of samples 
 The three pigs for baseline measurements were killed by an intravenous 
overdose of sodium pentobarbital (200 mg/kg of body weight). Pigs were scalded, the 
head was removed, and the carcass was split into halves along the median plane. Both 
sides of the pig carcass, head, visceral organs (minus gastrointestinal contents), blood 
and perirenal fat were weighed, wrapped in a polyethylene bag to prevent evaporative 
moisture losses, and then frozen at –20 oC for at least 1 week before analysis. Upon 
removal from the freezer, each sample was weighed and sawed in cross-sectional 
slices (2.54 cm) along its length (Shields et al., 1983). The sawed carcass samples 
were dried at 60 oC for 1 week in a forced-hot air oven and were then ground once 
through a 0.2-cm plate and twice through a 0.1-cm plate by a hammer mill. 

The 36 pigs in the feeding trial were sacrificed at 13 weeks after the start. 
Carcass measurements of loin eye area (LEA,cm2) and back fat depth at the 10th rib 
(FD10R) were done as described previously (Wagner et al., 1999). Samples of back 
fat at midline between the 3rd and 4th rib, right inguinal subcutaneous fat, 
retroperitoneal fat, loin, liver, and erythrocytes were collected to determine fatty acid 
composition. 
 
Chemical analyses 

The diet and faeces samples were dried at 60 oC for 72 h in a forced-hot air 
oven and were then analysed for crude protein, crude fiber, and ash (AOAC, 1990). 
The dried meat, liver, and whole carcass samples were analysed for moisture and fat 
(AOAC, 1990). The fat extracted from meat was defined as intramuscular fat (IMF). 

 36 



Dietary fat type – fatty acid digestion & deposition 

 Total fat in the fresh and dried samples (diets, faeces, adipose tissues, loin, and 
liver) were extracted as described previously (Horwitz, 1975). Each sample was added 
to a flask and 2 ml of ethanol was added. Subsequently, 10 ml of HCl (8 mol/L) was 
added; the contents were gently mixed, and the flask was placed in a water-bath of 80 
oC for 30-40 min. The tubes were cooled down, 10 ml of ethanol (96%, w/w) and 25 
ml of petroleum ether (boiling point between 40 and 60 oC) were added and the tube 
was shaken for one min. The fat-containing upper layer was decanted into a 150-ml 
round-bottom flask. The extraction procedure was repeated twice with 15 ml of 
diethyl ether and 15 ml of petroleum ether and the lipid extract was evaporated to 
dryness under N2 in a water-bath of 40 oC. The round-bottom flasks with the lipids 
were dried overnight at 60 oC and the total lipids were measured gravimetrically. 
Total lipids were saponified and methylated according to the procedure of Metcalfe et 
al. (1966) followed by gas chromatography for determination of fatty acid 
composition (Javadi et al., 2004). 
 
Estimation of carcass fat content  
 The total lean mass and the total fat mass in the whole body were estimated by 
the using the following equations (Schinckel et al., 2001). Fat-free, total lean mass 
(kg) = 5.00 + [0.434 × carcass weight (kg)] + [0.168 × LEA (cm2)] + [(-3.38) × 
FD10R (cm)]. Total fat mass (kg) = (-10.7) + [0.395 × carcass weight (kg)] + [(-
0.150) × LEA (cm2)] + [4.49 × FD10R (cm)]. Thus, intramuscular fat mass = fat-free, 
lean mass (kg) × [fraction IMF × (100 - fraction IMF)-1]. Based on literature data 
(Enser et al., 2000; Irie and Sakimoto, 1992; Otten et al., 1993), it can be concluded 
that the fatty acid profiles of adipose tissue from different sites do not differ much. 
Thus, the average percentage of fatty acids from different sites of adipose tissue can 
be considered to be representative for the whole body mass of adipose tissue. The 
amount of fat in blood is negligible because dried blood meal only contains 1.6% fat 
(NRC, 1998) and therefore was not taken into account. Thus, the mass (kg) of adipose 
tissue equals total fat mass (kg) in whole body – fat mass (kg) in muscle (IMF) – fat 
mass (kg) in liver.  
 
Calculation of digestible fatty acid intake, fatty acid deposition and minimum de 
novo synthesis 
 The total digestible fatty acid intake was calculated as fatty acid intake (kg/13 
weeks) × average apparent fatty acid digestibility (fraction of intake). The deposition 
of fatty acids was calculated with the following formula. Fatty acid deposition (kg/13 
weeks) = carcass content of fatty acid at the end of the study – carcass content of fatty 
acid at the start of the study. Carcass content of fatty acid at the end (kg) was 
calculated as the sum of adipose tissue mass (kg) × fraction of adipose fatty acid, IMF 
mass (kg) × fraction of IMF fatty acid and fat mass in liver (kg) × fraction of liver 
fatty acid. The ratio of fatty acid deposition and digestible fatty acid intake was 
calculated for selected individual fatty acids and groups of fatty acids. Absorbed fatty 
acids can be deposited in the body, oxidized to generate energy or transformed into 
other fatty acids. In addition, various fatty acids can be synthesized de novo in the 
body. In this study, it was not possible to quantify fatty acid oxidation, transformation 
and synthesis, but fatty acid absorption and deposition could be determined. By 
subtracting the intake of digestible fatty acids from the amount deposited, an estimate 
of minimum de novo synthesis was obtained. 
 

 37



Chapter 3 

Statistical analyses 
The effect of dietary fat type was evaluated for statistical significance by the 

Student’s t test (SPSS, 1999). The results are expressed as means ± SD. There were 6 
experimental units per treatment for the measurement of growth performance, 
digestible fatty acid intake, fatty deposition, the ratio of digestible intake:deposition, 
and minimum de novo synthesis. All experimental pigs were kept individually in 
metabolism cages during collecting period for macronutrient digestibility 
determination, therefore there were 18 experimental units used for analysis of 
macronutrient and fatty acid digestibility according to the following model: 

Yijk = μ + Di + Pj + eijk 
where μ is the overall mean; Di is dietary treatment; Pj is period of the sample 
collection; and eijk is the error term. 
 

RESULTS 
Dietary fatty acid composition 
 The fatty composition of the experimental diets is shown in Table 2. The fat 
component of the beef tallow diet contained approximately 53 % total saturated fatty 
acids (SFA), whereas that of the sunflower oil diet contained approximately 51 % 
total polyunsaturated fatty acids (PUFA). 
 
Table 2. Analysed fatty acid composition of the experimental diets 
 Beef tallow diet Sunflower oil diet 
Fatty acid, g methylester/100 g methylesters 
C 14:0 (Myristic acid) 1.48 0.05 
C 15:0 (Pentadecanoic acid) 0.51 0.06 
C 15:1 (Pentadecenoic acid) 0.37 0.37 
C 16:0 (Palmitic acid) 19.23 9.26 
C 16:1 (Palmitoleic acid) 0.68 0.04 
C 17:0 (Margaric acid) 1.59 0.05 
C 17:1 (Heptadecenoic acid) 0.28 0.00 
C 18:0 (Stearic acid) 29.48 4.34 
C 18:1 n-9 (Oleic acid) 21.91 31.52 
C 18:1 n-7 (Vaccenic acid) 4.71 1.11 
C 18:2 n-6 (Linoleic acid) 11.65 49.07 
C 18:3 n-6 (γ-linolenic acid) 0.32 0.00 
C 18:3 n-3 (α-linolenic acid) 1.63 1.42 
C 20:0 (Arachidic acid) 0.44 0.34 
C 20:1 n-9 (Eicosenoic acid) 0.48 0.39 
C 20:5 n-3 (Eicosapentaenoic acid) 0.05 0.05 
C 22:0 (Behenic acid) 0.02 0.77 
C 22:1 n-9 (Erucic acid) 0.00 0.11 
C 24:0 (Lignoceric acid) 0.10 0.33 
Unidentified fatty acids 4.75 0.57 
Σ Saturated fatty acids (SFA) 52.92 15.27 
Σ Monounsaturated fatty acids (MUFA) 28.49 33.60 
Σ Polyunsaturated fatty acids (PUFA) 13.65 50.54 
Σ SFA = C8:0 + C10:0 + C14:0 + C15:0 + C16:0 + C18:0 + C20:0 + C22:0 + C24:0  
Σ MUFA = C14:1 + C15:1 + C16:1 + C17:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 + C22:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 + C18:3 n-6 + C18:4 n-3 + C20:5 n-3 
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Growth performance and nutrient digestibility 
The initial body weight of the pigs to be fed the diets containing either beef 

tallow or sunflower oil was 30.9 ± 3.4 kg and 31.1 ± 3.1 kg, respectively. The final 
body weight of pigs fed beef tallow diet or sunflower oil was 95.6 ± 6.1 kg and 96.5 ± 
8.4 kg, respectively. The average daily gain (ADG) and the feed:gain ratio for the pigs 
given the diet with beef tallow diet or sunflower oil diet were 0.790 ± 0.06 kg/day and 
0.809 ± 0.07 kg/day, respectively. There was no diet effect (p > 0.05) on feed intake, 
growth (ADG), feed conversion ratio (feed:gain) and final body weight. 

The pigs fed the sunflower oil diet had significantly higher apparent 
digestibilities of dry matter (DM) (p < 0.01), organic matter (OM) (p < 0.01), crude 
protein (p < 0.05) and crude fat (p < 0.001) than those fed the beef tallow diet (Table 
3) with an effect of time (p < 0.05) on crude fat digestibility. 

Table 4 shows the apparent digestibility values for selected individual fatty 
acids and groups of fatty acids. The digestibility was calculated only for fatty acids 
with a dietary content higher than 0.04 g/100 g of the total fat so that the impact of 
faecal excretion of endogenous fatty acids would not be overwhelming. The palmitic 
acid (C16:0) digestibility for the sunflower oil diet was greater (p < 0.001) than that 
for the beef tallow diet, but for the sunflower oil diet the stearic acid (C18:0) 
digestibility was lower (p < 0.001). The pigs fed the sunflower oil diet displayed a 
significantly greater digestibility (p < 0.001) of oleic acid (C18:1 n-9) than those fed 
the beef tallow diet. The apparent digestibilities of linoleic acid (C18:2 n-6) and 
alpha-linolenic acid (C18:3 n-3) were greater (p < 0.001) for the sunflower oil diet 
with an effect of time (p < 0.001) (Table 4). The digestibilities of SFA, 
monounsaturated fatty acids (MUFA), and PUFA for the sunflower oil diet were 
significantly higher (p < 0.001) than those for the beef tallow diet. 
 
Table 3. Effect of dietary fat type on apparent macronutrient digestibility. 
 Beef tallow diet  Sunflower oil diet Time Diet 
Apparent digestibility, % of intakes    
 Dry matter 89.7 ± 2.2 91.3 ± 2.4 0.504 0.003 
 Organic matter 91.3 ± 1.8 92.8 ± 2.1 0.270 0.003 
 Crude fat 76.7 ± 6.5 82.3 ± 5.7 0.047 0.000 
 Crude protein 89.0 ± 2.5 90.6 ± 3.6 0.056 0.036 
Means ± SD for 18 pigs per experimental diet. 
 
Table 4. Effect of dietary fat type on apparent fatty acid digestibility 
 Beef tallow 

diet  
Sunflower oil 

diet 
 

Time Diet 
Apparent digestibility, % of intakes    
C 16:0 (Palmitic acid) 75.2 ± 6.2 85.6 ± 4.7  <0.001  <0.001 
C 18:0 (Stearic acid)   58.7 ± 11.1   39.8 ± 16.0    0.190  <0.001 
C 18:1 n-9 (Oleic acid) 94.7 ± 1.4 96.3 ± 1.7  <0.001  <0.001 
C 18:2 n-6 (Linoleic acid) 94.6 ± 1.7 96.3 ± 2.4  <0.001    0.001 
C 18:3 n-3 (α-linolenic acid) 94.8 ± 2.4 97.0 ± 2.1  <0.001  <0.001 
Σ Saturated fatty acids (SFA) 71.0 ± 7.7 77.5 ± 6.5  <0.001  <0.001 
Σ Monounsaturated fatty acids (MUFA) 91.7 ± 3.3 97.5 ± 1.9  <0.001  <0.001 
Σ Polyunsaturated fatty acids (PUFA) 94.7 ± 2.0 96.6 ± 2.2  <0.001  <0.001 
Means ± SD for 18 pigs per experimental diet. 
Σ SFA = C8:0 + C10:0 + C14:0 + C15:0 + C16:0 + C18:0 + C20:0 + C22:0 + C24:0  
Σ MUFA = C15:1 + C16:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 
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Digestible fatty acid intake and deposition 
 The intake of digestible palmitic and stearic acid of  the pigs fed the beef 
tallow diet was greater (p < 0.001) than that of the pigs fed the sunflower oil diet, 
whereas the pigs fed the sunflower oil diet had a higher (p < 0.001) intake of 
digestible oleic and linoleic acid (Table 5). There was no difference (p > 0.05) for the 
intake of digestible alpha-linolenic acid. The pigs fed the sunflower oil diet had a 
greater intake of total digestible fatty acids (FA) (p < 0.05), MUFA (p < 0.05) and 
PUFA (p < 0.001), but had a lower intake (p < 0.001) of digestible SFA. When the 
fatty acids were pooled according to their structural similarities, the sunflower oil diet 
was found to provide more digestible n-9 MUFA and n-6 PUFA (p < 0.001), whereas 
the amount of digestible n-3 PUFA was similar to (p > 0.05) that provided by the beef 
tallow diet. 

The analysed whole body of the pigs at baseline contained an average total fat 
mass of 4.05 kg. The calculated total fat mass in the carcass at the end of the 
experiment was 22.82 ± 4.02 kg and 23.42 ± 4.15 kg, n = 18 (p = 0.696) for the pigs 
fed the beef tallow and sunflower oil diet, respectively. The pigs fed beef tallow diet 
had deposited more (p < 0.05) stearic acid, but less (p < 0.001) linoleic acid when 
compared with the pigs fed the sunflower oil diet (Table 5). There was no difference 
(p > 0.05) between both diets in the deposition of palmitic acid, oleic acid and alpha-
linolenic acid. The pigs fed the sunflower oil diet did deposit more PUFA (p < 0.001) 
than those fed beef tallow diet, but no significant difference (p > 0.05) was seen for 
the deposition of total FA, SFA and MUFA. There was more deposition (p < 0.001) of 
n-6 PUFA in the pigs fed the sunflower oil diet, but that of the n-9 MUFA and n-3 
PUFA was similar (p > 0.05) as in the pigs fed the beef tallow diet. 

The deposition:intake ratios for palmitic and stearic acid in the pigs fed the 
sunflower oil diet were greater (p < 0.01) than those in their counterparts fed the beef 
tallow diet. The ratio for stearic acid was extremely high for the pigs fed the diet 
containing sunflower oil (Table 5). However, the pigs fed sunflower oil had a lower 
deposition:intake ratio (p < 0.001) for both oleic and linoleic acid. There was no diet 
effect (p > 0.05) on the deposition:intake ratio for alpha-linolenic acid, the ratio for 
the two groups of pigs being less than one. There were greater ratios (p < 0.01) for 
total FA, MUFA, PUFA, n-6 PUFA and n-9 MUFA in pigs fed the beef tallow diet, 
but the ratio of SFA was higher (p < 0.01) in pigs fed the sunflower oil diet. 
 
Minimum de novo synthesis 

Based on the calculation of minimum de novo synthesis, the pigs fed the diet 
containing sunflower oil had a greater synthesis (p < 0.05) of SFA, but lower 
synthesis (p < 0.05) of MUFA when compared with their counterparts fed beef tallow 
(Table 6). 
 

DISCUSSION 
 

The main fatty acids in the diet containing beef tallow diet were stearic and 
palmitic acid, whereas the sunflower oil diet was very rich in linoleic acid, 
corroborating our previous study (Mitchaothai et al., 2007). The amounts of oleic acid 
in the two diets was not much different. Thus, the beef tallow diet is representative for 
diets rich in saturated fatty acids, whereas the sunflower oil diet may represent diets 
rich in n-6 polyunsaturated fatty acids. This could imply that the two dietary 
treatments are a reference for other diets with similar fatty acid compositions. 
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Table 5. Effect of dietary fat type on digestible fatty acid intake, fatty acid deposition and the 
deposition:intake ratio during the whole feeding period  
Fatty acid Beef tallow diet  Sunflower oil diet p value 
Digestible fatty acid intake (kg/13 weeks)  
C 16:0 (Palmitic acid) 2.24 ± 0.21 1.24 ± 0.16 <0.001 
C 18:0 (Stearic acid) 2.69 ± 0.37 0.21 ± 0.05 <0.001 
C 18:1 n-9 (Oleic acid) 3.22 ± 0.28 4.59 ± 0.62 <0.001 
C 18:2 n-6 (Linoleic acid) 1.76 ± 0.16 7.14 ± 0.98 <0.001 
C 18:3 n-3 (α-linolenic acid) 0.24 ± 0.02 0.21 ± 0.03 0.059 
Σ Fatty acids (FA)  11.93 ± 1.20 14.47 ± 1.98 0.023 
Σ Saturated fatty acids (SFA) 5.26 ± 0.61 1.70 ± 0.21 <0.001 
Σ Monounsaturated fatty acids (MUFA) 3.91 ± 0.36 4.65 ± 0.63 0.031 
Σ Polyunsaturated fatty acids (PUFA) 2.00 ± 0.18 7.35 ± 1.00 <0.001 
Σ n-9 Monounsaturated fatty acids 3.29 ± 0.29 4.64 ± 0.63 <0.001 
Σ n-6 Polyunsaturated fatty acids 1.76 ± 0.16 7.14 ± 0.98 <0.001 
Σ n-3 Polyunsaturated fatty acids 0.24 ± 0.02 0.21 ± 0.03 0.059 
Total fat content at the start (kg) 4.05 ± 0.80 4.05 ± 0.80            - 
Total fat content at the end (kg) 22.83 ± 4.02 23.42 ± 4.15 0.696 
Fatty acid deposition (kg/13 weeks)  
C 16:0 (Palmitic acid) 4.55 ± 0.82 3.75 ± 0.73 0.106 
C 18:0 (Stearic acid) 3.08 ± 0.55 2.39 ± 0.48 0.045 
C 18:1 n-9 (Oleic acid) 6.63 ± 1.32 5.87 ± 0.98 0.284 
C 18:2 n-6 (Linoleic acid) 1.81 ± 0.28 4.69 ± 0.86 <0.001 
C 18:3 n-3 (α-linolenic acid) 0.19 ± 0.03 0.17 ± 0.03 0.195 
Σ Fatty acids (FA)  18.53 ± 3.21 18.24 ± 3.09 0.877 
Σ Saturated fatty acids (SFA) 7.97 ± 1.43 6.39 ± 1.26 0.070 
Σ Monounsaturated fatty acids (MUFA) 7.71 ± 1.53 6.51 ± 1.06 0.144 
Σ Polyunsaturated fatty acids (PUFA) 2.10 ± 0.33 5.11 ± 0.94 <0.001 
Σ n-9 Monounsaturated fatty acids 6.79 ± 1.35 6.01 ± 0.99 0.284 
Σ n-6 Polyunsaturated fatty acids 1.93 ± 0.30 4.96 ± 0.90 <0.001 
Σ n-3 Polyunsaturated fatty acids 0.18 ± 0.03 0.19 ± 0.04 0.173 
Deposition : intake ratio  
C 16:0 (Palmitic acid) 2.03 ± 0.35 3.06 ± 0.60 0.005 
C 18:0 (Stearic acid) 1.16 ± 0.25 11.90 ± 3.96 <0.001 
C 18:1 n-9 (Oleic acid) 2.05 ± 0.32 1.29 ± 0.18 <0.001 
C 18:2 n-6 (Linoleic acid) 1.03 ± 0.16 0.69 ± 0.09 <0.001 
C 18:3 n-3 (α-linolenic acid) 0.80 ± 0.10 0.79 ± 0.14 0.972 
Σ Fatty acids (FA)  1.55 ± 0.23 1.27 ± 0.19 0.041 
Σ Saturated fatty acids (SFA) 1.53 ± 0.29 3.80 ± 0.78 <0.001 
Σ Monounsaturated fatty acids (MUFA) 1.97 ± 0.30 1.41 ± 0.20 0.003 
Σ Polyunsaturated fatty acids (PUFA) 1.05 ± 0.16 0.69 ± 0.09 <0.001 
Σ n-9 Monounsaturated fatty acids 2.06 ± 0.32 1.30 ± 0.18 <0.001 
Σ n-6 Polyunsaturated fatty acids 1.10 ± 0.17 0.70 ± 0.09 <0.001 
Σ n-3 Polyunsaturated fatty acids 0.74 ± 0.08 0.71 ± 0.16 0.685 
Means ± SD for 6 experimental units per diet; each experimental unit consisted of a pen with three pigs 
each. The fatty acid content of the pigs at the start as follows (kg): C16:0 (0.86), C18:0 (0.33), C18:1 n-
9 (1.56), C18:2 n-6 (0.56), C18:3 n-3 (0.05), FA (3.85), SFA (1.26), MUFA (1.26), PUFA (0.66), total 
n-9 (1.58), total n-6 (0.59), and total n-3 (0.07). 
Σ FA = Σ SFA + Σ MUFA + Σ PUFA 
Σ SFA = C10:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0  
Σ MUFA = C16:1 + C17:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 + C22:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 + C18:3 n-6 + C20:5n-3 
Σ n-9 = C20:1 n-9 + C22:1 n-9 
Σ n-6 = C18:2 n-6 + C18:3 n-6 
Σ n-3 = C18:3 n-3 + C20:5n-3 

 41



Chapter 3 

 
Table 6. Effect of dietary fat type on minimum de novo synthesis of fatty acids during 
the whole feeding period 
Fatty acid Beef tallow diet  Sunflower oil diet p value 
Minimum synthesis (kg/13 weeks)  
Saturated fatty acids (SFA) 2.71 ± 1.44 4.70 ± 1.22 0.028 
Monounsaturated fatty acids (MUFA) 3.81 ± 1.32 1.86 ± 0.92 0.014 
Means ± SD for 6 experimental units per diet; each experimental unit consisted of a 
pen with three pigs each. 
Σ SFA = C10:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0  
Σ MUFA = C16:1 + C17:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 + C22:1 n-9 
 

The pigs fed either the beef tallow or sunflower oil diet showed no difference 
in growth performance. This observation agrees with previous investigations (Cera et 
al., 1990; Smith et al., 1996; Wiseman and Agunbiade, 1998).  Thus, the vegetable 
sunflower oil can be substituted for the animal fat, beef tallow, without any adverse 
effect on growth performance. However, the crude fat and protein components of the 
sunflower oil diet had a higher apparent digestibility than had these components of the 
beef tallow diet. The higher digestibility of oils rich in linoleic acid, as opposed to fats 
rich in saturated fatty acids, is well known (Cera et al., 1989; Li et al., 1990). Lessire 
and Leclereq (1982) found in poultry that fat digestibility was increased with higher 
degrees of unsaturation in the C18 fatty acids. This could be the result of more 
micelles with unsaturated instead of saturated fatty acids (Stahly, 1984). More micelle 
formation could explain the higher fat digestibility in the pigs fed the diet with 
sunflower oil. It is difficult to see why dietary sunflower oil versus beef tallow would 
raise apparent protein digestibility, but similar observations have been reported earlier 
(Li et al., 1990). The increase in apparent digestibility of fat and protein in pigs fed 
the diet containing sunflower oil diet explains the observed higher digestibilities of 
dry matter and organic matter. The higher digestibility of the sunflower oil diet is in 
accordance with the observed tendencies towards, higher group mean final body 
weight and lower feed:gain ratio in the pigs fed sunflower oil. The differences did not 
reach statistical significance, which may relate to low statistical power.  

The fat type had marked effects on the apparent digestibility of individual fatty 
acids. The palmitic, oleic, linoleic and alpha-linolenic acids in sunflower oil were 
digested more efficiently than these same fatty acids, but present in beef tallow. On 
the other hand, the stearic acid in sunflower oil was less well digested than that in beef 
tallow. A combination of different factors may be responsible for the observed diet-
induced differences in apparent digestibility of identical fatty acids. As mentioned 
above, the total digestibility of sunflower oil was greater than that of beef tallow, 
which may relate to enhanced micelle formation after feeding sunflower oil. An 
improved micelle formation may favourably influence the digestion of all fatty acids 
in the diet. The position of a given fatty acid in the triacylglycerol molecule also plays 
a role. Fatty acids at the 2 position of glycerol in triacylglycerol molecules are better 
digested than those at the 1,3 position (Bracco, 1994; Innis and Dyer, 1997; Nelson 
and Innis, 1999). During digestion, the pancreatic lipase action specifically removes 
fatty acids at the 1,3 position while the resulting monoacylglycerol molecule is 
efficiently incorporated into micelles (Lien, 1994), leading to preferential absorption 
of fatty acids at the 2 position of the glycerol backbone of triacylglycerols. The intake 
level of a given individual fatty acid and its faecal excretion of endogenous origin will 
also affect the calculated apparent digestibility. A low intake level in combination 
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with a high endogenous excretion will by itself lead to a low apparent digestibility. 
When comparing the digestibilities of palmitic and stearic acid for the sunflower oil 
and beef tallow diet, the values for the sunflower oil diet may biased to lower values 
because their intake levels were lower on the sunflower oil diet. On the other hand, 
the apparent digestibility for linoleic acid on the sunflower oil diet may be biased 
towards a higher value. 
 The calculated intake of digestible fatty acids reflects the amount in the diet 
and feed intake, combined with the measured apparent digestibility. The deposition in 
the body of fatty acids was calculated as based on the fatty acid composition of the 
total body fat that was gained during the entire feeding period. As would be expected, 
the pigs fed the sunflower oil diet deposited more linoleic acid and those fed beef 
tallow had deposited more stearic acid in their whole body. Similar data have been 
shown for mice (Javadi et al., 2004) and goats (Yeom et al., 2005). The increased 
deposition of palmitic acid in the pigs fed the beef tallow diet did not reach statistical 
significance. 

To obtain clues as to preferential deposition of fatty acids, the ratio of 
deposition of a given fatty acid or group of fatty acids to the intake of digestible fatty 
acid or group of fatty acids was calculated. The deposition:intake ratio for fatty acid 
reflects the net amount synthesized and/or the proportion of the digested fatty acid not 
oxidized. A deposition:intake ratio > 1 would point at net de novo synthesis, whereas 
a ratio < 1 would indicate net oxidation. The low deposition:intake ratio for linoleic 
acid in the pigs fed sunflower oil is consistent with the well-known preferential 
oxidation of linoleic acid (Cunnane and Anderson, 1997; Jones et al., 1985; Yeom et 
al., 2005) and the fact that linoleic acid cannot be synthesized by pigs (Azain, 2000; 
Nguyen et al., 2005). The deposition:intake ratio for the essential polyunsaturated 
fatty acids, linoleic and alpha-linolenic acid, cannot be higher than 1. Indeed, the 
ratios for alpha-linolenic acid in both groups and the ratio for linoleic acid in the pigs 
fed the sunflower oil diet were below 1. The pigs fed beef tallow had a group mean 
deposition:intake ratio for linoleic acid that was just above 1, but was not significantly 
higher than 1. The extremely high deposition:intake ratio for stearic acid in pigs fed 
the sunflower oil diet is explained by a relatively low intake and high net synthesis of 
this fatty acid. 
 The pigs fed sunflower oil instead of beef tallow had a higher 
deposition:intake ratio for SFA, but lower ratios for MUFA and PUFA. The diet effect 
on the ratios for SFA and MUFA can be explained by the calculated minimum 
synthesis of these groups of fatty acids. Feeding the diet containing sunflower oil 
stimulated the synthesis of SFA, but depressed that of MUFA. This might point at de 
novo fatty acid synthesis being regulated to balance the amount of saturated and 
unsaturated fatty acids in the body because the intake of linoleic acid was very high in 
the pigs fed the diet with sunflower oil.  
 In conclusion, the inclusion of sunflower oil instead of beef tallow in the diet 
for growing-finishing pigs had no negative effect growth performance, but rather 
improved the digestibility of crude fat and protein. Feeding the diet with sunflower oil 
produced a markedly increased deposition of linoleic acid in the whole body. For 
groups of fatty acids, the ratio of deposition in the whole body to the intake of 
digestible fatty acids was calculated. It then became clear that the type of dietary fat 
had marked, specific effects on the synthesis and oxidation of fatty acids. Thus, not 
only the composition of dietary fat, but also synthesis and oxidation, determine the 
fatty acid pattern of deposited tissues in a concerted way. 
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Chapter 4 

ABSTRACT 
 

The influence of dietary beef tallow (BT) versus sunflower oil (SO) on meat 
quality and apparent digestibility and deposition of individual fatty acids in whole 
carcass was investigated by using 39 castrated male growing pigs. The pigs were fed a 
diet containing either 5% (wt/wt) BT or 4.5% (wt/wt) SO. The diets contained equal 
amounts of metabolizable energy in the form of the variable fats and were fed on an 
iso-energetic, restricted basis. As would be expected crude fat in the SO diet was 
better digested (P < 0.001) than that in the BT diet. The dietary fat type had no effect 
(P > 0.05) on growth performance. Physical properties of carcass and meat quality 
were not affected (P > 0.05) by the type of fat in the diet. The pigs fed the BT diet 
showed a lower (P < 0.001) apparent digestibilities for palmitic and linoleic acid, but 
that of oleic and α-linolenic acid was not affected (P > 0.05). The ratio of deposition 
in carcass to intake of digestible fatty acids for the whole feeding period was 
increased (P < 0.01) for oleic and linoleic acid in pigs fed the SO diet. The pigs fed 
the SO diet instead of the BT diet had a lowered (P < 0.05) deposition:intake ratio of 
MUFA. The calculated minimum de novo synthesis of SFA was increased for the SO 
diet, but that of MUFA was not different (P > 0.05). In conclusion, the iso-energetic 
replacement of BT by SO had a marked impact of the fatty acid composition of 
tissues, but did not affect carcass and meat quality traits in spite of the marked 
increase in the deposition of linoleic acid in the adipose tissues, loin muscle, and 
whole body. After calculating the deposition:digestible intake ratio for individual fatty 
acids, it became clear that the type of dietary fat had marked, specific effects on the 
synthesis and oxidation of fatty acids. 
 
Keywords: deposition, digestibility, fat type, fatty acid, meat quality, pigs 
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INTRODUCTION 
 

There is great interest in the use of vegetable oils instead of animal fat as 
dietary fat source for pig production. Vegetable oils are generally rich in PUFA, 
which will be reflected in the pig meat (Nguyen et al., 2003), thus yielding healthy 
meat for human consumption, but their technical quality may be diminished due to 
high susceptibility to oxidation and low consistency (Rey et al., 2001; Ramirez et al., 
2004; Guo et al., 2006). In addition, there is increasing concern among the general 
public about the use of animal feedstuffs, including animal fat, for formulating pig 
diets. Thus, the stage is set for further collecting data on the effects of vegetable 
versus animal fats in pig diets. In general, vegetable oils are better digested by pigs 
than are animal fats (Cera et al., 1988; Cera et al., 1989). The influence of 
replacement of dietary animal fat by vegetable oil on meat quality of pigs has been 
described (Wiseman and Agunbiade, 1998; Wood et al., 2004; Mitchaothai et al., 
2007). However, the various studies on meat quality can be criticized because the pigs 
had free access to diets containing equal inclusion percentages of either animal of 
vegetable fat. The unrestricted feed intake and difference in digestibility between the 
experimental fats interferes with the interpretation of the results. In this study we used 
diets containing iso-energetic amounts of either vegetable oil or animal fat, and the 
diets were fed on a restricted basis to growing-finishing pigs so that their energy 
intake was identical. Sunflower oil (SO) and beef tallow (BT) were used as 
representatives of vegetable and animal fat source. In the pigs we either measured 
directly or calculated the quality of meat, fatty acid composition of tissues, 
digestibility and deposition of individual fatty acids, the ratio of deposition to digested 
amount of fatty acids and minimum, whole body de novo fatty acid synthesis. 
 

MATERIALS AND METHODS 
 
Animals, Diets and Feeding 
 

Thirty-nine castrated-male pigs, Landrace × Large White × Duroc crossbred, 
were used in the current study. Three pigs with an average BW of 31.0 kg were 
selected to be slaughtered for baseline measurements. Then, the remaining pigs with 
an average 30.39 ± 2.32 kg BW were allotted to one of the two dietary treatments on 
the basis of BW and were housed in individual cages. There were two experimental 
diets with either beef tallow (BT) or sunflower oil (SO) as shown in Table 1. The 
earlier measured (Mitchaothai et al., in press) difference in digestibility between BT 
and SO was taken into account so that the two diets would contain iso-energetic 
amounts of added fat. Table 1 shows the ingredient and nutrient compositions of the 
experimental diets. The analyzed fatty composition of the diets is illustrated in Table 
2. 

The pigs were fed twice a day at an energy intake level of 80% of the ad 
libitum intake determined earlier (Mitchaothai et al., in press). Iso-energetic amounts 
of the two experimental diets were supplied. There were no feed leftovers. The pigs 
had free access to water throughout the experiment. The pigs were weighed weekly 
until the end of the experiment which lasted 98 days. All pigs were slaughtered at an 
average body weight of 100.74 ± 4.64 kg in a commercial slaughterhouse. 
 
Collection and Pre-treatment of Samples 
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Table 1. Composition of the diets (as-fed basis) 
Item BT SO 

Raw materials (g)   
Cassava chips 45.53 45.53 
Soybean meal (44% CP) 34.00 34.00 
Extruded soy beans   7.00   7.00 
Beef tallow (BT)   5.00 - 
Sunflower oil (SO) -   4.50 
Molasses   4.00   4.00 
Calcium carbonate   1.00   1.00 
Di-calcium phosphate   2.70   2.70 
NaCl   0.35   0.35 
DL-Methionine   0.17   0.17 
Premix   0.25   0.25 
Total 100.00 99.50 
Analyzed nutrients (%)   
Dry matter            88.63            88.05 
Crude protein            20.94            21.55 
Crude fat              7.34              7.31 
Crude fiber              6.65              6.25 
Ash              8.37              8.36 
Calculated ME (kJ/kg)     13,815.94     13,862.03 
BT = beef tallow; SO = sunflower oil 
 

The three pigs for baseline measurements were killed by an intravenous 
overdose of sodium pentobarbital (200 mg/kg of BW) (Nembutal®, Ceva Animale, 
La Ballastiere, France). Pigs were scalded, the head was removed, and the carcass was 
split into halves along the median plane. Both sides of the pig carcass, head, visceral 
organs (minus gastrointestinal contents), blood and leaf fat were weighed, wrapped in 
a polyethylene bag to prevent evaporative moisture losses, and then frozen at -20oC 
for at least 1 week before analysis. Upon removal from the freezer, each sample was 
weighed and sawn in cross-sectional slices (2.54 cm) along its length (Shields et al., 
1983). The sawn carcass and samples containing bone were dried at 60oC for 1 week 
in a forced-hot air oven and were then ground three times. 

The 36 pigs in the feeding trial were sacrificed at 14 weeks after the 
commencement. Carcass measurements (loin eye area at 10th rib, LEA (cm2), and 
back fat depth at 10th rib, FD10R) were done as described previously (Wagner et al., 
1999). Samples of back fat of midline between 3rd and 4th rib, right inguinal 
subcutaneous fat, retroperitoneal fat, and loin were collected to determine fatty acid 
composition. 
 
Carcass Traits and Meat Quality 
 

Hot carcass weight was measured after removing all internal organs including 
kidney. The thickness of back fat was determined according to standard methods 
described previously (Sripromma, 1984). Fat-lean ratio was expressed according to 
the LSQ (Lenden-Speck-Quotient) system of Pfeiffer & Falkenberg (1972). Briefly, 
the LSQ is calculated as (B1 + B2)/(2 × B3) where B1 = back fat thickness at the front 
base of gluteus muscle, B2 = back fat thickness on top of gluteus muscle (at the 
thinnest part of back fat) and B3 = shortest distance from the front base of gluteus 
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muscle to the dorsal border of the spinal cord. The right M. longissimus was used for 
meat quality assessing. The colour score of M. longissimus thoracic was measured by 
using the 6-point Japanese pork colour scale (JPCS) (Nakai et al., 1975) and by 
determining the CIELAB colour co-ordinates (colour L*, a*, b*) in triplicate with a 
HunterLab (Colour flex®) device after a 30-min blooming time (D65 light source, 10° 
standard observer, 45°/0° geometry, 1 in. light surface, white standard; Hunter, 
Reston, VA). Duplicate 3 g diced samples were taken to determine water-holding 
capacity (WHC) using the expressible moisture test of Goerl et al. (1995) with 
modification of duration and pressure force. Samples were placed in the centre of 
Whatmam no. 2 filter paper and pressed between glass sheets (15 cm × 15 cm × 8 
mm) under 1 kg/90 cm2 pressure for 20 min. The resulting meat ring and expressed 
juice ring were subsequently measured using a digital planimeter (Placom KP-90N, 
Topcon®, Topcon Instruments (Thailand), Bangkok, Thailand). The amount of 
expressible moisture was recorded as the ratio of the juice area to the muscle area. 
Intramuscular fat content was determined after Soxhlet extraction using hexane on the 
meat slices. The pH-value of muscle was determined using the Meat pH meter (Model 
HI99163, Hanna Instruments, Portugal) at 45 min (pH1) and 24 hr (pHU) after 
slaughter. Drip loss was assessed as the proportionate weight loss of a slice of muscle 
(175 to 185 g with thickness of 2.54 cm) that had been suspended in a plastic bag for 
24 h at 2°C (Honikel, 1987). Right M. longissimus lumborum (loin) was collected and 
stored at -20oC until analyzing the remaining meat quality parameters. Pork chops 
were weighed before and after cooking to determine percentage of cooking loss. The 
pork chops were put in a plastic bag and then cooked for 40 min in a water bath with 
constant temperature of 70°C. After the chops had cooled to room temperature 
(25°C), five 1.27-cm-diameter cores from each chop were removed with a cylindrical 
core parallel to the muscle fiber orientation. Cores were sheared perpendicular to the 
muscle fiber orientation using a Warner-Bratzler shear V-blade attached to an Texture 
Analyzer (Stable Micro System Ltd., Surrey, England) fitted with a 10-g compression 
load cell with a crosshead speed of 900 mm/min. Peak force values of cores sheared 
through the centre were used to determine the mechanical tenderness of the sample. 
Sarcomere length was assessed (in four replicate) by taking the slice from the central 
part of small M. longissimus thoracic (3 to 4 g) according to a method described 
previously (Monin et al., 1999). The diet and meat samples were dried at 60oC for 72 
hr in a forced-hot air oven and then were analyzed for crude protein, crude fiber, and 
ash (AOAC, 1990). The dried meat samples were quantified for the percentage of 
moisture and fat contents according to standard chemical analyses (AOAC, 1990) and 
then the percentage of fat was calculated and expressed as loin intramuscular fat. 
 
Estimation of Carcass Fat Content  
 

The total lean mass and the total fat mass in the whole body were estimated by 
the using the following equations (Schinckel et al., 2001): Fat-free, total lean mass 
(kg) = 5.00 + [0.434 × carcass weight (kg)] + [0.168 × LEA (cm2)] + [(-3.38) × 
FD10R (cm)]; Total fat mass (kg) = (-10.7) + [0.395 × carcass weight (kg)] + [(-
0.150) × LEA (cm2)] + [4.49 × FD10R (cm)]. Thus, intramuscular fat mass = fat-free, 
lean mass (kg) / 100 × [fraction IMF × (100 - fraction IMF)-1]. Based on literature 
data (Irie and Sakimoto, 1992; Otten et al., 1993; Enser et al., 2000), it can be 
concluded that the fatty acid profiles of adipose tissue from different sites do not 
differ much. Thus, the average percentage of fatty acids from different sites of adipose 
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tissue can be considered to be representative for the whole body mass of adipose 
tissue. The amount of fat in blood is negligible and therefore was not taken into 
account. Thus, the mass (kg) of adipose tissue equals total fat mass (kg) in whole 
body - fat mass (kg) in muscle - fat mass (kg) in liver. 
 
Chemical Analyses  
 

The diet and feces samples were dried at 60oC for 72 hr in a forced-hot air 
oven and were then analyzed for crude protein, crude fiber, and ash (AOAC, 1990). 
The dried meat, liver, and whole carcass samples were analyzed for moisture and fat 
(AOAC, 1990). The fat extracted from meat was defined as intramuscular fat (IMF). 
 Total fat in the fresh and dried samples (diets, feces, adipose tissues, and loin) 
were extracted as described previously (Horwitz, 1975). Each sample was added to a 
flask and 2 ml of ethanol was added. Subsequently, 10 ml of HCl (8 mol/L) was 
added; the contents were gently mixed, and the flask was placed in a water-bath of 
80oC for 30 to 40 min. The tubes were cooled down, 10 ml of ethanol (96%, wt/wt) 
and 25 ml of petroleum ether (boiling point between 40 and 60oC) were added and the 
tube was shaken for one min. The fat-containing upper layer was decanted into a 150-
ml round-bottom flask. The extraction procedure was repeated twice with 15 ml of 
diethyl ether and 15 ml of petroleum ether and the lipid extract was evaporated to 
dryness under N2 in a water-bath of 40oC. The round-bottom flasks with the lipids 
were dried overnight at 60oC and the total lipids were measured gravimetrically. Total 
lipids were saponified and methylated according to the procedure of Metcalfe et al. 
(1966) followed by gas chromatography for determination of fatty acid composition 
(Javadi et al., 2004). 
 
Calculation of Digestible Fatty Acid Intake, Fatty Acid Deposition and Minimum 
De novo Synthesis 
 

The total digestible fatty acid intake was calculated as fatty acid intake (kg/14 
weeks) × apparent fatty acid digestibility (fraction of intake). The deposition of fatty 
acids was calculated with the following formula: Fatty acid deposition (kg/14 weeks) 
= carcass content of fatty acid at the end of the study–carcass content of fatty acid at 
the start of the study. Carcass content of fatty acid at the end (kg) was calculated as 
the sum of adipose tissue mass (kg) × fraction of adipose fatty acid, IMF mass (kg) × 
fraction of IMF fatty acid and fat mass in liver (kg) × fraction of liver fatty acid. The 
ratio of fatty acid deposition and digestible fatty acid intake was calculated for 
selected individual fatty acids and groups of fatty acids. Minimum de novo fatty acid 
synthesis was calculated as fatty deposition minus digestible fatty acid intake. 
 
Statistical Analyses 
 

The effect of dietary fat type was evaluated for statistical significance (P < 
0.05) by the Student’s t test (SPSS, 1999). Results are expressed as means ± SD. 
 

RESULTS 
 
Dietary Fatty Acid Composition 
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 The fatty acid composition of the experimental diets is shown in Table 2. The 
fat component of the BT diet contained approximately 51% total saturated fatty acids 
(SFA), whereas that of the SO diet contained approximately 42% total 
polyunsaturated fatty acids (PUFA). The amounts of total mono-unsaturated fatty 
acids (MUFA) were approximately 29% and 32% for the BT and SO diets, 
respectively. 
 
Table 2. Analyzed fatty acid composition of the experimental diets 

Item BT SO
Fatty acids, g methylester/100 g methylesters 
C 10:0 0.13 0.13
C 14:0 1.34 0.26
C 15:0 0.42 0.09
C 16:0 21.69 14.21
C 17:0 1.32 0.17
C 18:0 24.72 5.85
C 20:0 0.42 0.35
C 22:0 0.42 0.82
C 24:0 0.28 0.45
C 16:1 0.62 0.14
C 17:1 0.21 0.00
C 18:1 n-9 23.24 30.45
C 18:1 n-7 3.92 1.22
C 20:1 n-9 0.58 0.51
C 22:1 n-9 0.00 0.08
C 18:2 n-6 12.37 40.47
C 18:3 n-6 0.24 0.00
C 18:3 n-3 1.50 1.35
C 20:5 n-3 0.11 0.11
Unidentified 6.48 3.35
Σ SFA 50.72 22.33
Σ MUFA 28.57 32.40
Σ PUFA 14.22 41.92

BT = beef tallow; SO = sunflower oil 
SFA = saturated fatty acids; MUFA = mono-unsaturated fatty acids; PUFA = poly-
unsaturated fatty acids 
Σ SFA = C10:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0 
Σ MUFA = C16:1 + C17:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 + C22:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-6 + C18:3 n-3 + C20:5 n-3 
 
Growth Performance, Meat Quality, and Fatty Acid Composition 
 

There was no diet effect (P > 0.05) on feed intake, growth (average daily 
gain), feed conversion ratio (feed:gain) and final BW (Table 3). The feed:gain ratio in 
pigs fed the SO diet tended (P = 0.082) to be lowered. 

 
Meat Quality 

Carcass traits and meat quality characteristics, excepted for the colour score, 
did not differ (P > 0.05) for the two dietary fat sources (Table 3). The pig fed the SO 
diet had a significantly higher (P < 0.05) colour score than did those fed the BT diet, 

 53



Chapter 4 

but the colour difference could not be detected by technical measurement of the 
colour coordinates. 
 
Table 3. Effect of fat type on animal performance, carcass traits, and meat quality 

Item BT SO P-value 
Growth performance    

Initial BW, kg 30.44 ± 1.79   30.33 ± 2.81 0.888 
Final BW, kg 99.74 ± 5.52 101.81 ± 3.32 0.198 
ADFI, kg/d   2.07 ± 0.05     2.04 ± 0.06 0.137 
ADG, kg/d 0.735 ± 0.06   0.756 ± 0.04 0.231 
Feed : gain   2.79 ± 0.25     2.66 ± 0.14 0.082 

    
Carcass  quality    

Hot carcass, kg 78.64 ± 4.44 79.93 ± 2.47 0.307 
Back fat thickness, cm   2.24 ± 0.30   2.22 ± 0.38 0.892 
Fat-lean ratio (LSQ)   0.21 ± 0.06   0.21 ± 0.06 0.887 

    
Meat quality (loin)    

Colour1   3.21 ± 0.47    3.57 ± 0.46 0.036 
Colour L* value 35.19 ± 2.21   34.80 ± 1.60 0.565 
Colour a* value   9.82 ± 2.87   10.26 ± 2.88 0.660 
Colour b* value 11.11 ± 1.08  11.55 ± 1.13 0.260 
pH1    6.03 ± 0.27   6.03 ± 0.30 0.982 
pHU   5.76 ± 0.38   5.71 ± 0.40 0.707 
Drip loss, %    1.02 ± 0.42    1.15 ± 0.48 0.264 
Cooking loss, %  25.03 ± 2.73  23.85 ± 2.34 0.312 
WHC, %   3.29 ± 0.96   2.90 ± 0.55 0.301 
Shear force, N   64.37 ± 12.56   60.90 ± 9.82 0.204 
Sarcomere length, μm   1.86 ± 0.12    1.90 ± 0.15 0.554 
IMF, % wet weight   2.39 ± 0.72   2.41 ± 0.59 0.928 

Means ± SD for 18 pigs per experimental diet 
BT = beef tallow; SO = sunflower oil 
WHC = water holding capacity 
IMF = intramuscular fat 
1Japanese colour score: 1 = pale, pinkish grey, 6 = dark, purplish red. 
 
Fatty Acid Composition of Tissues 
 Fatty acid patterns of adipose tissues and loin are documented in Table 4 and 
5. The relative concentrations of C14:0, C16:0, C17:0, and C18:0 after feeding the BT 
diet were higher (P < 0.001) for all three sites of adipose tissues, but in loin muscle 
there only was a significantly lower (P < 0.001) percentage of C17:0. There was no 
treatment difference (P > 0.05) for the levels of C16:0 and C18:0 in loin. The pigs fed 
the BT diet showed higher (P < 0.05) tissue concentrations of MUFA, of which C18:1 
n-9 is the major component. The concentrations of C18:2 n-6 (linoleic acid) and 
C20:2 n-6 (eicosadienoic acid) in adipose tissues and loin were higher (P < 0.001) in 
the pigs fed the SO diet. On the other hand, there were higher (P < 0.05) levels of 
C18:3 n-3 (α-linolenic acid) in the retroperitoneal fat and loin of the pigs fed the BT 
diet. No treatment effect (P > 0.05) was seen for the concentration of α-linolenic acid 
in subcutaneous and back fat. The content of SFA in adipose tissues was higher (P < 
0.001) for the pigs fed the BT diet, but the SFA content of loin was unchanged (P > 
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0.05). In both adipose tissues and loin of the pigs fed BT, the levels of MUFA were 
higher (P < 0.01) and those of PUFA were lower (P < 0.01). In the pigs fed the BT 
diet, the ratio of MUFA/SFA was higher (P < 0.001) in adipose tissues, but it was 
lower (P < 0.01) in loin. The ratios of PUFA/SFA, n-6/n-3 and C18:2 n-6/C18:3 n-3 
in both adipose tissues and loin were higher (P < 0.05) for the pigs fed the SO diet. 
 
Table 4. Fatty acid composition of subcutaneous and back fat 

Subcutaneous fat Back fat 
Item BT SO 

Signi-
ficance BT SO 

Signi-
ficance 

Analyzed fatty acids (g/100g methylester)   
C 14:0   1.86 ± 0.12   1.26 ± 0.13 ***   1.59 ± 0.14   0.99 ± 0.08 *** 
C 16:0 25.39 ± 1.41 21.28 ± 1.78 *** 22.54 ± 0.96 18.29 ± 1.10 *** 
C 17:0   0.87 ± 0.18   0.40 ± 0.07 ***   0.85 ± 0.13   0.38 ± 0.06 *** 
C 18:0 17.63 ± 1.64 13.55 ± 2.19 *** 14.02  ± 1.73 10.08 ± 1.13 *** 
C 20:0   0.19 ± 0.06   0.20 ± 0.04 NS   0.12 ± 0.09   0.17 ± 0.05 NS 
C 16:1   0.51 ± 0.33   0.33 ± 0.06 *   0.44 ± 0.04   0.37 ± 0.06 *** 
C 17:1   0.45 ± 0.07   0.18 ± 0.03 ***   0.53 ± 0.06   0.21 ± 0.03 *** 
C 18:1 n-7   2.52 ± 0.18   1.32 ± 0.24 ***   2.80 ± 0.14   1.59 ± 0.14 *** 
C 18:1 n-9 32.64 ± 2.01 30.13 ± 2.31 ** 37.17 ± 2.42 34.25 ± 1.70 *** 
C 20:1 n-9   0.67 ± 0.10   0.57 ± 0.07 **   0.85 ± 0.07   0.77 ± 0.08 ** 
C 22:1 n-9   0.00 ± 0.00   0.01 ± 0.03 NS ND ND - 
C 18:2 n-6 12.11 ± 2.13 27.09 ± 4.03 *** 13.24 ± 1.31 28.66 ± 2.91 *** 

C 18:3 n-3   1.16 ± 0.21   1.12 ± 0.16 NS   1.21 ± 0.13   1.14 ± 0.12 NS 
C 20:2 n-6   0.35 ± 0.07   0.81 ± 0.07 ***   0.48 ± 0.06   1.13 ± 0.12 *** 
C 20:3 n-6   0.00 ± 0.00   0.02 ± 0.04 NS ND ND - 
C 20:3 n-3   0.02 ± 0.05   0.00 ± 0.00 NS   0.01 ± 0.03   0.01 ± 0.04 NS 
C 20:4 n-6   0.10 ± 0.09   0.27 ± 0.05 ***   0.11 ± 0.09   0.27 ± 0.04 *** 
C 20:5 n-3 ND ND - ND ND - 
C 22:4 n-6 ND ND - ND ND - 
C 22:5 n-3 ND ND - ND ND - 
unknown   3.35 ± 0.46   1.45 ± 0.37 ***   3.90 ± 0.67   1.66 ± 0.49 *** 
SFA 45.94 ± 2.75 36.68 ± 3.83 *** 39.11 ± 2.55 29.91 ± 2.07 *** 

MUFA 36.79 ± 2.08 32.54 ± 2.61 *** 41.78 ± 2.54 37.20 ± 1.86 *** 

PUFA 13.74 ± 2.44 29.31 ± 4.25 *** 15.05 ± 1.51 31.22 ± 3.09 *** 

MUFA/SFA   0.80 ± 0.09   0.90 ± 0.14 *   1.07 ± 0.11   1.25 ± 0.11 *** 

PUFA/SFA   0.30 ± 0.06   0.82 ± 0.20 ***   0.39 ± 0.05   1.05 ± 0.18 *** 

n6/n3 10.64 ± 0.77 25.31 ± 0.99 *** 11.33 ± 0.54 26.19 ± 1.08 *** 

18:2n6/18:3n3 10.43 ± 0.61 24.31 ± 0.93 *** 10.91 ± 0.45 25.15 ± 0.80 *** 
Means ± SD for 18 pigs per experimental diet 
BT = beef tallow; SO = sunflower oil; ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
NS: P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. 
Σ SFA = C14:0 + C16:0 + C17:0 + C18:0 + C20:0 
Σ MUFA = C16:1 + C17:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 + C22:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 + C20:2 n-6 + C20:3 n-6 + C20:3 n-3 + C20:4 n-6 + C20:5 n-3 + 
C22:4 n-6 + C22:5 n-3 
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Table 5. Fatty acid composition of retroperitoneal fat and loin intramuscular fat 

Item Retroperitoneal fat Loin 
 BT SO 

Signi-
ficance BT SO 

Signi-
ficance 

Analyzed fatty acids (g/100g methylester)   
C 14:0   1.80 ± 0.24   1.26 ± 0.23 ***   1.65 ± 0.21   1.51 ± 0.21 NS 
C 16:0 24.31 ± 1.34 20.76 ± 1.78 *** 24.99 ± 1.22 24.99 ± 1.39 NS 
C 17:0   0.83 ± 0.18   0.43 ± 0.15 ***   0.51 ± 0.09   0.34 ± 0.08 *** 
C 18:0 16.55 ± 1.81 13.00 ± 1.55 *** 12.65 ± 0.91 12.52 ± 0.68 NS 
C 20:0   0.12 ± 0.08   0.13 ± 0.09 NS   0.05 ± 0.08   0.11 ± 0.10 NS 
C 16:1   0.41 ± 0.06   0.35 ± 0.05 **   2.84 ± 0.33   2.35 ± 0.36 *** 
C 17:1   0.43 ± 0.10   0.20 ± 0.10 ***   0.42 ± 0.07   0.23 ± 0.09 *** 
C 18:1 n-7   2.41 ± 0.41   1.46 ± 0.25 ***   3.64 ± 0.25   2.97 ± 0.28 *** 
C 18:1 n-9 32.49 ± 1.30 31.00 ± 0.92 *** 37.77 ± 1.87 35.86 ± 2.41 * 
C 20:1 n-9   0.65 ± 0.09   0.60 ± 0.07 NS   0.85 ± 0.12   0.80 ± 0.12 NS 
C 22:1 n-9 ND ND -   0.10 ± 0.10   0.23 ± 0.13 ** 
C 18:2 n-6 14.72 ± 4.84 26.28 ± 4.62 ***   9.89 ± 2.33 13.69 ± 3.42 *** 

C 18:3 n-3   1.25 ± 0.12   1.11 ± 0.13 **   0.46 ± 0.19   0.34 ± 0.13 * 
C 20:2 n-6   0.43 ± 0.15   0.89 ± 0.21 ***   0.27 ± 0.09   0.47 ± 0.12 *** 
C 20:3 n-6 ND ND -   0.11 ± 0.15   0.11 ± 0.12 NS 
C 20:3n-3   0.01 ± 0.03   0.00 ± 0.00 NS ND ND - 
C 20:4n-6   0.16 ± 0.08   0.27 ± 0.04 ***   1.03 ± 0.76   1.08 ± 0.66 NS 
C 20:5n-3 ND ND -   0.01 ± 0.05   0.00 ± 0.00 NS 
C 22:4n-6 ND ND -   0.06 ± 0.11   0.09 ± 0.13 NS 
C 22:5 n-3 ND ND -   0.11 ± 0.19   0.02 ± 0.07 NS 
unknown   3.44 ± 0.89   2.27 ± 2.38 NS   2.51 ± 0.65   2.26 ± 1.03 NS 
SFA 43.61 ± 3.17 35.58 ± 3.30 *** 39.85 ± 2.08 39.47 ± 1.97 NS 

MUFA 36.39 ± 1.73 33.60 ± 0.98 *** 45.61 ± 2.19 42.44 ± 2.87 ** 

** PUFA 16.56 ± 5.06 28.55 ± 4.85 *** 11.95 ± 3.56 15.79 ± 4.37 

MUFA/SFA   0.84 ± 0.05   0.95 ± 0.10 ***   1.15 ± 0.06   1.08 ± 0.07 ** 

PUFA/SFA   0.39 ± 0.17   0.82 ± 0.21 ***   0.30 ± 0.10   0.41 ± 0.13 * 

n6/n3 12.28 ± 4.26 24.80 ± 4.05 *** 21.35 ± 9.46 44.03 ± 8.54 *** 

18:2n6/18:3n3 11.91 ± 4.34 23.76 ± 3.89 *** 22.19 ± 8.12 40.94 ± 9.30 *** 
Means ± SD for 18 pigs per experimental diet 
BT = beef tallow; SO = sunflower oil; ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
NS: P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. 
Σ SFA = C14:0 + C16:0 + C17:0 + C18:0 + C20:0 
Σ MUFA = C16:1 + C17:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 + C22:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 + C20:2 n-6 + C20:3 n-6 + C20:3 n-3 + C20:4 n-6 + C20:5 n-3 + 
C22:4 n-6 + C22:5 n-3 
 
Nutrient Digestibility 
 

In the first and second period of the experiment, the pigs fed the SO diet had a 
significantly higher (P < 0.01) apparent digestibility of crude fat than those fed the BT 
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diet, but there was no significant dietary fat effect (P > 0.05) on the digestibility of 
dry matter (DM) and crude protein (CP) (Table 6). The digestibility of DM, CP, and 
crude fat trended to be increased with age, irrespective of dietary treatment. 
 
Table 6. Effect of dietary fat type on apparent macronutrient and fatty acid 
digestibility 

Item BT SO P-value 
Apparent digestibility, % of intake at 4 weeks  

Dry matter 87.22 ± 3.13 87.13 ± 2.10 0.920 
Crude fat 69.69 ± 9.45 77.46 ± 5.72 0.006 
Crude protein 87.49 ± 6.08 86.57 ± 4.69 0.619 

Apparent digestibility, % of intake at 10 weeks  
Dry matter 87.74 ± 2.93 88.19 ± 3.46 0.678 
Crude fat 73.68 ± 8.88 81.56 ± 6.53 0.006 
Crude protein 90.17 ± 2.33 88.95 ± 3.34 0.229 

Apparent digestibility, % of intake at 4 weeks  
C 16:0 66.32 ± 7.93 73.93 ± 8.19 0.009 
C 18:0   54.43 ± 12.26  -37.86 ± 39.35 <0.001 
C 18:1 n-9 94.45 ± 1.65 94.34 ± 1.40 0.825 
C 18:2 n-6  94.58 ± 1.84 97.40 ± 0.74 <0.001 
C 18:3 n-3 94.60 ± 1.86 93.97 ± 1.57 0.292 

<0.001 Σ SFA   49.07 ± 13.12  -20.51 ± 20.16 
0.882 Σ MUFA 90.11 ± 2.77 90.28 ± 3.51 
0.039 Σ PUFA 94.59 ± 1.80 95.68 ± 1.14 

Apparent digestibility, % of intake at 10 weeks  
C 16:0 58.70 ± 9.52 76.70 ± 7.06 <0.001 
C 18:0   42.84 ± 12.51 -50.78 ± 42.39 <0.001 
C 18:1 n-9 94.01 ± 1.67 94.33 ± 2.34 0.651 
C 18:2 n-6  95.65 ± 1.28 98.06 ± 0.86 <0.001 
C 18:3 n-3 96.41 ± 2.21 96.26 ± 2.43 0.855 

<0.001 Σ SFA   47.12 ± 11.09 -20.20 ± 34.34 
0.270 Σ MUFA 91.68 ± 3.17 89.37 ± 6.71 
0.019 Σ PUFA 96.03 ± 1.70 97.37 ± 1.39 

Means ± SD for 18 pigs per experimental diet 
BT = beef tallow; SO = sunflower oil 
Σ SFA = C10:0 + C14:0 + C15:0 + C16:0 + + C17:0 + C18:0 + C20:0 + C22:0 + C24:0 
Σ MUFA = C16:1 + C18:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 
 

Table 6 also shows the apparent digestibility for selected individual fatty acids 
and groups of fatty acids. The palmitic acid (C16:0) digestibility for the SO diet was 
greater (P < 0.01) than that for the BT diet. The digestibility of C18:0 for the SO diet 
was calculated to be negative which may be explained by a combination of low intake 
and fecal excretion due to bacterial synthesis. The apparent digestibility of oleic 
(C18:1 n-9) was not affected (P > 0.05) by diet. The pigs fed the SO diet displayed a 
significantly greater (P < 0.001) digestibility of linoleic acid (C18:2 n-6), but the 
digestibility of α-linolenic acid (C18:3 n-3) did not differ (P > 0.05) between both 
diets. The digestibility of PUFA was higher (P > 0.05) for the pigs fed the SO diet, 
but that of MUFA did not differ (P > 0.05) between the experimental diets. 
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Table 7. Effect of dietary fat type on digestible fatty acid intake, fatty acid deposition 
and the deposition:intake ratio during the whole feeding period  

Fatty acids BT SO P-value
Digestible fatty acid intake (kg/14 weeks) 

C 16:0   1.89 ± 0.23   1.44 ± 0.12 <0.001
<0.001C 18:0   1.68 ± 0.39  -0.37 ± 0.29 
<0.001C 18:1 n-9   3.06 ± 0.16   3.89 ± 0.35 
<0.001C 18:2 n-6   1.64 ± 0.09   5.36 ± 0.49 
<0.001C 18:3 n-3   0.20 ± 0.01   0.17 ± 0.02 

0.031Σ FA 10.03 ± 0.89 10.69 ± 0.83 
<0.001Σ SFA   3.88 ± 0.67   1.11 ± 0.37 

0.006Σ MUFA   3.63 ± 0.19   3.93 ± 0.36 
<0.001Σ PUFA   1.87 ± 0.10   5.54 ± 0.51 
<0.001Σ n-9   3.13 ± 0.16   3.95 ± 0.35 
<0.001Σ n-6   1.66 ± 0.09   5.36 ± 0.49 
<0.001Σ n-3   0.21 ± 0.01   0.18 ± 0.02 

Fatty acid deposition (kg/14 weeks) 
C 16:0   3.57 ± 0.62   3.29 ± 0.39 0.186
C 18:0   2.49 ± 0.44   2.11 ± 0.34 0.022
C 18:1 n-9   4.81 ± 0.91   4.81 ± 0.51 0.999
C 18:2 n-6   1.70 ± 0.18   4.27 ± 0.65 <0.001
C 18:3 n-3   0.14 ± 0.03   0.14 ± 0.02 0.768

0.072Σ FA 14.36 ± 2.22 15.77 ± 1.42 
0.036Σ SFA   6.49 ± 1.07   5.67 ± 0.75 
0.516Σ MUFA   5.40 ± 1.00   5.19 ± 0.56 

<0.001Σ PUFA   1.94 ± 0.23   4.63 ± 0.70 
0.432Σ n-9   4.92 ± 0.93   4.92 ± 0.53 

<0.001Σ n-6   1.79 ± 0.20   4.49 ± 0.68 
0.735Σ n-3   0.14 ± 0.03   0.14 ± 0.03 

Deposition : intake ratio 
C 16:0   1.99 ± 0.49   2.29 ± 0.27 0.076
C 18:0   1.70 ± 0.67  -7.43 ± 5.20 <0.001
C 18:1 n-9   1.56 ± 0.30   1.23 ± 0.10 0.004
C 18:2 n-6   1.03 ± 0.13   0.80 ± 0.14 <0.001
C 18:3 n-3   0.72 ± 0.15   0.81 ± 0.17 0.154

0.184Σ FA   1.43 ± 0.28   1.97 ± 1.34 
0.016Σ SFA   1.60 ± 0.47   4.04 ± 2.59 
0.035Σ MUFA   1.50 ± 0.26   1.22 ± 0.37 
0.203Σ PUFA   0.88 ± 0.13   0.80 ± 0.15 

<0.001Σ n-9   1.12 ± 0.16   1.44 ± 0.23 
<0.001Σ n-6   1.04 ± 0.13   0.80 ± 0.14 

0.154Σ n-3   0.72 ± 0.15   0.81 ± 0.17 
Means ± SD for 18 pigs per experimental diet. 
BT = beef tallow; SO = sunflower oil 
Σ SFA = C14:0 + C16:0 + C17:0 + C18:0 + C20:0 
Σ MUFA = C16:1 + C17:1 + C18:1 n-9 + C20:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 
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Digestible Fatty Acid Intake and Deposition 
 
 The intake of digestible palmitic, stearic, and α-linolenic acid of  the pigs fed 
the BT diet was greater (P < 0.001) than that of the pigs fed the SO diet, whereas the 
pigs fed the SO diet had higher (P < 0.001) intakes of digestible oleic and linoleic 
acid (Table 7). The pigs fed the SO diet had a greater (P < 0.05) intake of total 
digestible fatty acids (FA), MUFA and PUFA, but had a lower (P < 0.001) intake of 
digestible SFA. When the fatty acids were pooled according to their structural 
similarities, the SO diet was found to provide more digestible n-9 MUFA and n-6 
PUFA (P < 0.001), whereas the amount of digestible n-3 PUFA was lower (P < 
0.001) than that provided by the BT diet. 

The whole body of the pigs at baseline contained an average total fat mass of 
4.1 ± 0.8 kg. The calculated total fat mass in the carcass at the end of the experiment 
was 18.99 ± 3.01 and 19.19 ± 1.55, n = 18 (p = 0.819) for the pigs fed the BT and SO 
diet, respectively. The pigs fed BT diet had deposited more stearic acid (P < 0.05), but 
less (P < 0.001) linoleic acid when compared with the pigs fed the SO diet (Table 7). 
There was no difference (P > 0.05) between both diets in the deposition of palmitic 
acid, oleic acid and α-linolenic acid. The pigs fed the SO diet showed a trend towards 
higher (P = 0.072) deposition of total fatty acids with unaltered deposition of MUFA 
(P > 0.05). SFA deposition in the pigs fed the SO diet was less (P < 0.05) than that in 
those fed the BT diet, whereas PUFA deposition was higher (P < 0.001). There was 
more deposition (P < 0.001) of n-6 PUFA in the pigs fed the SO diet, but deposition 
of the n-9 MUFA and n-3 PUFA was similar (P > 0.05) to that in the pigs fed the BT 
diet. 

The deposition:intake ratios for palmitic acid tended (P = 0.076) to be higher 
in the pigs fed the SO diet when compared with the pigs fed the BT diet. The 
calculated deposition:intake ratio for stearic acid in pigs fed the SO diet was negative 
because of the negative apparent digestibility and thus negative digestible intake of 
stearic acid. This would imply that the stearic acid deposited in body of the pigs fed 
the SO diet originated from de novo synthesis. The deposition: intake ratios for oleic 
and linoleic acid in the pigs fed the SO diet were lower (P < 0.01) than those in the 
pigs fed the BT diet. There was no diet effect (P > 0.05) on the deposition:intake ratio 
for α-linolenic acid, the ratio for the two groups of pigs being less than one. Dietary 
treatment did not influence (P > 0.05) the deposition:intake ratios for total FA, PUFA 
and n-3 PUFA, but the ratio for SFA and n-9 was higher (P > 0.05) in pigs fed the SO 
diet, whereas the ratios for MUFA and n-6 PUFA were lower (P < 0.05). 
 
Table 8. Effect of dietary fat type on minimum de novo synthesis of fatty acids during 
the whole feeding period 

Fatty acids BT SO P-value 
Minimum synthesis (kg/14 weeks)  

SFA 2.75 ± 1.57 4.64 ± 0.79 0.002 
MUFA 1.76 ± 1.02 1.26 ± 0.45 0.141 
SFA/(SFA+MUFA) 0.60 ± 0.12 0.79 ± 0.05 <0.001 

Means ± SD for 18 pigs per experimental diet. 
BT = beef tallow; SO = sunflower oil 
Σ SFA = C14:0 + C16:0 + C17:0 + C18:0 + C20:0 
Σ MUFA = C16:1 + C17:1 + C18:1 n-9 + C20:1 n-9 
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Minimum de novo synthesis 
 

The pigs fed the diet containing SO had a greater (P < 0.01) synthesis of SFA, 
but no difference (P > 0.05) was observed for the synthesis of MUFA when compared 
to their counterparts fed the diet with BT. The synthesis ratio of SFA:(SFA+MUFA) 
was greater (P < 0.001) in the pigs fed the diet containing SO (Table 8). 
 

DISCUSSION 
 

 As far as we know, this is the first study in which growing-finishing pigs were 
fed on a restricted basis diets containing iso-energetic amounts of either BT or SO to 
determine the effect of vegetable fat on meat quality. The influence of replacement of 
dietary animal fat by vegetable oil on meat quality of pigs has been described by 
various investigations (Wiseman and Agunbiade, 1998; Miller et al., 1990; Wood et 
al., 2004; Mitchaothai et al., 2007). However, the various studies on meat quality can 
be criticized because the pigs had free access to diets containing equal inclusion 
percentages of either animal of vegetable fat. The well-known difference in 
digestibility between animal fat and vegetable oil (Cera et al., 1989) interferes with 
the interpretation of the results. Under those conditions, the dietary content of 
metabolizable energy from vegetable fat is greater than that from animal fat. As a 
consequence, the pigs fed the diet with vegetable fat would consume a diet containing 
less protein and carbohydrates, when expressed as a percentage of dietary 
metabolizable energy. This in turn affects de-novo fatty acid synthesis and thus the 
fatty acid composition of tissues and thereby meat quality. A similar reasoning would 
hold for a difference in feed intake only. The diets and feeding regimen used in this 
study should allow a proper comparison of feeding either SO or BT as fat source. 
 
 

The main fatty acids in the diet containing BT diet were stearic, palmitic, and 
oleic acid, whereas the SO diet was very rich in linoleic acid. The difference in oleic 
acid content between the two diets was relatively small. Thus, the BT diet can be 
considered representative for diets rich in saturated fatty acids, whereas the SO diet 
may represent diets rich in n-6 polyunsaturated fatty acids. The diets were identical in 
terms of percentages of metabolizable energy provided by the macronutrients. The 
two experimental diets were fed on an iso-energetic basis. Indeed, the pigs fed the BT 
or SO diet showed no difference in growth performance. It may thus be concluded 
that in the present experiment the only dietary variable was the amount of dietary 
energy in the form of either BT or SO. 

Carcass quality traits did not differ for the two dietary fat sources. This 
outcome agrees with reports published previously (Miller et al., 1990; Bee et al., 
2002; Nuernberg et al., 2005; Mitchaothai et al., 2007). Meat quality characteristics 
traits, except for the Japanese colour score, were not statistically different between the 
BT and SO treatments. These results agree with those of Scheeder et al. (2000) who 
found that feeding 7% pork fat, 4.95% olive oil or 3.17% soybean oil to growing-
finishing pigs did not affect pH, cooking losses, texture, or colour of pork. The higher 
Japanese colour score of the pork in the SO treatment may relate to the somewhat 
higher redness (colour a* value). It might imply that meat colour assessment by eye is 
more sensitive than that done technically. In keeping with the present results, Miller et 
al. (1990) also found no difference in drip losses , cooking losses, shear force, and 
marbling between pigs fed either animal fat or sunflower oil. The sarcomere length of 
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pork of both dietary treatments (1.86 to 1.90 μm) was in the normal range (1.50 to 2.0 
μm) for longissimus muscle (Wheeler et al., 2000). The intramuscular fat or marbling 
of loin was not statistically different between both treatments which are in accordance 
with the results of Nuernberg et al. (2005) when the effect of olive and linseed oil 
were compared. On the basis of the results for carcass and meat quality, it may be 
concluded that supplementation of SO instead of BT to the diet did not alter the 
quality of pig meat. 
 The relative concentrations of myristic (C14:0), palmitic (C16:0), margaric 
(C17:0), and stearic (C18:0) in adipose tissues were higher after feeding the BT diet. 
This is explained by the larger fractions of these fatty acids in the BT diet. However, 
in loin of the pigs fed the BT diet the incorporation of palmitic and stearic acid was 
not increased. Apparently, there are differences in the efficiency of deposition in 
different tissues for the various fatty acids. Both adipose tissues and loin of the pigs 
fed the BT diet instead of the SO diet contained a higher oleic fraction, even though 
the amount of this fatty acid in the BT diet was smaller than in the SO diet. This could 
relate to diet-induced differences in hydrogenation in liver and preferential utilization 
for energy generation of oleic acid. The relative concentration of linoleic acid in 
adipose tissues and loin of the pigs fed the SO diet was greater than that of the pigs 
fed the BT diet, but the concentration of α-linolenic acid was lower. The higher and 
lower incorporation of linoleic acid and α-linolenic acid in pigs fed the SO can be 
explained by the higher and lower intakes of these essential fatty acids.  

The crude fat component of the SO diet had a higher apparent digestibility 
than had this component of the BT diet, but there were no differences in the apparent 
digestibilities of dry matter (DM) and crude protein (CP) between both diets. In a 
previous study (Mitchaothai et al., in press) we found higher apparent digestibilities 
of DM, CP, and crude fiber (CF) when growing-finishing pigs were fed a diet 
containing SO instead of BT. In our previous study, the pigs had ad libitum access to 
the experimental diets. It is difficult to see why ad libitum feeding instead of restricted 
feeding would increase the digestibility of DM and CP in a diet containing SO. The 
superior digestibility of oils rich in linoleic acid, as opposed to fats rich in saturated 
fatty acids, is well known (Cera et al., 1989; Li et al., 1990) and probably relates to a 
more efficient incorporation of polyunsaturated fatty acids into micelles (Garrett and 
Young, 1975). As mentioned above, the higher fat digestibility of the SO was taken 
into account when formulating the diets. Furthermore, the BT and SO diets were fed 
on an iso-energetic basis. This explains why growth performance of the pigs fed either 
the SO or BT diet was similar.  

Feeding the two fat sources was associated with marked differences in the 
apparent digestibility of individual fatty acids. Palmitic and linoleic acid in the SO 
diet were digested more efficiently than these fatty acids in the BT diet. On the other 
hand, stearic acid in the SO diet was less well digested than stearic acid in the BT diet. 
There were no diet effects on the digestibilities of oleic and α-linolenic acid. A 
combination of different factors may be responsible for the observed diet-induced 
differences in apparent digestibility of identical fatty acids. As mentioned above, the 
total fat digestibility of SO was greater than that of BT, which may be associated with 
enhanced micelle formation after feeding the SO diet. An improved micelle formation 
may favourably influence the digestion of all fatty acids in the diet. The position of a 
given fatty acid in the triacylglycerol molecule also plays a role. Fatty acids at the 2 
position of glycerol in triacylglycerol molecules are better digested than those at the 
1,3 position (Bracco, 1994; Innis and Dyer, 1997; Nelson and Innis, 1999; Scheeder et 
al., 2000; Scheeder et al., 2003). During digestion, the pancreatic lipase specifically 
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removes fatty acids at the 1,3 position while the resulting monoacylglycerol molecule 
is efficiently incorporated into micelles (Lien, 1994), leading to preferential 
absorption of fatty acids at the 2 position of the glycerol backbone of triacylglycerols. 
The intake level of a given individual fatty acid and its fecal excretion of endogenous 
origin will also affect the calculated apparent digestibility. A low intake level in 
combination with a high endogenous excretion will by itself lead to a low apparent 
digestibility. When comparing the digestibilities of palmitic and stearic acid for the 
SO and BT diet, the values for the SO diet may be biased towards lower values 
because the intake levels were lower. This may hold especially for stearic acid, which 
yielded a negative apparent digestibility for the SO treatment. On the other hand, the 
apparent digestibility of linoleic acid for the SO diet may have been biased towards a 
higher value. 
 The calculated intake of digestible fatty acids reflects the amount in the diet 
and feed intake, combined with the measured apparent digestibility. The deposition in 
the body of fatty acids was calculated as based on the fatty acid composition of the 
total body fat that was gained during the entire feeding period. As would be expected, 
the pigs fed the SO diet deposited more linoleic acid and those fed BT had deposited 
more stearic acid in their whole body. Similar data have been shown for mice (Javadi 
et al., 2004) and goats (Yeom et al., 2005). To obtain clues as to preferential 
deposition of fatty acids, the ratio of deposition of a given fatty acid or group of fatty 
acids to the intake of digestible fatty acid or group of fatty acids was calculated. The 
deposition:intake ratio for fatty acid reflects the net amount synthesized and/or the 
proportion of the digested fatty acid not oxidized. A deposition:intake ratio > 1 would 
point at net de novo synthesis, whereas a ratio < 1 would indicate net oxidation. The 
low deposition:intake ratio for linoleic acid in the pigs fed SO is consistent with the 
well-known preferential oxidation of linoleic acid (Jones et al., 1985; Cunnane and 
Anderson, 1997; Yeom et al., 2005) and the fact that linoleic acid cannot be 
synthesized by pigs (Azain, 2000; Nguyen et al., 2005). The deposition:intake ratio 
for the essential polyunsaturated fatty acids, linoleic and α-linolenic acid, cannot be 
higher than 1. Indeed, the ratios for α-linolenic acid were below and so was the ratio 
for linoleic acid in the pigs fed the SO diet. The pigs fed BT had a group mean 
deposition:intake ratio for linoleic acid that was just above 1, but was not significantly 
higher than 1. The negative deposition:intake ratio for stearic acid in pigs fed the SO 
is a consequence of the negative apparent digestibility that was calculated. 
 The pigs fed SO instead of BT had a higher deposition:intake ratio for SFA, 
but lower ratio for MUFA and no difference for the ratio of PUFA. The diet effect on 
the ratios for SFA and MUFA can be explained by the calculated minimum synthesis 
of these groups of fatty acids. Feeding the diet containing SO stimulated the synthesis 
of SFA, but tended to depress that of MUFA. The higher synthesis ratio for 
SFA:(SFA+MUFA) in pigs fed the SO diet indicates that there was selective synthesis 
of SFA in the pigs fed the SO diet. This might point at de novo fatty acid synthesis 
being regulated to balance the amount of saturated and unsaturated fatty acids in the 
body because the intake of linoleic acid was very high in the pigs fed the diet with 
SO.  
 In conclusion, the iso-energetic replacement of BT by SO had a marked 
impact of the fatty acid composition of tissues, but did not affect carcass and meat 
quality traits. Feeding the diet with SO produced a markedly increased deposition of 
linoleic acid in the adipose tissues, loin muscle, and whole body. After calculating the 
deposition:digestible intake ratio for individual fatty acids, it became clear that the 
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type of dietary fat had marked, specific effects on the synthesis and oxidation of fatty 
acids. 
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ABSTRACT 
 
 Twenty six Thai indigenous Kadon pigs (13 males and 13 females), with an 
average BW of 10.51 ± 1.40 kg were used to investigate the effect of the dietary 
linoleic acid (LA) : α-linolenic acid (ALA) ratio on meat quality, fatty acid 
digestibility and deposition, body composition and energy balance. The pigs were 
either fed a diet low in ALA, containing 4.5 % (w/w) soy bean oil + 0.5 % linseed oil, 
or a diet high in ALA, containing 0.5 % soya bean oil + 4.5 %linseed oil. The pigs 
were kept in individual cages and fed ad libitum for 35 days. In selected tissues and 
whole carcass of the pigs fed the low-ALA diet, more linoleic acid was deposited, 
whereas the pigs fed the high-ALA diet had deposited more α-linolenic acid. There 
were no diet effects on growth performance, digestibility of gross energy, crude fat, 
and fatty acids, and on energy balance. Pigs fed the high-ALA diet showed a higher 
ALA digestibility. The percentage of fat in the whole body of the pigs fed the high- 
ALA diet was lower than in that of their counterparts fed the low-ALA diet. There 
was a tendency for the pigs fed the high-ALA diet to have a lower body-fat content 
and lower fat deposition. The total absorption and deposition of LA during the entire 
feeding period were higher for the low-ALA diet. Total absorption and deposition of 
ALA were higher for the high-ALA group. The incorporation rate of LA into the 
whole body was higher than the rate of ALA. LA and ALA were preferentially 
oxidized or transformed compared to other fatty acids. The calculated minimum de 
novo synthesis of MUFA tended to be decreased for the high-ALA diet, but that of 
SFA was not affected by dietary treatment. In conclusion, the dietary levels of LA and 
ALA had no effect no growth performance, macronutrient digestibility and energy 
balance. LA deposition in tissues and the whole body was increased after feeding the 
high-LA diet and ALA deposition was increased after feeding the high- ALA diet, but 
the rate of ALA deposition was less than that of LA. 
 
Keywords: deposition, digestibility, linoleic acid, α-linolenic acid, indigenous pigs 
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INTRODUCTION 
 

Consumers increasingly prefer animal products containing high levels of 
polyunsaturated fatty acids because of the assumed health benefits. Linoleic (C18:2 n-
6; LA) and α-linolenic (C18:3 n-3; ALA) acid are essential fatty acids for pigs as they 
cannot be synthesized in the body of pigs. The dietary concentrations of LA and ALA 
are directly associated with the concentrations of these fatty acids in the adipose 
tissues and intramuscular fat of pigs (Nguyen et al., 2003). So far the relationship 
between the quantitative intake of LA and ALA and the deposition of these fatty acids 
in the whole body of pigs has not been described. 

ALA is more preferentially oxidized than is LA (Cunnane and Anderson, 
1997). The preferential oxidation of ALA should result in less deposition of ALA in 
the body and it should affect energy expenditure or storage in body. Whole carcass 
analysis for fatty acid composition and energy balance has been performed in various 
animal species (Crespo and Esteve-Garcia, 2002a; Javadi et al., 2007a; Yeom et al., 
2005). However, whole carcass analysis in pigs usually concerns proximate analysis 
(Shields et al., 1983; Wagner et al., 1999), rather than fatty acid composition. In this 
study, we used Thai indigenous Kadon pigs for whole carcass analysis, because these 
pigs are relatively small. It is assumed that fatty acid and energy metabolism of the 
Kadon pig is similar to that of the commercial pigs. Using the indigenous pigs we 
tested the hypothesis that feeding a diet low LA:ALA ratio versus highLA:ALA ratio 
would alter the whole body fatty acid metabolism and deposition and energy 
expenditure. 
 

MATERIALS AND METHODS 
 
Animals, Diets and Feeding 
 

Twenty-six male and female Thai indigenous Kadon pigs were used. The BW 
was 10.51 ± 1.40 kg. Three males and three females were selected to be slaughtered 
for baseline measurements. Then, the remaining 20 pigs were allotted to one of the 
two dietary treatments on the basis of body weight and sex and were housed in 
individual cages. The pigs were allowed ad libitum access to feed and water 
throughout the experiment. Feed consumption was recorded twice a day and 
individual body weight of the pigs was measured weekly. There were two 
experimental diets either low in ALA (4.5 % soybean oil and 0.5% linseed oil) or high 
in ALA (0.5 % soybean oil & 4.5% linseed oil) as shown in Table 1. Throughout the 
entire experiment, faeces and urine samples of all pigs were collected to determine 
digestibility and balance of macronutrients and gross energy. A 10% solution of 
sulphuric acid (H2SO4) was used to prevent ammonia evaporation during urine 
collection and the urine samples  were stored at 5 oC until analysis. All pigs were 
slaughtered at an average body weight of 20.62 ± 3.02 kg. Ingredient and 
macronutrient composition of the experimental diets are shown in Table 1. The fatty 
acid composition of the diets is documented in Table 2.  
 
Collection and Pre-treatment of Samples 
 

The six pigs (3 males and 3 females) for baseline measurements were killed by 
an intravenous injection of sodium pentobarbital (200 mg/kg of body weight). The 
pigs were scalded, blood was collected and weighed, the head was removed, and the 
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carcass was split into halves along the median plane according to the procedure 
previously reported by Shields et al. (1983). At this moment a few small samples (1-2 
g) of adipose tissue and loin were taken and stored at – 20 oC until analysis. This 
procedure was modified by drying compartment samples and both sides of the sawed 
carcass at 60 oC for 1 week in a forced-hot air oven with placing the frozen materials 
on a mesh with an underneath tray to collect the dripping oil. The dried whole carcass 
samples derived from each pig were pooled and then weighed. The dripping oil 
samples were pooled for each pig and weighed in the same way as the dried whole 
carcass samples. The dried samples were individually ground once through a 2 mm 
screen and twice through a 1 mm screen by a hammer mill. The 20 pigs in the feeding 
trial were sacrificed at 5 weeks after the commencement. Then, whole carcass sample 
was prepared in the same way as for the baseline pigs. 
 
Table 1. 
Composition of the experimental diets (as-fed basis) and analysed macronutrients 
 Low ALA High ALA 
Raw materials (%)   
Cassava chips 45.53 45.53 
Soybean meal (40% CP) 40.00 40.00 
Molasses   4.00   4.00 
Calcium carbonate   1.00   1.00 
Di-calcium phosphate   2.70   2.70 
NaCl   0.35   0.35 
DL-Methionine   0.17   0.17 
Soya bean oil (SO)   4.50   0.50 
Linseed oil (LO)   0.50   4.50 
Premix   0.25   0.25 
Analysed macro nutrients (%)   
Dry matter            88.59            88.77 
Crude protein            18.20            18.21 
Crude fat              7.04              7.05 
Crude fiber              5.02             4.74 
Ash            12.44           12.08 
Calculated ME (MJ/kg)            13.93           13.96 
 
Chemical Analyses and Fatty Acid Composition Determination 
 

The samples of diets and faeces were dried at 60 oC for 72 h in a forced-hot air 
oven. The dried diets, faeces, and whole carcass samples were analysed for moisture, 
energy, crude protein, crude fat, and ash (AOAC, 1990). The urine samples were also 
analysed to quantify the content of energy and nitrogen (AOAC, 1990). 

The fresh loin and the dried samples of diets, faeces, and whole carcasses 
samples were extracted as described previously (Horwitz, 1975). Each sample was 
added to a flask and 2 ml of ethanol was added. Subsequently, 10 ml of HCl (8 mol/L) 
was added; the contents were gently mixed, and the flask was placed in a water-bath 
of 80 oC for 30-40 min. The tubes were cooled down, 10 ml of ethanol (96%, w/w) 
and 25 ml of petroleum ether (boiling point between 40 and 60 oC) were added and 
the tube was shaken for one min. The fat-containing upper layer was decanted into a 
150-ml round-bottom flask. The extraction procedure was repeated twice with 15 ml 
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of diethyl ether and 15 ml of petroleum ether and the lipid extract was evaporated to 
dryness under N2 in a water-bath of 40 oC. The round-bottom flasks with the lipids 
were dried overnight at 60 oC and the total lipids were measured gravimetrically. 
Total lipids, the small samples of adipose tissue and the dripping oil were saponified 
and methylated according to the procedure of Metcalfe et al. (1966) followed by gas 
chromatography for determination of fatty acid composition (Javadi et al., 2004). 
 
Determination of Body Composition and Energy Balance 
 
 The body weight and composition of the baseline pigs showed no effect of 
sex, hence the average energy or nutrient content in whole body of the baseline pigs 
was assumed to be the similar fraction in the whole body of the experimental pigs at 
the start. All types of samples including the dripping oil were determined with a bomb 
calorimeter (Parr® Oxygen Bomb Calorimeter 1341 EE adiabatic, Parr Instrument 
Company, Moline, Illinois, USA). As a thermo-chemical standard, benzoic acid was 
used (Asian Pacific Specialty Chemical Limited, NSW, Australia). The total amount 
of energy that was lost as heat (heat production or energy expenditure) was calculated 
with the formula: Energy lost as heat = energy in food – energy in faeces and urine – 
energy stored in body. Energy stored in the body was determined as total energy at the 
end of the 35 d feeding period minus the energy in the body at the beginning of the 
experiment ( = individual body weight × mean energy content). The same procedure 
was used to calculate the water, protein, fat and ash retention. 
 
Relationship between dietary fatty acid and adipose tissue 
 

The regression formulas for the relations between dietary linoleic and α-
linolenic acids (g / MJ ME) and adipose tissue linoleic and α-linolenic acids (% of 
total fat) were built to compare with the previous results (Nguyen et al., 2003). 
However, in the present study, we have investigated two levels of LA and ALA. Due 
to this design it was not appropriate to do a regression analysis between the fraction of 
stored fatty acids and the fatty acid content of the diet. In the current experiment, the 
incorporation in absolute amounts was quantified by the use of the comparative 
slaughter technique. Instead of the regression analysis, the slope between fatty acid 
deposited in the body and digestible fatty acid intake (Δ g fatty acid incorporated / Δ g 
fatty acid digested) could be calculated. 
 
Calculation of Digestible Fatty Acid Intake, Fatty Acid Deposition and Minimum 
De novo Synthesis 
 

The total digestible fatty acid intake was calculated as fatty acid intake (g/35 
days) × 0.95 × apparent fatty acid digestibility (fraction of intake). The deposition of 
fatty acids was calculated with the following formula: Fatty acid deposition (g/35 
days) = individual carcass content of fatty acid at the end of the study – individual 
carcass content of fatty acid at the start ( = BW × 0.95 × mean fatty acid composition 
of the baseline pigs) of the study. Carcass content of fatty acid at the end (g) was 
calculated as the whole carcass fat mass (g) × 0.95 × fraction of fatty acid in whole 
carcass. The ratio of fatty acid deposition and digestible fatty acid intake was 
calculated for selected individual fatty acids and groups of fatty acids. The quantity of 
fatty acids oxidized, transformed and synthesized could not be measured. Therefore, 
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minimum de novo fatty acid synthesis was calculated as fatty acid deposition minus 
digestible fatty acid intake. 
 
Statistical Analyses 
 

The effect of α-linolenic acid : linoleic acid ratio in the diets was evaluated for 
statistical significance by the Student’s t test (SPSS, 1999) and SAS programme 
(SAS, 1996). Results are expressed as means ± SD. 
 

RESULTS 
 
Dietary Fatty Acid Composition 
 
 The fatty composition of the experimental diets is illustrated in Table 2. The 
fat component of the low-ALA and high-ALA diets contained similar patterns of total 
saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and 
polyunsaturated fatty acids (PUFA). The major difference between both experimental 
diets was a high LA fraction (46 % of total fatty acids) in the low-ALA diet and a 
high ALA fraction (31% of total fatty acids) in the high-ALA diet. 
 
Fatty Acid Composition of Adipose Tissues and Loin Muscle 
 
 Fatty acid pattern of fat in adipose tissues and loin are demonstrated in Table 
3. After feeding the experimental diets, the relative concentration of SFA (mainly 
C16:0 and C18:0) in adipose tissues and loin was not different between the low-ALA 
and the high-ALA diet. The relative concentration of MUFA (main component C18:1 
n-9) of the investigated tissues also was not different between two experimental diets. 
As to the PUFA concentration in both adipose tissues and loin muscle, the LA 
concentration in the pigs fed the low-ALA diet was higher (p < 0.001) than in those 
fed the high-ALA diet, whereas the concentration of ALA in the pigs fed the high-
ALA diet was higher (p < 0.001) than in those fed the low-ALA diet. The relative 
concentrations of the other longer chain unsaturated fatty acids tended to higher for 
the n-6 PUFAs in the pigs fed the low-ALA diet and tended to be higher for the n-3 
PUFAs in the pigs fed the high-ALA diet, even though the fraction of the longer chain 
n-3 PUFAs was quite low. When considering the groups of fatty acids, the 
concentrations of SFA, MUFA, and PUFA, including the ratios of MUFA/SFA and 
PUFA/SFA, showed no difference between the two dietary treatments. Conversely, 
the ratios of n-6: n-3 PUFA and C18:2 n-6: C18:3 n-3 in both adipose tissues and loin 
of the pigs fed the low-ALA diet ranged between 8 and 10 and in the pigs fed the high 
ALA-diet it ranged between 1 and 2. The ratios for the low-ALA treatment were 
significantly higher (p < 0.001) than those for the high-ALA treatment. 
 
Growth Performance and Nutrient Digestibility 
 

The type of dietary fat had no effect on feed intake, growth (average daily 
gain), feed conversion ratio (feed:gain) and final BW (Table 4). There was neither a 
diet effect on the apparent faecal digestibility of crude fat and gross energy (Table 4)  
nor on the digestibility of individual or grouped fatty acids (Table 5), except for 
higher ALA and n-3 PUFA digestibility in the pigs fed the high-ALA diet. 
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Table 2. 
Fatty acid composition of the experimental diets 
 Low ALA High ALA
Fatty acids, g methylester/100 g methylesters 
C 10:0 0.16 0.16
C 14:0 0.19 0.12
C 16:0 15.95 11.80
C 17:0 0.17 0.15
C 18:0 4.42 4.29
C 20:0 0.35 0.39
C 22:0 0.28 0.28
C 24:0 0.17 0.17
C 16:1 0.12 0.08
C 17:1 0.03 0.00
C 18:1 n-9 21.13 21.59
C 18:1 n-7 0.51 0.51
C 20:1 n-9 0.14 0.14
C 18:2 n-6  46.15 26.96
C 18:3 n-3 6.92 30.96
C 18:3 n-6 0.89 0.15
C 20:3 n-3 0.12 0.03
C 20:3 n-6 0.02 0.02
C 20:5 n-3 0.16 0.16
C 22:6 n-3 0.08 0.08
unknown 2.00 1.94
Σ SFA 21.70 17.37
Σ MUFA 21.94 22.33
Σ PUFA 54.35 58.36
SFA = saturated fatty acids; MUFA = mono-unsaturated fatty acids; PUFA = poly-
unsaturated fatty acids 
Σ SFA = C10:0 + C12:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0 
Σ MUFA = C16:1 + C17:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 + C22:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-6 + C18:3 n-3 + C18:4 n-3 + C20:2 n-6 + C20:3 n-6 + C20:4 n-6 + 
C20:3 n-3 + C20:5 n-3 + C22:2 n-6 + C22:4 n-6 + C22:3 + C22:5 n-3 + C22:6 n-3 
 
Body Composition and Energy Balance 
 

Table 4 shows that the deposition of macronutrients (water, crude protein and 
ash) in whole body of the pigs was not different between the dietary treatments, 
except that the percentage of crude fat in the pigs fed the higher-ALA diet was lower 
than in those fed the low-ALA diet. Moreover, the absolute amount of deposition of 
crude fat for the high-ALA treatment tended to be lower (p = 0.1195) than for the 
low- ALA treatment. 

Energy intake, storage, expenditure, and losses with faeces and urine showed 
no difference between the two dietary treatments in terms of absolute values or as 
percentage of energy intake. Table 4 indicates that the final amount of energy in the 
whole body as derived from measurement by bomb calorimeter was close to that 
calculated from the equation used by Javadi et al. (2004). 
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Table 3. 
Fatty acid composition of adipose tissue and loin intramuscular fat 

 Adipose tissue Loin 

 Low ALA High ALA 

Signi-
ficance Low ALA High ALA 

Signi-
ficance 

Analysed fatty acids (g/100g methylester)     
C 14:0 1.32± 0.29  1.39± 0.22  NS 1.37± 0.24 1.37± 0.23 NS 
C 16:0 22.82± 1.95  22.44± 0.66  NS 24.03± 1.16 23.38± 0.79 NS 
C 17:0 0.28± 0.08  0.28± 0.07  NS 0.31± 0.09 0.30± 0.05 NS 
C 18:0 13.35 ± 1.52  12.64± 1.10  NS 12.84± 1.40 12.90± 1.34 NS 
C 20:0 0.23± 0.09  0.25± 0.03  NS 0.22± 0.08 0.26± 0.04 NS 
C 16:1 1.34± 0.31  1.49± 0.16  NS 1.75± 0.44 1.70± 0.25 NS 
C 18:1 n-9 33.03± 2.29  33.88± 2.51  NS 33.84± 2.30 34.70± 2.10 NS 
C 18:1 n-7 1.96± 0.14  1.94± 0.14  NS 2.50± 0.27 2.28± 0.23 NS 
C 20:1 n-9 0.70± 0.14  0.69± 0.10  NS 0.76± 0.10 0.75± 0.10 NS 
C 18:2 n-6  20.19± 3.72  13.74± 1.45  <0.001 16.78± 2.48 11.98± 1.19 <0.001 
C 18:3 n-3 2.25± 0.45  8.56± 1.98  <0.001 1.68± 0.29 6.79± 1.56 <0.001 
C 20:2 n-6 0.76± 0.13  0.52± 0.05  <0.001 0.61± 0.10 0.44± 0.05 <0.001 
C 20:4 n-6 0.21± 0.08  0.19± 0.03  NS 0.74± 0.40 0.47± 0.17 NS 
C 20:3 n-3 0.25± 0.08  1.05± 0.16  <0.001 0.21± 0.03 0.90± 0.14 <0.001 
C 22:5 n-3 0.04± 0.05  0.20± 0.05  <0.001 0.16± 0.13 0.35± 0.08 <0.001 
unidentified 1.04± 0.28  0.50± 0.12  <0.001 1.63± 0.47 0.87± 0.31 <0.001 
SFA 38.00± 3.03  36.99± 1.31  NS 38.77± 1.85 38.21± 1.73 NS 
MUFA 37.19± 2.53  38.18± 2.50  NS 39.24± 2.57 39.73± 2.10 NS 
PUFA 23.78± 4.29  24.33± 3.15  NS 20.36± 3.11 21.19± 2.54 NS 
MUFA/SFA 0.98± 0.09  1.03± 0.06  NS 1.01± 0.07 1.04± 0.08 NS 
PUFA/SFA 0.64± 0.16  0.66± 0.10  NS 0.53± 0.10 0.56± 0.09 NS 
n-6/n-3 8.42± 0.84  1.51± 0.27  <0.001 9.04± 0.90 1.61± 0.31 <0.001 
18:2 n-6/18:3 n-3 9.03 ± 0.79  1.66 ± 0.32  <0.001 10.12± 1.15 1.83± 0.37 <0.001 
Means ± SD for 10 pigs per experimental diet 
NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
 
Σ SFA = C14:0 + C16:0 + C17:0 + C18:0 + C20:0 
Σ MUFA = C16:1 + C17:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-6 + C18:3 n-3 + C20:3 n-6 + C20:3 n-3 + C20:5 n-3 + C22:6 n-3 
 
Relationship between dietary and adipose tissue fatty acids 
 

The relationships between dietary and adipose fatty acids concerning LA and 
ALA are given in the Table 6 and illustrated in Figure 1. The slope of the regression 
for LA was higher than that for ALA. The ratio of Δ g LA deposited:Δ g digestible 
LA intake was 0.488 and that of Δ ALA deposition:Δ digestible ALA intake was 
0.358. 
 
Digestible Fatty Acid Intake and Deposition 
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Table 4. 
Body composition and energy balance in Thai native pigs fed either a low or high 
ALA-diet for 35 d. 
 Low ALA High ALA P value 
Food intake (kg dry food/35 d) 24.80 ± 2.20 24.31 ± 1.46 0.5846 
Feed conversion 2.48 ± 0.40 2.32 ± 0.46 0.4613 
Initial body weight (kg) 10.41 ± 1.89 10.74 ± 1.28 0.6486 
Final body weight (kg) 20.38 ± 2.41 20.86 ± 3.64 0.7329 
Average daily gain (g) 290 ± 34 309 ± 59 0.4294 
Apparent fat digestibility (%) 88.28 ± 3.64 88.89 ± 3.33 0.5397 
Apparent gross energy digestibility (%) 91.02 ± 1.78 90.12 ± 1.57 0.2693 
Body composition at the end           
   Fat (kg) 2.95 ± 0.39 2.67 ± 0.34 0.1195 
   Water (kg) 13.09 ± 1.36 14.17 ± 1.97 0.1982 
   Protein (kg) 3.29 ± 0.46 3.32 ± 0.50 0.8917 
   Ash (kg) 0.70 ± 0.16 0.62 ± 0.12 0.2573 
   Recovery (%) 95.39 ± 1.75 95.35 ± 1.47 0.9590 
   Water : Protein ratio (kg/kg) 4.04 ± 0.67 4.30 ± 0.61 0.3932 
   Fat (%) 14.09 ± 1.98 12.31 ± 1.47 0.0472 
   Water (%) 62.29 ± 4.06 64.97 ± 2.64 0.1203 
   Protein (%) 15.68 ± 1.75 15.31 ± 1.76 0.6681 
   Ash (%) 3.33 ± 0.68 2.88 ± 0.58 0.1455 
Change in body composition           
   Weight gain (kg) 10.15 ± 1.19 10.80 ± 2.07 0.4294 
   Fat deposition (kg) 1.76 ± 0.41 1.47 ± 0.38 0.1327 
   Water deposition (kg) 5.64 ± 0.99 6.64 ± 1.70 0.1496 
   Protein deposition (kg) 1.80 ± 0.43 1.81 ± 0.46 0.9373 
   Ash deposition (kg) 0.39 ± 0.17 0.31 ± 0.11 0.2393 
Energy balance (MJ)           
   Intake 441.30 ± 39.20 422.07 ± 25.42 0.2376 
   Storage 109.04 ± 22.59 100.91 ± 16.84 0.4003 
   Expenditure 286.15 ± 34.71 268.22 ± 28.89 0.3844 
   In faeces 40.20 ± 11.94 41.92 ± 8.35 0.7289 
   In urine 5.91 ± 3.11 6.57 ± 3.07 0.6568 
   In faeces as fat 24.09 ± 4.37 26.57 ± 7.33 0.3992 
   In fat free faeces 16.11 ± 8.16 15.35 ± 5.27 0.8176 
Energy in whole body (MJ)           
   Initial body energy (MJ) 100.23 ± 12.34 101.20 ± 10.59 0.8596 
   Final body energy (MJ) (measured)1 209.27 ± 21.32 202.11 ± 15.30 0.4264 
   Final body energy (MJ) (calculated)2 204.90 ± 23.80 196.40 ± 20.53 0.4416 
Percentage of energy intake           
   Stored in the body 24.83 ± 5.57 24.04 ± 4.48 0.7454 
   Expended as heat 64.83 ± 5.39 64.49 ± 3.78 0.8789 
   Lost in faeces 8.98 ± 1.78 9.88 ± 1.57 0.2693 
   Lost in urine 1.36 ± 0.73 1.59 ± 0.80 0.5462 
   Lost in faeces as fat 5.43 ± 0.55 6.24 ± 1.47 0.1497 
   Lost in fat-free faeces 3.55 ± 1.44 3.64 ± 1.25 0.8893 
Means ± SD for 10 pigs per experimental diet 

1Measured with a bomb calorimeter 
2Calculated on basis of the body composition, given 1 g of animal fat has a gross energy of 39.8 kJ and 
1 g of protein has a gross energy of 23.7 kJ (Javadi et al., 2004) 
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Table 5. 
Effect of ALA intake on apparent fatty acid digestibility 
Fatty acid Low ALA High ALA p value
C 16:0 82.70 ± 2.32 81.14 ± 3.24 0.258 
C 18:0 38.29 ± 22.03 25.71 ± 33.40 0.360 
C 18:1 n-9 93.57 ± 1.61 93.77 ± 1.45 0.786 
C 18:2 n-6  97.77 ± 0.54 97.45 ± 0.38 0.169 
C 18:3 n-3 97.90 ± 0.36 98.71 ± 0.20 0.000 
Σ SFA 47.60 ± 6.75 40.02 ± 13.86 0.160 
Σ MUFA 92.01 ± 10.99 95.27 ± 4.27 0.444 
Σ PUFA 98.76 ± 0.37 97.10 ± 2.90 0.127 
Σ n-6 98.57 ± 0.67 96.52 ± 3.16 0.113 
Σ n-3 98.95 ± 0.18 99.35 ± 0.10 0.000 
Means ± SD for 10 pigs per experimental diet 
ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
 
Σ SFA = C10:0 + C14:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0 
Σ MUFA = C16:1 + C17:1 + C18:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 + C18:3 n-6 + C20:5 n-3 
Σ n-6 = C18:2 n-6 + C18:3 n-6 
Σ n-3 = C18:3 n-3 + C20:5 n-3 
 
 The higher digestible intake of C16:0 (palmitic acid), LA, SFA, and n-6 PUFA 
by the low-ALA group and the higher digestible intake of ALA and n-3 PUFA by the 
high-ALA group were associated with a higher content of these fatty acids in the diets 
(Table 7). There was no treatment difference for the digestible intake of other 
individual and grouped fatty acids. The deposition of LA was higher in the pigs fed 
the low-ALA diet while the deposition of ALA was higher in the pigs fed the high- 
ALA diet (Table 7). When the ratio of individual fatty acid deposition:digestible 
intake was calculated, the ratios for LA, ALA, PUFA, n-6 PUFAs and n-3 PUFAs 
were lower than 1. The ratio of deposition:digestible intake for LA was lower in the 
pigs fed the high-ALA diet, but there was no diet effect on the deposition:digestible 
intake ratio for ALA, n-6 PUFA and n-3 PUFA. These ratios for all other individual 
and grouped fatty acids were not different between both dietary treatments (Table 7). 
 
Minimum de novo synthesis 
 

The pigs fed the low-ALA and high-ALA diet displayed no difference in the 
synthesis of SFA and MUFA. The ratio for the de novo synthesis of SFA:(SFA + 
MUFA) also was not different between the two dietary treatments (Table 8). 
 

DISCUSSION 
 

The low-ALA diet was rich in LA, whereas the high-ALA diet mainly 
contained ALA. The difference between the two diets in the contents of palmitic acid 
was small; it was approximately 4% higher for the low-ALA diet. The contents of the 
other fatty acids were similar for the two experimental diets. Thus, the low-ALA diet 
is representative for diets rich in LA, whereas the high-ALA diet may represent diets 
rich in ALA. 
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Figure 1. Relationship between polyunsaturated fatty acid intake and group mean 
content in adipose tissue of the corresponding fatty acid for pigs in the present feeding 
trial. 
 

The relative concentrations of palmitic (C16:0), stearic (C18:0), and oleic 
(C18:1 n-9) in adipose tissues and loin muscle were similar for the two diet groups. 
This may be explained by the similar fractions of these fatty acids in the experimental 
diets and/or by compensation through de novo synthesis. Obviously, both adipose 
tissues and loin muscle of the pigs fed the low-ALA diet contained a higher LA 
fraction, whereas these tissues in the pigs fed the high-ALA diet contained a high 
ALA acid fraction. This agrees with previous investigations reporting that the fatty 
acid composition in pig’s tissues is associated with the fatty acid profile of the 
obtained diet (Kouba et al., 2003; Miller et al., 1990; Wood et al., 2004). The grouped 
fatty acids (SFA, MUFA, and PUFA) and the ratios of MUFA:SFA and PUFA:SFA 
in adipose tissues and loin did not differ between the two dietary treatments. 
However, the ratios of n-6:n-3 PUFA and C18:2 n-6:C18:3 n-3 for the pigs fed the 
low-ALA diet were higher than those for the pigs fed the high-ALA diet. These 
results indicate that the levels of n-6 PUFAs and n-3 PUFAs were increased by 
elevating the dietary levels of dietary LA and ALA, respectively. As to the 
composition of animal products in relation to human health, the recommended value 
for the n-6:n-3 PUFA ratio is less than 4 (Wood et al., 2004). Thus, the results of the 
current study indicate that the ratios of n-6:n-3 PUFA and C18:2 n-6:C18:3 n-3 in 
pork can be improved by dietary supplementation of oils rich in ALA. 

The pigs fed either the low-ALA or high-ALA diet showed no difference in 
growth performance. This observation agrees with earlier work (Kouba et al., 2003). 
It can be concluded that feeding ALA versus LA has no effect on growth 
performance. There was no diet effect on the digestibility of crude fat, gross energy, 
individual and grouped fatty acids, except for the higher digestibility of ALA and n-3 
PUFAs in the pigs fed the high-ALA diet. It has been known that an improved micelle  
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Table 7. Effect of ALA intake on digestible fatty acid intake, fatty acid deposition 
and the deposition:intake ratio during the whole feeding period 
Fatty acid Low ALA High ALA p value 
Digestible fatty acid intake (g/35 days)   
C 16:0 246.55 ±  17.23 175.39 ±  7.93 0.000 
C 18:0 31.912 ±  17.20  19.51 ±  26.99 0.262 
C 18:1 n-9 369.65 ±  27.40  371.13 ±  18.34 0.895 
C 18:2 n-6 844.43 ±  71.79  481.98 ±  27.61  0.000 
C 18:3 n-3 12.82 ±  11.18  560.64 ±  33.48  0.000 
Σ FA 1,676.65 ±  126.06  1,660.54 ±  40.88  0.771 
Σ SFA 295.53 ±  14.93 210.43 ±  36.43 0.000 
Σ MUFA 375.64 ±  27.27  379.72 ±  13.40  0.745 
Σ PUFA 1,005.48 ±  87.32  1,070.39 ±  41.97  0.126 
Σ n-9 352.15 ±  49.31  344.41 ±  56.13  0.796 
Σ n-6 870.61 ±  75.35  493.83 ±  18.86  0.000 
Σ n-3 134.87 ±  11.98  576.56 ±  23.09  0.000 
Fatty acid deposition (g/35 days)   
C 16:0 391.51 ±  119.86  304.91 ±  81.90  0.092 
C 18:0 291.92 ±  74.19  234.72 ±  51.35  0.075 
C 18:1 n-9 519.55 ±  145.08  427.63 ±  153.55  0.210 
C 18:2 n-6 305.72 ±  69.35  115.00 ±  56.41  0.000 
C 18:3 n-3 51.98 ±  9.96  210.76 ±  58.89  0.000 
Σ FA 1,756.94 ±  280.33 1,549.38 ±  249.10  0.189 
Σ SFA 786.77 ±  151.74  633.54 ±  105.88  0.062 
Σ MUFA 596.62 ±  121.25  523.14 ±  126.27  0.308 
Σ PUFA 373.55 ±  84.74 392.70 ±  114.60  0.736 
Σ n-9 575.37 ±  108.11  505.94 ±  121.53  0.299 
Σ n-6 312.16 ±  73.97 137.74 ±  52.98 0.001 
Σ n-3 61.39 ±  11.53  254.96 ±  69.01  0.000 
Deposition : intake ratio    
C 16:0 1.59 ±  0.47  1.73 ±  0.43  0.504 
C 18:0 8.63 ±  2.33  7.53 ±  1.62  0.314 
C 18:1 n-9 1.40 ±  0.37  1.14 ±  0.37  0.155 
C 18:2 n-6 0.36 ±  0.09  0.24 ±  0.12  0.019 
C 18:3 n-3 0.41 ±  0.09  0.38 ±  0.11  0.468 
Σ FA 1.05 ±  0.17 0.93 ±  0.15 0.221 
Σ SFA 2.67 ±  0.53  3.17 ±  1.21  0.342 
Σ MUFA 1.59 ±  0.32  1.37 ±  0.30  0.233 
Σ PUFA 0.37 ±  0.09  0.37 ±  0.11  0.893 
Σ n-9 1.54 ±  0.23  1.33 ±  0.29  0.210 
Σ n-6 0.36 ±  0.09 0.28 ±  0.11  0.178 
Σ n-3 0.46 ±  0.10  0.44 ±  0.12  0.807 
Means ± SD for 10 pigs per experimental diet 
ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
 
Σ SFA = C14:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0 
Σ MUFA = C17:1 + C18:1 n-9 + C20:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 + C18:3 n-6 + C20:3 n-3 + C20:5 n-3 + C22:6 n-3 
Σ n-9 = C18:1 n-9 + C20:1 n-9 
Σ n-6 = C18:2 n-6 + C18:3 n-6 
Σ n-3 = C18:3 n-3 + C20:3 n-3 + C20:5 n-3 + C22:6 n-3 
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Table 8. 
Effect of dietary ALA level on minimum de novo synthesis of fatty acids during the 
whole feeding period 
Fatty acid Low ALA High ALA p value 
Minimum synthesis (g/35 days)   
SFA 491.24 ±  152.09 423.11 ±  127.90 0.406 
MUFA 220.98 ±  118.50 143.42 ±  118.49 0.264 
SFA/(SFA+MUFA) 0.70 ±  0.09 0.78 ±  0.11 0.184 
Means ± SD for 10 pigs per experimental diet 
ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
Σ SFA = C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0 
Σ MUFA = C18:1 n-9 
 
formation may favourably influence the digestion of all fatty acids in the diet and that 
the position of a given fatty acid in the triacylglycerol molecule also affects 
digestibility (Bracco, 1994; Innis and Dyer, 1997; Nelson and Innis, 1999; Scheeder et 
al., 2000; Scheeder et al., 2003). It is possible that a different position of ALA in the 
triacylglycerol molecules of soya bean oil and linseed oil had influenced ALA 
digestibility. In addition, for the two diets the apparent faecal digestibility of ALA 
could be affected differently by of microbial hydrogenation in the large bowel. This 
would affect ALA excretion with faeces and thus apparent digestibility. 
 The current study has demonstrated that there was no differential effect of LA 
and ALA level on body composition, except for the fraction of crude fat. There was a 
trend towards a lower total amount of fat in the whole body after feeding the high- 
ALA diet. These results are similar to those reported for in mice fed diets with 10% 
LA or 10% ALA (Javadi et al., 2007a). The lower fat content in the whole body might 
be explained by the lower rate of ALA incorporation into adipose tissue and muscle 
when compared with that of LA (Nguyen et al., 2003). The lower incorporation rate 
may be explained by the increased β-oxidation both in mitochondria and peroxisomes 
after feeding a high-ALA diet to rats (Cunnane and Anderson, 1997; Kabir and Ide, 
1996). However, there was no effect of dietary treatment on energy balance. Cha and 
Jones (1996) found that an insufficient energy intake level can cause an increase in 
the oxidation rate and deposition pattern of fatty acids. The pigs in the current study 
ingested sufficient energy so that the lower fat content in the whole body after feeding 
the high-ALA diet should be a specific effect of the high ALA intake. 
 The calculated intake of digestible fatty acids is based on the amount of fatty 
acids ingested and the measured apparent digestibility. The deposition of fatty acids in 
the body fat was based on the increase of fatty acids in the total body fat during the 
entire feeding period. As would be expected, the pigs fed the high-ALA diet deposited 
more ALA and those fed the low-ALA diet had deposited more LA in their whole 
body. Similar data have been shown for mice (Javadi et al., 2004) and goats (Yeom et 
al., 2005). To determine the preferential deposition of fatty acids, the ratio of 
deposition of a given fatty acid or group of fatty acids to the intake of digestible fatty 
acid or group of fatty acids was calculated. The deposition:intake ratio for fatty acids 
reflects the net amount synthesized and/or the proportion of the digested fatty acid not 
oxidized. A deposition:intake ratio > 1 would point at net de novo synthesis, whereas 
a ratio < 1 would indicate net oxidation. The ratios of deposition:digestible intake for 
palmitic acid, stearic acid, oleic acid, SFA and MUFA were higher than 1 for both 
dietary treatments, pointing at de novo synthesis of these fatty acids. The calculated 
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deposition:intake ratio < 1 for LA and ALA for diets must have been the result of the 
well-known preferential oxidation of LA and ALA (Cunnane and Anderson, 1997; 
Jones et al., 1985; Yeom et al., 2005). However, the deposition:intake ratio for LA on 
the high-ALA diet was lower (p<0.05) than that on the low-ALA diet, which is in 
disagreement with previous investigations (Cunnane and Anderson, 1997; Ide et al., 
1996; Jones et al., 1985; Yeom et al., 2005) indicating that ALA is more preferentially 
oxidized and less stored than is LA. This discrepancy may be explained by the fact 
that the ratio of fatty acid deposition:digestible fatty acid was calculated for a given 
point of time. 

The mathematical relationships between the intake of LA and ALA and their 
relative percentages in adipose tissue indicate that LA has a higher rate of deposition 
than does ALA (Nguyen et al., 2003). In the current study, the slopes for the 
relationships between LA and ALA contents in the diet and their fractions in the body 
fat were close to those reported by Nguyen et al. (2003). The absolute amounts of 
fatty acids deposited in whole body will reflect the actual amount and rate of fatty 
incorporation into the whole body. The calculated ratio of the Δ g deposited and Δ g 
digestible intake for LA was higher than that for ALA. This would explain the lower 
fat content in the whole body on the high-ALA diet. It would also explain the 
discrepancy with the earlier work (Cunnane and Anderson, 1997; Ide et al., 1996; 
Jones et al., 1985; Yeom et al., 2005) mentioned above. Additionally, the observation 
implies a similar metabolism and incorporation of fatty acids in Thai indigenous pigs 
and commercial bred pigs. The similar ratio of deposition:digestible intake for n-6 
PUFA and n-3 PUFA would again point to similar fat digestibility of the two oils of 
plant origin that were used to formulated the experimental diets. Furthermore, 
hydrogenation of PUFA by microbes in the large intestine may have increased the 
digestibility of PUFA and decreased the digestibility of SFA and MUFA. Further 
research is needed to quantify the ileal digestibility for individual and grouped fatty 
acids. 
 The diet effect on the deposition:intake ratios for SFA and MUFA can be 
explained by the calculated minimum synthesis of these groups of fatty acids. Feeding 
the diet with low or high ALA content had no effect on synthesis of SFA. The similar 
synthesis ratio for SFA:(SFA + MUFA) in pigs fed either diet points at selective 
synthesis of SFA and MUFA. This might relate to de novo fatty acid synthesis being 
regulated to balance the amount of saturated and unsaturated fatty acids in the body 
because the intake of PUFA was very high in the current study. 
 In conclusion, the feeding of diets with low or high ratio of LA:ALA had a 
marked impact of the fatty acid composition of tissues. Feeding the diet with high 
ratio of LA:ALA produced a markedly increased deposition of LA adipose tissues, 
loin muscle, and whole body, whereas a marked deposition of ALA was found after 
feeding the diet with the low ratio of LA:ALA. However, the incorporation rate in the 
pig body for LA was higher than that for ALA. The different intake levels of LA and 
ALA had no effect on energy expenditure, but the high-ALA diet lowered the body fat 
fraction and tended to lower the fat content and fat deposition in the whole body. 
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ABSTRACT 
 
 Eighteen Thai indigenous pigs (9 males and 9 females) with an average BW of 
7.32 ± 1.22 kg were used to investigate the interaction between dietary fat source and 
α-linolenic acid (ALA). The main hypothesis tested was that a dietary background 
rich in linoleic acid (LA) instead of low in LA, would increase the oxidation of ALA 
and thus lower the deposition of ALA in the whole body. For the two diets, fatty acid 
digestibility, body composition, energy expenditure and incorporation of fatty acids in 
the whole body were measured. The pigs were fed either a diet containing beef tallow 
(BT) and linseed oil (5 % (w/w) beef  tallow + 1 % linseed oil) or sunflower oil (SO) 
and linseed oil (5 % sunflower oil + 1 % linseed oil). The two diets had similar, high 
levels of ALA as provided by the linseed oil. The pigs were kept in individual cages 
and fed ad libitum for 35 days. The pigs fed the SO diet deposited more linoleic acid 
(LA) (p < 0.05) in adipose tissue and loin muscle. There were no differences (p > 
0.05) in growth performance, body composition and energy balance, except for the 
lower (p < 0.05) amount of energy excreted with faeces as fat in pigs fed the SO diet. 
The digestibilities of gross energy, stearic acid and ALA acid were not different (p > 
0.05) for the two treatments, but the digestibility of crude fat, palmitic acid and LA 
acid was greater (p < 0.05) for the SO diet. Feeding the SO diet instead of the BT diet 
increased (p < 0.01) the deposition of LA, but decreased (p < 0.05) the deposition of 
ALA in the whole body. The pigs fed the SO diet had a markedly higher (p < 0.05) 
ratio of deposition:intake for stearic acid, a greater (p < 0.05) oxidation of ALA, but 
there was no effect (p > 0.05) on the oxidation of LA. The minimum rate of de novo 
synthesis for SFA tended to be higher (p = 0.076) and the ratio of this synthesis for 
SFA:(SFA+MUFA) was significantly higher (p < 0.05) for the SO diet. It is 
concluded that feeding pigs with a diet rich in LA may increase the digestion and 
deposition of LA, elevates de novo synthesis of SFA and stimulates the oxidation of 
ALA, without affecting growth performance and energy expenditure. 
 
Keywords: deposition, digestibility, beef tallow, sunflower oil, α-linolenic acid, 
indigenous pigs 
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INTRODUCTION 
 
 Our previous studies (Mitchaothai et al., in press; Mitchaothai et al., 
submitted) have shown that pigs fed a diet containing sunflower oil (SO) instead of 
beef tallow (BT) had higher rates of oxidation for linoleic acid (LA), but there was no 
difference for α-linolenic acid (ALA). This finding was unexpected as based on 
earlier investigations (Cunnane and Anderson, 1997; Ide et al., 1996; Jones et al., 
1985), reporting that ALA is more preferentially oxidised than is LA. The possible 
explanation for this discrepancy could be the low level of ALA in both the BT and SO 
diet. Pigs only need a relatively small amount of ALA, which is an essential fatty 
acid. ALA is required as a precursor for the production of eicosanoids and for the 
deposition in body membranes. In terms of energy metabolism, the efficiency of the 
conversion of glucose into fatty acids for esterification in body triacylglycerols is less 
than of dietary fatty acids being incorporated into body triacylglycerols (Newsholme 
and Leech, 1986). Dietary polyunsaturated fatty acids (PUFA) instead of saturated 
fatty acids (SFA) are preferentially oxidized (Beynen and Katan, 1985), resulting in 
carbohydrates being shifted from the oxidative into the lipogenic pathway. Hence, 
increasing the dietary PUFA level at the expense of SFA would increase heat 
expenditure due to higher fat oxidation. It could thus be hypothesized that a high level 
of ALA in a diet rich in SO would result in higher energy expenditure and more 
oxidation of ALA than a high level of ALA in a diet rich in BT. In the present study, 
this hypothesis was tested. 
 

MATERIALS AND METHODS 
 
Animals, Diets and Feeding 
 

Eighteen male and female pigs, Thai indigenous Kadon pigs, with an average 
BW of 7.32 ± 1.22 kg were used. Three male and three female were selected to be 
slaughtered for baseline measurements. Then, the remaining 12 pigs were allotted to 
one of the two dietary treatments on the basis of body weight and sex and were 
housed in individual cages. The pigs were allowed ad libitum access to feed and water 
throughout the experiment for 35 days. Feed consumption was recorded twice a day 
and individual body weight of the pigs was measured weekly. There were two 
experimental diets with either beef tallow (5%) and linseed oil (1%) (BT diet) or 
sunflower oil (5%) and linseed oil (1%) (SO) as shown in Table 1. Throughout the 
entire experiment, the faeces and urine samples of all pigs were collected for 
determining digestibility and balance of the macronutrients and gross energy. A 10% 
solution of sulphuric acid (H2SO4) was used to prevent ammonia evaporation during 
urine collection and the urine samples then were stored at 5 oC until analysis. All pigs 
were slaughtered at an average BW of 17.34 ± 2.06 kg. Ingredient and macronutrient 
composition of the experimental diets are shown in Table 1. The fatty acid 
composition of the diets is documented in Table 2.  
 
Collection and Pre-treatment of Samples 
 

The six pigs (3 males and 3 females) for baseline measurements were killed by 
an intravenous injection of sodium pentobarbital (200 mg/kg of body weight). The 
pigs were scalded, blood was collected and weighed, the head was removed, and the 
carcass was split into halves along the median plane according to the procedure 
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previously reported by Shields et al. (1983). At this moment a few small samples (1-2 
g) of adipose tissue and loin were taken and stored at – 20 oC until analysis. The 
procedure according to Shields et al. (1983) was modified by drying compartment 
samples and both sides of the sawed carcass at 60 oC for 1 week in a forced-hot air 
oven with placing the frozen materials on a mesh with an underneath tray to collect 
the dripping oil. The dried whole carcass samples derived from each pig were pooled 
and then weighed. The dripping oil samples were pooled for each pig and weighed in 
the same way as the dried whole carcass samples. The dried samples were 
individually ground once through a 2 mm screen and twice through a 1 mm screen by 
a hammer mill. The 12 pigs in the feeding trial were sacrificed at 5 weeks after the 
commencement. Then, whole carcass sample was prepared in the same way as for the 
baseline pigs. 
 
Table 1. Composition of the diet (as-fed basis) 

Item BT SO 
Raw materials (g/100g ) 
Cassava chips 45.53 45.53
Soybean meal (44% CP) 40.00 40.00
Beef tallow 5.00 -
Sunflower oil - 5.00
Linseed oil 1.00 1.00
Molasses 4.00 4.00
Calcium carbonate 1.00 1.00
Dicalcuim phosphate 2.70 2.70
NaCl 0.35 0.35
DL-Methionine 0.17 0.17
Premix 0.25 0.25
Total 100.00 100.00
Analysed nutrients (%) 
Dry matter 87.23 87.62
Crude protein 19.63 20.06
Crude fat 7.24 7.09
Ash 6.91 7.64
Analysed GE (MJ/kg) 17.26 17.04
Calculated ME (MJ/kg) 14.12 14.07
BT = Beef tallow + Linseed oil; SO = Sunflower oil + Linseed oil 
 
Chemical Analyses and Fatty Acid Composition Determination 
 

The samples of diets and faeces were dried at 60 oC for 72 h in a forced-hot air 
oven. The dried diets, faeces, and whole carcass samples were analysed for moisture, 
gross energy, crude protein, crude fat, and ash (AOAC, 1990). The urine samples 
were also analysed to quantify the content of energy and nitrogen (AOAC, 1990). 

The fresh loin and the dried samples of diets, faeces, and whole carcasses were 
extracted as described previously (Horwitz, 1975). Each sample was added to a flask 
and 2 ml of ethanol was added. Subsequently, 10 ml of HCl (8 mol/L) was added; the 
contents were gently mixed, and the flask was placed in a water-bath of 80 oC for 30-
40 min. The tubes were cooled down, 10 ml of ethanol (96%, w/w) and 25 ml of 
petroleum ether (boiling point between 40 and 60 oC) were added and the tube was 
shaken for one min. The fat-containing upper layer was decanted into a 150-ml round-

 88 



Background fat source in diets - ALA metabolism and deposition in native pigs 

bottom flask. The extraction procedure was repeated twice with 15 ml of diethyl ether 
and 15 ml of petroleum ether and the lipid extract was evaporated to dryness under N2 
in a water-bath of 40 oC. The round-bottom flasks with the lipids were dried overnight 
at 60 oC and the total lipids were measured gravimetrically. Total lipids, the small 
samples of adipose tissue and the dripping oil were saponified and methylated 
according to the procedure of Metcalfe et al. (1966) followed by gas chromatography 
for determination of fatty acid composition (Javadi et al., 2004). 
 
Determination of Body Composition and Energy Balance 
 
 The body weight and composition of the baseline pigs showed no effect of 
sex, hence the average energy or nutrient content in whole body of the baseline pigs 
was assumed to be the similar fraction in whole body of the experimental pigs at the 
start. All types of samples including the dripping oil were determined with a bomb 
calorimeter (Parr® Oxygen Bomb Calorimeter 1341 EE adiabatic, Parr Instrument 
Company, Moline, Illinois, USA). As a thermo-chemical standard, benzoic acid was 
used (Asian Pacific Specialty Chemical Limited, NSW, Australia). The total amount 
of energy that was lost as heat (heat production or energy expenditure) was calculated 
with the formula: Energy lost as heat = energy in food – energy in faeces and urine – 
energy stored in body. Energy stored in the body was determined as total energy at the 
end of the 35 d feeding period minus the energy in the body at the beginning of the 
experiment ( = individual body weight × mean energy content of the baseline pigs). 
The same procedure was used to calculate the water, protein, fat and ash retention. 
 
Calculation of Digestible Fatty Acid Intake, Fatty Acid Deposition and Minimum de 
novo Synthesis 
 

The total digestible fatty acid intake was calculated as fatty acid intake (g/35 
days) × 0.95 × apparent fatty acid digestibility (fraction of intake). The deposition of 
fatty acids was calculated with the following formula: Fatty acid deposition (g/35 
days) = individual carcass content of fatty acid at the end of the study – individual 
carcass content of fatty acid at the start of the study ( = Whole carcass fat mass (g) × 
0.95 × mean fatty acid composition of the baseline pigs). Carcass content of fatty acid 
at the end (g) was calculated as the whole carcass fat mass (g) × 0.95 × fraction of 
fatty acid in whole carcass. The ratio of fatty acid deposition and digestible fatty acid 
intake was calculated for selected individual fatty acids and groups of fatty acids. The 
quantity of fatty acids oxidized, transformed and synthesized could not be measured. 
Therefore, minimum de novo fatty acid synthesis was calculated as fatty deposition 
minus digestible fatty acid intake. 
 
Statistical Analyses 
 

The effect of fat source in the diets was evaluated for statistical significance by 
the Student’s t test (SPSS, 1999). Results are expressed as means ± SD. 
 

RESULTS 
 
Dietary Fatty Acid Composition 
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Table 2. Fatty acid composition of the experimental diets 
Item BT SO 

Fatty acids, g methylester/100 g methylesters  
C 14:0 1.30 0.08 
C 15:0 0.42 0.04 
C 16:0 18.71 10.18 
C 17:0 1.34 0.02 
C 18:0 25.54 4.02 
C 20:0 0.38 0.29 
C 22:0 0.15 0.64 
C 16:1 0.60 0.05 
C 18:1 n-9 21.72 29.94 
C 18:1 n-7 3.97 0.89 
C 20:1 n-9 0.43 0.35 
C 18:2 n-6  12.58 44.61 
C 18:3 n-6 0.29 0.01 
C 18:3 n-3 7.85 7.68 
Unknown 4.33 0.75 
∑ SFA 47.89 15.33 
∑ MUFA 26.96 31.33 
∑ PUFA 20.82 52.59 
BT = Beef tallow + Linseed oil; SO = Sunflower oil + Linseed oil 
SFA = saturated fatty acids; MUFA = mono-unsaturated fatty acids; PUFA = poly-
unsaturated fatty acids 
Σ SFA = C10:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0 
Σ MUFA = C14:1 + C16:1 + C17:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 + C22:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-6 + C18:3 n-3 
 
 In Table 2, the fatty acid composition of both experimental diets is shown. The 
BT diet was rich in SFA (48%), mainly consisting of palmitic acid (C16:0) and stearic 
acid (C18:0), whereas the SO diet contained a high level of LA (47%). The SO diet 
contained about 4% of monounsaturated fatty acids (MUFA). The ALA level was 
similar; the BT contained 7.9%  and the SO diet 7.7%. 
 
Fatty Acid Composition of Adipose Tissues and Loin Muscle 
 
 The fatty acid patterns of fat in adipose tissue and loin are shown in Table 3. 
After feeding the experimental diets, the relative concentration of SFA (mainly 
palmitic and stearic acid) in the adipose tissue was higher (p < 0.05) for the BT diet 
than for the SO diet, but no difference between both diets was found for the SFA 
content in loin muscle (p > 0.05). There was a higher (p < 0.05) relative concentration 
of MUFA in both adipose tissue and loin muscle for the pigs fed the BT diet when 
compared those fed the SO diet. As to the PUFA concentration in adipose tissue and 
loin muscle, the LA concentration in the pigs fed the SO diet was higher (p < 0.001) 
than that in the pigs fed BT diet whereas the concentration of ALA in loin muscle for 
the pigs fed the SO diet was lower (p < 0.05). The ALA content of adipose tissue for 
pigs fed the SO diet tended to be lower (p = 0.055) than for the pigs fed the BT diet. 
The ratios of MUFA:SFA in adipose and loin were not different (p > 0.05) for the two 
dietary treatments, whereas the ratios of PUFA:SFA, n-6 PUFA:n-3 PUFA and C18:2 
n-6:C18:3 n-3 in both adipose tissue and loin of the pigs fed the BT diet were lower (p 
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< 0.01) than those for pigs fed the SO diet. The ratios of n-6:/ n-3 PUFA and C18:2 n-
6 : C18:3 n-3 in both adipose tissue and lion muscle for the pigs fed the BT diet 
ranged between 3 and 4 and for the pigs fed the SO diet between 7 and 10. 
 
Table 3 Fatty acid composition of adipose tissues fat and loin intramuscular fat 

 Adipose  Loin  
 BT SO P value BT SO P value

Analysed fatty acids, g methylester/100 g methylesters    
C 14:0 1.78 ± 0.13 1.33 ± 0.12 0.001 1.56± 0.18 1.34 ± 0.20 0.136 
C 16:0 24.25 ± 1.44 21.46 ± 0.81 0.008 24.71± 1.48 23.67 ± 1.69 0.368 
C 17:0 0.81 ± 0.18 0.46 ± 0.14 0.011 0.71± 0.11 0.51 ± 0.15 0.069 
C 18:0 14.94 ± 1.40 12.41 ± 1.15 0.020 15.00± 2.14 14.01 ± 1.70 0.462 
C 16:1 1.94 ± 0.45 1.24 ± 0.19 0.015 2.04± 0.51 1.35 ± 0.18 0.026 
C 17:1 0.55 ± 0.13 0.28 ± 0.10 0.012 0.53± 0.12 0.29 ± 0.09 0.014 
C 18:1 n-9 34.78 ± 2.57 31.72 ± 0.60 0.095 36.33± 2.08 32.87 ± 1.19 0.016 
C 18:1 n-7 2.73 ± 0.46 1.85 ± 0.30 0.010 2.91± 0.59 2.09 ± 0.21 0.022 
C 20:1 n-9 0.62 ± 0.07 0.69 ± 0.08 0.220 0.82± 0.08 0.82 ± 0.07 0.961 
C 18:2 n-6  11.01 ± 4.29 23.36 ± 1.45 0.000 9.01± 2.55 17.27 ± 1.94 0.001 
C 18:3 n-3 3.60 ± 0.45 3.05 ± 0.26 0.055 2.30± 0.33 1.75 ± 0.22 0.018 
C 20:2 n-6 0.31 ± 0.18 0.86 ± 0.06 0.000 0.30± 0.14 0.68 ± 0.07 0.001 
C 20:4n-6 0.13 ± 0.10 0.23 ± 0.03 0.077 0.65± 0.27 0.80 ± 0.46 0.603 
C 20:3n-3 0.33 ± 0.03 0.37 ± 0.03 0.132 0.25± 0.04 0.25 ± 0.02 0.848 
C 22:5 n-3 0.24 ± 0.05 0.09 ± 0.05 0.002 0.31± 0.22 0.18 ± 0.12 0.270 
unknown 1.27 ± 0.38 0.35 ± 0.03 0.017 2.01± 0.44 1.62 ± 0.41 0.230 
∑ SFA 42.08 ± 2.46 35.88 ± 1.71 0.003 42.21± 3.55 39.75 ± 3.60 0.340 
∑ MUFA 40.63 ± 3.55 35.79 ± 0.94 0.021 42.63± 3.25 37.43 ± 1.45 0.014 
∑ PUFA 16.02 ± 4.53 27.98 ± 1.67 0.001 12.87± 1.95 20.96 ± 2.69 0.002 
∑ MUFA/∑ SFA 0.97 ± 0.10 1.00 ± 0.06 0.572 1.02± 0.16 0.95 ± 0.10 0.452 
∑ PUFA/∑ SFA 0.38 ± 0.12 0.78 ± 0.08 0.000 0.31± 0.05 0.54 ± 0.11 0.007 
∑ n-6/∑ n-3 2.54 ± 1.07 6.98 ± 0.36 0.000 3.72± 1.95 8.73 ± 1.04 0.002 
18:2 n-6/18:3 n-3 3.08 ± 1.17 7.68 ± 0.36 0.000 4.12± 1.92 9.95 ± 1.15 0.001 
Means ± SD for 6 pigs per experimental diet 
BT = Beef tallow + Linseed oil; SO = Sunflower oil + Linseed oil 
ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
Σ SFA = C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 
Σ MUFA = C16:1 + C17:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 + C18:4 n-3 + C20:3 n-6 + C20:4 n-6 + C20:3 n-3 + C20:5 n-3 
 
Growth Performance and Nutrient Digestibility 
 

The dietary fatty acid composition had no effect (p > 0.05) on feed intake, 
growth (average daily gain), feed conversion ratio (feed:gain) and final BW (Table 4). 
There was no diet effect (p > 0.05) on the apparent faecal digestibility of gross 
energy, but the pigs fed the SO diet had a higher (p < 0.01) apparent faecal 
digestibility of crude fat (Table 4). The apparent faecal digestibilities for palmitic 
acid, linoleic acid and SFA in the pigs fed the SO diet were greater (p < 0.01) than in 
their counterparts given the BT, but there were no diet differences (p > 0.05) for the 
apparent faecal digestibilities of stearic acid, oleic acid, ALA, MUFA and PUFA 
(Table 5). 
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Table 4. Body composition and energy balance in Thai native pigs fed the 
experimental diets for 35 days 
 BT SO P value 
Food intake (kg dry food/35 d) 24.39 ± 3.40 24.41 ± 3.00 0.9942 
Feed conversion 2.46 ± 0.22 2.47 ± 0.16 0.9690 
Initial body weight (kg) 7.51 ± 1.48 7.19 ± 1.10 0.6902 
Final body weight (kg) 17.40 ± 2.14 17.13 ± 2.17 0.8342 
Average daily gain (g) 282.57 ± 25.08 284.08 ± 45.47 0.9429 
Apparent fat digestibility (%) 74.11 ± 5.10 87.19 ± 3.99 0.0018 
Apparent gross energy digestibility (%) 86.44 ± 2.71 87.14 ± 1.61 0.6263 
Body composition at the end      
   Fat (kg) 2.22 ± 0.74 2.58 ± 0.65 0.4117 
   Water (kg) 11.00 ± 1.48 10.46 ± 1.18 0.5197 
   Protein (kg) 3.22 ± 0.50 3.15 ± 0.42 0.8103 
   Ash (kg) 0.62 ± 0.08 0.60 ± 0.10 0.7191 
   Recovery (%) 98.09 ± 1.03 98.16 ± 0.92 0.8944 
   Water : Protein ratio (kg/kg) 3.50 ± 0.80 3.38 ± 0.20 0.7489 
   Fat (%) 12.65 ± 3.13 14.93 ± 2.35 0.2099 
   Water (%) 63.29 ± 6.16 61.16 ± 1.95 0.4912 
   Protein (%) 18.59 ± 2.99 18.38 ± 0.74 0.8846 
   Ash (%) 3.56 ± 0.39 3.49 ± 0.45 0.7914 
Change in body composition           
   Weight gain (kg) 9.82 ± 0.78 9.86 ± 1.60 0.9516 
   Fat deposition(kg) 1.40 ± 0.63 1.79 ± 0.56 0.2974 
   Water deposition(kg) 5.84 ± 1.04 5.52 ± 0.97 0.6078 
   Protein deposition(kg) 2.18 ± 0.46 2.16 ± 0.34 0.9272 
   Ash deposition(kg) 0.40 ± 0.06 0.39 ± 0.08 0.8161 
Energy balance (MJ)           
   Intake 366.39 ± 51.33 396.07 ± 43.55 0.3249 
   Storage 73.75 ± 38.09 91.52 ± 30.75 0.4155 
   Expenditure 237.93 ± 34.67 247.07 ± 20.76 0.6175 
   In faeces 48.88 ± 6.83 50.54 ± 5.02 0.6588 
   In urine 5.84 ± 1.72 6.49 ± 1.39 0.2716 
   In faeces as fat 14.93 ± 2.31 10.05 ± 1.84 0.0022 
   In fat free faeces 33.95 ± 5.50 40.48 ± 4.09 0.0390 
Energy in whole body (MJ)           
   Initial body energy (MJ) 75.93 ± 14.94 72.65 ± 11.13 0.6902 
   Final body energy (MJ) (measured)1 167.63 ± 48.78 181.53 ± 42.96 0.6230 
   Final body energy (MJ) (calculated)2 168.22 ± 42.48 180.93 ± 34.18 0.5963 
Percentage of energy intake           
   Stored in the body 19.55 ± 8.45 22.71 ± 5.76 0.4930 
   Expended as heat 65.27 ± 8.21 62.66 ± 4.77 0.5475 
   Lost in faeces 13.56 ± 2.71 12.86 ± 1.61 0.6263 
   Lost in urine 1.63 ± 0.58 1.76 ± 0.39 0.6551 
   Lost in faeces as fat 4.10 ± 0.60 2.55 ± 0.51 0.0007 
   Lost in fat-free faeces 9.46 ± 2.22 10.31 ± 1.33 0.4240 
Means ± SD for 6 pigs per experimental diet 
BT = Beef tallow + Linseed oil; SO = Sunflower oil + Linseed oil 

1Measured with a bomb calorimeter 
2Calculated on basis of the body composition, given 1 g of animal fat has a gross energy of 39.8 kJ and 
1 g of protein has a gross energy of 23.7 kJ (Javadi et al., 2004) 
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Table 5 
Effect of dietary fat source on apparent fatty acid digestibility 
Fatty acid BT SO p value 
C 16:0 49.03 ± 5.48 81.92 ± 4.60 0.000 
C 18:0 46.25 ± 5.16 40.65 ± 16.47 0.460 
C 18:1 n-9 90.44 ± 5.43 90.90 ± 3.74 0.860 
C 18:2 n-6  95.35 ± 0.73 96.77 ± 1.41 0.002 
C 18:3 n-3 97.53 ± 0.20 97.60 ± 1.30 0.874 
Σ SFA 47.42 ± 4.76 67.48 ± 10.00 0.002 
Σ MUFA 90.18 ± 5.31 90.55 ± 3.53 0.881 
Σ PUFA 96.18 ± 0.52 96.89 ± 1.39 0.303 
Means ± SD for 6 pigs per experimental diet 
BT = Beef tallow + Linseed oil; SO = Sunflower oil + Linseed oil 
ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
Σ SFA = C16:0 + C18:0 + C20:0 
Σ MUFA = C16:1 + C18:1 n-9 + C20:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-6 
 
Body Composition and Energy Balance 
 

Table 4 shows that the macronutrient composition and deposition (water, 
crude fat, crude protein and ash) in the whole body was not different (p > 0.05) 
between the experimental diets, when expressed either as absolute amount or as 
percentage. Energy intake, storage, expenditure, and losses in faeces and urine 
expressed either as absolute amount or percentage of intake showed no diet difference 
(p > 0.05). However, the energy losses with faeces as fat and as fat-free material for 
the BT treatment were higher (p < 0.05) than those for the SO treatment. However, 
when the losses were expressed as percentage of energy intake, only the fat energy 
loss with faeces was higher (p < 0.001) for the BT diet. The final amount of energy in 
the whole body as derived from measurements with the bomb calorimeter was close to 
that as calculated using the equation given by Javadi et al. (2004) (Table 4). 
 
Digestible Fatty Acid Intake and Deposition 
 
 When the intake of digestible fatty acids is compared between two 
experimental diets, the intake on the BT higher (p < 0.001) for stearic acid and SFA 
and lower for oleic acid (p < 0.05), LA (p < 0.001), PUFA (p < 0.001), n-9 MUFA (p 
< 0.01) and n-6 PUFA (p < 0.001), whereas there was no difference (p > 0.05) for 
palmitic acid, ALA, MUFA and n-3 PUFA (Table 6). The pigs fed the BT diet 
showed no differences (p > 0.05) for the deposition of palmitic acid, stearic acid, oleic 
acid, SFA, MUFA and n-9 MUFA, but the deposition of LA, PUFA and n-6 PUFA 
was lower (p < 0.01) and that of ALA was higher (p < 0.05) with a tendency towards 
a higher (p = 0.058) deposition of n-3 PUFA when compared with the pigs fed the SO 
diet (Table 6). The calculated the ratio of fatty acid deposition and digestible fatty 
acid intake showed that the pigs fed the BT diet had a lower ratio for palmitic acid (p 
< 0.05), stearic acid (p < 0.05) and SFA (p < 0.001) and a higher (p < 0.05) ratio for 
ALA and n-3 PUFA, but there were no differences (p > 0.05) for the ratios for oleic 
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acid, LA, MUFA, PUFA, n-9 MUFA and n-6 PUFA when compared with the pigs fed 
the SO diet (Table 6). 
 
Table 6. Effect of dietary fat source on digestible fatty acid intake, fatty acid deposition and the 
deposition:intake ratio during the whole feeding period 
Fatty acid BT SO p value
Digestible fatty acid intake (g/35 days)  
C 16:0 141.41± 25.75 121.35± 24.80 0.189
C 18:0 182.32± 36.16 30.60± 7.53 0.000
C 18:1 n-9 301.51± 34.18 394.15± 66.66 0.016
C 18:2 n-6  185.00± 27.11 626.31± 112.64 0.000
C 18:3 n-3 117.95± 16.59 108.70± 19.54 0.400
∑ FA 1,046.22± 165.37 1,361.32± 185.93 0.026
∑ SFA 356.06± 72.60 165.69± 27.63 0.000
∑ MUFA 373.08± 52.01 416.82± 58.91 0.264
∑ PUFA 317.08± 45.41 778.80± 106.25 0.000
∑ n-9 314.06± 36.94 419.11± 53.45 0.009
∑ n-6 194.20± 28.83 662.80± 90.30 0.000
∑ n-3 122.88± 16.58 116.01± 15.96 0.529
Fatty acid deposition (g/35 days)  
C 16:0 316.19± 158.56 394.05± 154.49 0.400
C 18:0 203.92± 115.55 235.10± 83.90 0.583
C 18:1 n-9 563.28± 309.31 587.62± 263.02 0.882
C 18:2 n-6  86.13± 44.10 267.96± 135.75 0.007
C 18:3 n-3 28.34± 11.20 15.68± 6.56 0.025
∑ FA 1,475.87± 575.86 1,798.55± 587.54 0.416
∑ SFA 638.82± 250.52 727.34± 243.24 0.593
∑ MUFA 705.95± 323.70 734.69± 250.32 0.878
∑ PUFA 131.10± 35.37 336.52± 122.27 0.008
∑ n-9 661.59± 311.14 708.98± 237.81 0.791
∑ n-6 100.59± 35.15 317.73± 117.95 0.005
∑ n-3 30.51± 11.26 18.79± 5.69 0.058
Deposition : intake ratio    
C 16:0 2.16± 0.80 3.16± 0.73 0.041
C 18:0 1.20± 0.45 8.60± 3.63 0.010
C 18:1 n-9 1.81± 0.78 1.45± 0.47 0.319
C 18:2 n-6  0.45± 0.19 0.42± 0.17 0.733
C 18:3 n-3 0.24± 0.10 0.14± 0.05 0.030
∑ FA 1.38± 0.34 1.21± 0.30 0.391
∑ SFA 1.75± 0.43 4.44± 1.07 0.000
∑ MUFA 1.84± 0.56 1.58± 0.43 0.392
∑ PUFA 0.41± 0.08 0.37± 0.15 0.694
∑ n-9 2.05± 0.71 1.50± 0.47 0.134
∑ n-6 0.51± 0.12 0.42± 0.17 0.336
∑ n-3 0.25± 0.11 0.14± 0.05 0.027
Means ± SD for 6 pigs per experimental diet 
BT = Beef tallow + Linseed oil; SO = Sunflower oil + Linseed oil 
ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
Σ SFA = C14:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0 
Σ MUFA = C16:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 + C18:3 n-6 + C20:5 n-3 
Σ n-9 = C18:1 n-9 + C20:1 n-9 
Σ n-6 = C18:2 n-6 + C18:3 n-6 
Σ n-3 = C18:3 n-3 + C20:5 n-3 
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Minimum de novo synthesis 
 

For the entire feeding period, minimum de novo synthesis was calculated and 
found to show a tendency towards higher synthesis (p = 0.076) of SFA for the pigs on 
the SO diet, but there was no difference (p > 0.05) for the synthesis of MUFA. The 
calculated ratio for the de novo synthesis of SFA:(SFA + MUFA) was higher (p < 
0.05) for the pigs fed the SO diet (Table 7). 
 
Table 7. 
Effect of dietary fat source on minimum de novo synthesis of fatty acids during the 
whole feeding period 
Fatty acid BT SO p value
Minimum synthesis (g/35 days)   
SFA 282.76± 188.32 561.65± 225.66 0.076
MUFA 332.87± 272.70 317.86± 201.42 0.922
SFA/(SFA+MUFA) 0.47± 0.10 0.65± 0.08 0.012
Means ± SD for 6 pigs per experimental diet 
BT = Beef tallow + Linseed oil; SO = Sunflower oil + Linseed oil 
ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
Σ SFA = C14:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0 
Σ MUFA = C16:1 + C18:1 n-7 + C18:1 n-9 + C20:1 n-9 
 

DISCUSSION 
 

The pigs fed the BT diet had a higher SFA content in adipose tissue than did 
the pigs fed the SO diet. This is caused by the different fatty acid patterns of the  diets  
and de novo fatty acid synthesis. However, there was no diet difference for the SFA 
content of loin muscle, which may be explained by the fact that loin muscle is mainly 
comprised of structural lipids which can hardly be changed by the type of dietary fat. 
The higher MUFA fraction in adipose tissue and loin muscle of pigs fed the BT diet, 
which contained less oleic acid and MUFA, could be caused by a higher rate of 
desaturation or de novo synthesis. Consumption of the SO diet increased the PUFA 
content both in adipose tissue and loin muscle, which is the result of the higher 
content of LA and PUFA in the SO diet. In keeping with our hypothesis as mentioned 
above, there was a lower group mean lower content of ALA in loin muscle and 
adipose tissue on the SO versus BT diet even though the two diets had a similar ALA 
content. This observation would be explained by ALA being preferentially 
incorporated into muscle rather than into adipose tissue (Nguyen et al., 2003) and by 
ALA being preferentially oxidised (Cunnane and Anderson, 1997; Kabir and Ide, 
1996). The higher ratios of PUFA:SFA, n-6 PUFA:n-3 PUFA and LA:ALA in 
adipose tissue and loin muscle of the pigs fed the SO diet are explained by the higher 
LA content of the SO diet. 

The pigs fed either the BT diet or the SO diet displayed no difference in 
growth performance, although the digestibility of crude fat for the pigs fed the SO diet 
was higher than that for those fed the BT diet. The higher digestibility of palmitic and 
linoleic acid could relate to their position in the triacylglycerol molecule, fatty acids at 
the 2 position of the glycerol backbone of triacylglycerols being more efficiently 
absorbed than those at the 1,3 position (Bracco, 1994; Innis and Dyer, 1997; Nelson 
and Innis, 1999). In addition, saturated fatty acids located at the 1,3 position of 
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triacylglycerols will be hydrolysed by pancreatic lipase and subsequently could form 
insoluble calcium soaps that are excreted with faeces (Mu and Porsgaard, 2005). The 
high variation of stearic acid digestibility on the SO diet would be explained by 
microbial hydrogenation in the large intestine, transforming C18 unsaturated fatty 
acids to C18 saturated and/or monounsaturated fatty acids. 

The current study demonstrates that the type of dietary fat had no effect on 
macronutrient composition and deposition (crude fat, water, crude protein and ash) in 
the whole body, when expressed either as absolute amount or as percentage of the 
whole body. The different dietary fat sources (beef tallow versus sunflower oil) in 
combination with similar ALA acid level had no influence on the intake, storage, 
expenditure and excretion of energy. Thus, the hypothesis that energy expenditure 
would be higher on the SO diet has to be rejected. However, Javadi et al. (2004) have 
found that  different dietary fatty acids may differently affect energy expenditure in 
mice. On the other hand, the present study shows that there was higher minimum de 
novo fatty acid synthesis for the pigs fed the SO diet which would increase energy 
storage from de novo synthesis, subsequently resulting in an unchanged energy 
expenditure. The energy excreted with faeces as fat, expressed as either as absolute 
amount or as percentage of energy intake, was lower when the pigs were fed the SO 
diet. This is explained by the lower fraction of fat recovered in faeces as caused by the 
higher fat digestibility in these pigs. 

Measurement of the apparent faecal digestibility for individual fatty acids and 
the intake of individual fatty acids made possible the calculation of digestible fatty 
acid intake. For the entire feeding period (35 days), the deposition of fatty acids in 
whole body fat was measured as based on the fatty acid composition of the total body 
before and after the experiment. As would be expected, the pigs fed the BT diet had 
ingested more stearic acid, less linoleic acid, but the same amount of ALA. The pigs 
fed the BT diet deposited in the body less LA, more ALA and an unchanged amount 
of stearic acid. Consequently, the calculated ratio of fatty acid deposition:digestible 
fatty acid intake for SO diet showed a ratio for stearic acid (8.60) that was much 
higher than 1, pointing at a very high rate of de novo synthesis of stearic acid. On the 
other hand, feeding pigs on the SO diet displayed ratios less than 1 for LA and ALA, 
indicating preferential oxidation of these fatty acids. There was no diet effect on  the 
ratio for LA. The apparent difference in oxidation of ALA and LA may be the result 
of competition of these fatty acids for the enzymes involved in β-oxidation, these 
enzymes having a greater preference for n-3 fatty acids. When combining all results 
of fatty acid composition and deposition in the whole body, it would follow that 
feeding pigs on a LA-rich diet and a high level of ALA increases the deposition of LA 
and considerably elevates de novo synthesis of fatty acids. Furthermore, ALA was 
more preferentially oxidized when feeding the pigs on a diet rich in LA, which was 
predicted on the basis of previous investigations (Cunnane and Anderson, 1997; Ide et 
al., 1996; Jones et al., 1985). 

The diet effect on the deposition:intake ratios for SFA and MUFA can be 
explained by the calculated minimum synthesis of these groups of fatty acids. Feeding 
the SO diet tended to increase the de novo synthesis of SFA, without affecting the de 
novo synthesis for MUFA. This would lead to a higher ratio of SFA:(SFA + MUFA) 
in the pigs receiving the SO diet. The higher de novo synthesis for SFA on the SO diet 
would increase energy retention in the body and may reduce energy expenditure as 
calculated from energy intake minus energy storage and excreted energy. 

In summary, feeding pigs with a diet rich in LA and high level of ALA 
markedly increased the content of LA in adipose and loin muscle and increased the 
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digestibility of crude fat and LA, but did not influence the deposition and expenditure 
of energy when compared with feeding pigs on a diet rich in SFA and a high level of 
ALA. The measurements for fatty acid oxidation and deposition in the whole body 
indicated a higher de novo synthesis of fatty acids and preferential oxidation of ALA 
when the pigs were fed the diet rich in SFA and high in ALA.  
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ABSTRACT 
 
 The apparent ileal digestibility of fatty acids was measured in Thai indigenous 
pigs fed diets containing either 5 % (w/w) of beef tallow (BT) or sunflower oil (SO). 
In addition, the deposition in the whole body of macronutrients, individual fatty acids 
and energy were determined. Six cannulated pigs were fed a restricted amount of each 
diet and were subjected to a 2 × 2 Latin square design with 3 replicates and two 
periods of 15 days each. Another 18 pigs fed restricted amounts of each diet were 
used to determine whole body composition. The SO diet was found to increase (p < 
0.05) the apparent ileal digestibilities of palmic, stearic, linoleic and saturated fatty 
acids and tended (p = 0.627) to increase the digestibility of polyunsaturated fatty acids 
(PUFA). The type of dietary fat had no effect (p > 0.05) on growth performance, 
proximate body composition and energy expenditure, even though the apparent 
digestibility of crude fat was higher (p < 0.05) and fat energy excreted with faeces 
was lower (p < 0.05) in the pigs fed the SO diet. The measured apparent ileal 
digestibilities were taken into account to calculation the amounts of digestible fatty 
acids ingested. Feeding the SO diet instead of the BT diet produced a higher (p < 
0.05) deposition of linoleic acid (LA), oleic acid and PUFAs, but a lower (p < 0.05) 
deposition of stearic acid and saturated fatty acids (SFA). For the entire feeding 
period of 49 days, the ratio of deposition to intake of digestible fatty acids was 
increased (p < 0.05) for palmitic acid (C16:0) and stearic acid (C18:0) in the pigs fed 
the SO diet, but the ratio for α-linolenic acid (ALA) was decreased while the ratio for 
LA tended to be decreased. For both diets, the ratios of deposition:digestible intake 
for LA, ALA, PUFA, n-6 PUFA and n-3 PUFA were below 1, but the ratios for 
palmitic acid, stearic acid, oleic acid were above 1. The calculated minimum de novo 
synthesis of SFA was increased (p < 0.05) in pigs fed the SO diet, while that of 
MUFA was unchanged. It is concluded that feeding of a diet containing SO instead of 
BT  may improved the apparent ileal digestibility of fatty acids, but may decrease the 
deposition:intake ratio for ALA in combination with a tendency towards decrease in 
the ratio for LA and without an effect on proximate body composition and energy 
expenditure. 
 
Keywords: Deposition, Ileal digestibility, Beef tallow, Sunflower oil, Energy 
expenditure, Indigenous pigs 
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INTRODUCTION 
 
 Previous studies (Mitchaothai et al., Chapter 5; Nguyen et al., 2003) have 
shown that the incorporation rate of α-linolenic acid (ALA) into adipose tissue is 
lower than that of linoleic acid (LA). This may be explained by ALA being 
preferentially oxidized when compared with LA which in turn is oxidized more 
rapidly than are saturated fatty acids (Cunnane and Anderson, 1997; Jones et al., 
1985). Studies in chickens have demonstrated that the feeding of diets rich in 
polyunsaturated fatty acids (PUFA) can lower abdominal fat (Crespo and Esteve-
Garcia, 2002a; Crespo and Esteve-Garcia, 2002b; Sanz et al., 2000b). This 
observation may be explained by the high rate of oxidation of PUFA. Carbohydrates 
can be metabolized into fatty acids which can be stored in adipose tissue, but the 
energetic efficiency for the deposition of de novo synthesized fatty acids is less than 
the efficiency of the deposition in adipose tissue of dietary fatty acids (Kirchgessner 
and Muller, 1998). When planning the present study we hypothesized that pigs fed a 
diet rich in fed PUFA instead of saturated fatty acids (SFA) would have higher energy 
expenditure and fatty acid oxidation. The oxidation of individual fatty acids can be 
estimated from the calculated ratio of deposition in whole body:digestible intake for 
fatty acids. Ideally, for such calculations, the ileal digestibility of individual fatty acid 
should be known. The published values for the apparent ileal digestibility of fatty 
acids in pigs are quite variable (JØrgensen et al., 1997; Li et al., 1990), indicating that 
the values may depend on diet and animal characteristics. Thus, in this trial the 
apparent ileal digestibility of fatty acids was measured so that the subsequent 
calculations would be valid for the diets and species and category of the pigs used. 
 

MATERIALS AND METHODS 
 
Experiment 1. Determination of ileal and total-tract digestibility of fatty acids 
 
 This experiment was designed to determine the ileal digestibility of 
macronutrients, including individual fatty acids. 
 
Animals and surgical procedures 
 

Three female and three male Thai indigenous Kadon pigs were anaesthetized 
with xylazine (2 mg/kg i.m.; Xylaz®, Farvet Laboratories, The Netherlands) and 
sodium pentobarbitone (5 mg/kg with maximum dose of 10 mg/kg, i.v.; Nembutal®, 
Ceva Animale, France). All pigs were fitted with a simple T-piece cannula made from 
silicone at 10 - 15 cm anterior to the ileocaecal junction according to the surgical 
procedure described by Donkoh et al. (1994). The cannulated pigs regained 
consciousness 6 – 8 h after surgery. The pigs were kept individually in smooth-walled 
metabolism cages. Average BW of the pigs was 18.10 ± 1.60 kg at the 
commencement of the experimental period. 
 
Design, diets and feeding 
 
 The experimental design used was a Latin square design (2 × 2) with 3 
replicates. Each experimental period consisted of 7 days of adaptation, followed by 5 
days for total collection, one day of collection of ileal digesta, 1 day of rest and a 
second day of collection of ileal digesta. The two experimental diets are given in 
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Table 1. The diets had an identical base composition, but they contained 5% of either 
beef tallow (BT) or sunflower oil (SO). Titanium dioxide (TiO2) was included in both 
diets at 1 g/kg feed to measure ileal digestibility. The pigs were fed at a level of 4% 
DM of the experimental diets relative to the average BW; water was freely available. 
The experimental diets were provided for each pig by splitting them into three equal 
portions and were fed at 08:00, 16:00, and 24:00 h. 
 
Table 1. Composition of the diets (as-fed basis) 

Item Beef tallow diet Sunflower oil diet 
Raw materials (g/100 g)   
Cassava chips 45.43 45.43 
Soybean meal (44% CP) 34.00 34.00 
Extruded soy beans 7.00 7.00 
Molasses 4.00 4.00 
Calcium carbonate 1.00 1.00 
Di-calcium phosphate 2.70 2.70 
NaCl 0.35 0.35 
DL-Methionine 0.17 0.17 
Premix 0.25 0.25 
TiO2 (Marker) 0.10 0.10 
Beef tallow 5.00 - 
Sunflower oil - 5.00 
Total 100.00 100.00 
Analysed nutrients (%)   
Dry matter 89.15 88.29 
Crude protein 20.61 21.44 
Crude fat 7.43 7.21 
Ash 7.81 7.52 
Calculated ME (MJ/kg) 13.82 13.97 
 
Digesta and faeces collection and chemical analysis 
 
 Faeces were quantitatively collected for 24 hours on five consecutive days by 
the use of plastic bags. The bags were weighed and then stored at – 20 oC pending 
analysis. Ileal digesta were collected according to the digesta collection method 
described by JØrgensen et al. (1997). All ileal digesta samples were weighed and 
stored at – 20 oC.  
 The samples of faeces and ileal digesta were freeze-dried, pooled for each day, 
pig and period and then ground through a 1-mm mesh screen. All samples were then 
analysed for crude protein, crude fat, and ash (AOAC, 1990). The concentration of 
titanium dioxide in feed, ileal digesta and faeces were quantified by emission 
spectrophotometry as the procedure described by Myers et al. (2004). 
 
Digestibility calculations and statistical analysis 
 
 Apparent ileal (AIDM) and faecal digestibility (AFDM) measured by the 
dietary marker method were calculated according to the equations [1] and [2], 
respectively. 
 AIDMa = 100 – {100 × [(Ia × DTi) / (ITi × Da)]}  [1] 
 AFDMa = 100 – {100 × [(Fa × DTi) / (FTi × Da)]}  [2] 
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where Ia = concentration of nutrient a in ileal digesta (g/kg), ITi = concentration of 
TiO2 in ileal digesta (g/kg), Da = concentration of nutrient a in feed (g/kg), DTi = 
concentration of TiO2 in feed (g/kg), Fa = concentration of nutrient a in faeces (g/kg), 
and FTi = concentration of TiO2 in faeces (g/kg). 
 To compare with the dietary marker method, apparent faecal digestibility 
(AFDTotal) measured by the total collection method was calculated according to 
equation [3]. 
 AFDTotal = [(DFIa - DFEa)/(DFIa)] × 100   [3] 
where DFIa = daily feed intake of nutrient a (g), DFEa = daily faecal excretion of 
nutrient a (g). 
 Correlation between the dietary marker and the total collection method for the 
apparent faecal digestibility for macronutrients, selected fatty acids and grouped fatty 
acids were evaluated by Bivariate correlation in SPSS programme (SPSS, 1999) and 
the difference between apparent ileal and faecal digestibility was evaluated by the 
paired-sample Student’s t-test with the SPSS programme (SPSS, 1999). The 
difference between the two dietary treatments for the macronutrients, selected fatty 
acids and grouped fatty acids were evaluated with the use of ANOVA according to a 2 
× 2 Latin square in SAS programme (SAS, 1996). The level of statistical significance 
was preset at p < 0.05. 
 
Experiment 2. Determination of  fatty acid digestion and deposition, body 
composition and energy balance 
 
 This experiment was designed to determine the apparent faecal digestibility of 
macronutrients and fatty acids, the balance of macronutrients and fatty acids and the 
deposition of fatty acids in whole body. 
 
Animals, Diets and Feeding 
 

Eighteen male and female Thai indigenous Kadon pigs were used; the average 
BW was 11.94 ± 1.83 kg. Three males and three females were selected to be 
slaughtered for baseline measurements. Then, the remaining 12 pigs were allotted to 
one of the two dietary treatments on the basis of body weight and sex and were 
housed in individual cages. The pigs were fed a restricted amount of the experimental 
diets and were given 4% of DM relative the initial BW. Drinking water was freely 
available. The experimental diets contained either 5.0 % of BT or SO (Table 1); the 
amount of cassava chips was increased to a level of 45.53 % because the marker 
(TiO2) was not added to the diets. Throughout the entire 49 days of the experiment, 
the faeces and urine samples of all pigs were collected to determine digestibility and 
balance of macronutrients and gross energy. A 10% solution of sulphuric acid 
(H2SO4) was used to prevent ammonia evaporation during urine collection and the 
urine samples were stored at 5 oC until analysis. All pigs were slaughtered at an 
average BW of 25.07 ± 1.45 kg. Ingredients and macronutrient composition of the 
experimental diets are shown in Table 1. The fatty acid composition of the diets is 
given in Table 2. 
 
Collection and Pre-treatment of Samples 
 

The six pigs (3 male and 3 female) for baseline measurements were killed by 
an intravenous injection of sodium pentobarbital (200 mg/kg of body weight). The 
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pigs were scalded, blood was collected and weighed, the head was removed, and the 
carcass was split into halves along the median plane according to the procedure 
previously reported by (Shields et al., 1983). This procedure was modified by drying 
compartment samples and both sides of the sawed carcass at 60 oC for 1 week in a 
forced-hot air oven with placing the frozen materials on a mesh with an underneath 
tray to collect the dripping oil. The dried whole carcass samples derived from each pig 
were pooled and then weighed. The dripping oil samples were pooled and weighed in 
the same way as the dried whole carcass samples, therefore there were the dried and 
oil samples for each pig. The dried samples were individually ground once through a 
2 mm screen and twice through a 1 mm screen by a hammer mill. The 12 pigs in the 
feeding trial were sacrificed at 7 weeks after the commencement. Then, whole carcass 
sample was prepared in the same way as for the baseline pigs. 
 
Chemical Analyses and Fatty Acid Determination 
 

The samples of diets and faeces were dried at 60 oC for 72 h in a forced-hot air 
oven. The dried diets, faeces, and whole carcass samples were analysed for moisture, 
energy, crude protein, crude fat, and ash (AOAC, 1990). The urine samples were also 
analysed to quantify the content of energy and nitrogen (AOAC, 1990). 

The dried samples of diets, faeces, and whole carcasses samples were 
extracted as described previously (Horwitz, 1975). Each sample was added to a flask 
and 2 ml of ethanol was added. Subsequently, 10 ml of HCl (8 mol/L) was added; the 
contents were gently mixed, and the flask was placed in a water-bath of 80 oC for 30-
40 min. The tubes were cooled down, 10 ml of ethanol (96%, w/w) and 25 ml of 
petroleum ether (boiling point between 40 and 60 oC) were added and the tube was 
shaken for one min. The fat-containing upper layer was decanted into a 150-ml round-
bottom flask. The extraction procedure was repeated twice with 15 ml of diethyl ether 
and 15 ml of petroleum ether and the lipid extract was evaporated to dryness under N2 
in a water-bath of 40 oC. The round-bottom flasks with the lipids were dried overnight 
at 60 oC and the total lipids were measured gravimetrically. Total lipids and the 
dripping oil were saponified and methylated according to the procedure of Metcalfe et 
al. (1966) followed by gas chromatography for determination of fatty acid 
composition (Javadi et al., 2004). 
 
Determination of Body Composition and Energy Balance 
 
 The body weight and composition of the baseline pigs showed no effect of 
sex, hence the average energy or nutrient content in whole body of the baseline pigs 
was assumed to be similar to the fraction in the whole body of the experimental pigs 
at the start. All types of samples including the dripping oil were determined with a 
bomb calorimeter (Parr® Oxygen Bomb Calorimeter 1341 EE adiabatic, Parr 
Instrument Company, Moline, Illinois, USA). As a thermo-chemical standard, benzoic 
acid was used (Asian Pacific Specialty Chemical Limited, NSW, Australia). The total 
amount of energy that was lost as heat (heat production or energy expenditure) was 
calculated with the formula: Energy lost as heat = energy in food – energy in faeces 
and urine – energy stored in body. Energy stored in the body was determined as total 
energy at the end of the 49 d feeding period minus the energy in the body at the 
beginning of the experiment ( = individual body weight × mean energy content). The 
same procedure was used to calculate the water, protein, fat and ash retention. 
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Table 2. Analysed fatty acid composition of the experimental diets 

Item Beef tallow diet Sunflower oil diet
Fatty acids, g methylester/100g methylesters
C 10:0 0.05 0.01
C 14:0 3.47 0.14
C 14:1 0.27 0.00
C 15:0 0.81 0.05
C 16:0 27.90 13.71
C 16:1 1.66 0.01
C 17:0 1.61 0.45
C 17:1 0.45 0.05
C 18:0 24.52 6.78
C 18:1n-9 25.31 38.51
C 18:1n-7  -  -
C 18:2n-6 10.18 35.80
C 18:3n-6  -  -
C 18:3n-3 2.08 2.30
C 18:4n-3  -  -
C 20:0 0.45 0.50
C 20:1n-9 0.02 0.09
C 20:2n-6 0.04 0.10
C 20:3n-7  -  -
C 20:4n-6  - 0.01
C 20:3n-3 0.01 0.03
C 20:5n-3 0.32 0.04
C 22:0 0.19  -
C 22:1n-9  - 0.05
C 22:2n-6  - 0.05
C 22:4n-6  -  -
C 22:3  - -
C 22:5 n-3  -  -
C 24:0  - 0.14
C 22:6n-3  - -
Unidentified 0.66 1.18
Σ SFA 59.00 21.78
Σ MUFA 27.71 38.71
Σ PUFA 12.63 38.32
SFA = saturated fatty acids; MUFA = mono-unsaturated fatty acids; PUFA = poly-
unsaturated fatty acids 
 
Σ SFA = C10:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0 
Σ MUFA = C14:1 + C16:1 + C17:1 + C18:1 n-9 + C20:1 n-9 + C22:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-6 + C18:3 n-3 + C20:2 n-6 + C20:3 n-3 + C20:5 n-3 + C22:2 n-6 
 
Calculation of Ileal Digestible Fatty Acid Intake, Fatty Acid Deposition and 
Minimum De novo Synthesis 
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The ileal digestible fatty acid intake was calculated as fatty acid intake (g/49 
days) × 0.95 × apparent ileal fatty acid digestibility (fraction of intake). The 
deposition of fatty acids was calculated with the following formula: Fatty acid 
deposition (g/49 days) = individual carcass content of fatty acid at the end of the study 
– individual carcass content of fatty acid at the start of the study ( = BW × 0.95 × 
mean fatty acid composition of the baseline pigs). Carcass content of fatty acid at the 
end (g) was calculated as the whole carcass fat mass (g) × 0.95 × fraction of fatty acid 
in whole carcass. The ratio of fatty acid deposition and ileal digestible fatty acid 
intake was calculated for selected individual fatty acids and groups of fatty acids. The 
quantity of fatty acids oxidized, transformed and synthesized could not be measured. 
Therefore, minimum de novo fatty acid synthesis was calculated as fatty deposition 
minus ileal digestible fatty acid intake. 
 
Statistical Analyses 
 

The effect of fat type in the diets was evaluated for statistical significance by 
the Student’s t test (SPSS, 1999) and SAS programme (SAS, 1996) at the significant 
level of p < 0.05. Results are expressed as means ± SD. 
 

RESULTS 
 
Experiment 1 
 
Dietary Fatty Acid Composition 
 
 The fatty composition of the experimental diets is shown in Table 2. The fat 
component of the BT diet contained approximately 59 % SFA, whereas that of the SO 
diet contained approximately 38 % PUFA. 
 
Digestibility of macronutrients and fatty acids 
 
 One pig died before the end of the first period. The necropsy and 
histopathology findings indicated that mycoplasma pneumonia infection was the 
cause of death. Thus, there were 5 pigs for analysis in the Experiment 1. There was no 
relation (p > 0.05) between the apparent faecal dry matter digestibility as measured by 
dietary marker method and total-collection method, but the apparent faecal 
digestibility of crude fat and crude protein as measured by the dietary marker method 
was significantly correlated (p < 0.05) to those measured by the total-collection 
method (Table 3). There were high correlations (p < 0.01) between both measurement 
methods for the apparent digestibility of palmitic acid (C16:0), stearic acid (C18:0), 
oleic acid  (C18:1 n-9), LA, ALA, SFA, mono-unsaturated fatty acid (MUFA) and 
PUFA (Table 3). All apparent faecal digestibilities, except for stearic acid and SFA, 
measured by dietary marker method were higher than those obtained by the total-
collection method. 
 When the apparent ileal and faecal digestibilities for macronutrients and fatty 
acids as determined by the dietary marker method were compared (Table 3), there 
were no differences (p > 0.05) for the digestibilities of oleic acid and MUFA. There 
was a trend towards lower ileal digestibility of crude fat (p = 0.064) and there were 
significantly lower (p < 0.05) ileal digestibilities for dry matter, crude protein, 
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palmitic acid, oleic acid, LA, ALA and PUFA, and significantly higher (p < 0.05) 
ileal digestibilities for stearic acid and SFA. 
 The apparent ileal digestibility of crude fat for the SO diet was higher (p < 
0.05) than that for the BT diet, but there was no difference (p > 0.05) between both 
dietary treatments as to dry matter and crude protein. 

The pigs fed the SO diet had higher (p < 0.05) apparent ileal digestibilities for 
palmitic acid, stearic acid, LA and SFA, and showed a trend (p = 0.0627) towards 
higher ileal digestibility of PUFA (Table 4). There were no differences (p > 0.05) 
between both diets for the apparent ileal digestibilities of oleic acid, ALA and MUFA. 
No difference (p > 0.05) between both treatments was found for the apparent 
digestibilities of oleic acid and MUFA (Table 4). The apparent faecal digestibilities 
for palmitic acid, LA, ALA and PUFA were higher (p < 0.05) in the pigs fed the SO 
diet, but that for stearic was lower (p < 0.05) and that for SFA tended to be lower (p = 
0.0743) in the pigs fed the SO diet. 
 
Experiment 2 
 
Growth performance and body composition 
 
 There was no difference (p > 0.05) in average daily gain and feed conversion 
ratio between both experimental diets (Table 5).   
 
Digestibility of macronutrients and fatty acids 
 
 The fatty acid composition of the diets were almost identical to that of the 
diets used in Experiment 1 (Table 1). The apparent faecal digestibilities for 
macronutrients (Table 5) and fatty acids (Table 6) in Experiment 2 were similar to 
that in Experiment 1 and the two experiments yielded similar diet effects, except for 
lack of diet effect (p > 0.05) on the apparent digestibility of palmitic acid in 
Experiment 2. 
 
Body composition and energy balance 
 

Table 5 illustrates that the absolute weight, percentage, and amounts of 
deposition of macronutrients (fat, water, crude protein, and ash) in the whole pig body 
were not different (p > 0.05) for the dietary treatments. Energy intake, storage, 
expenditure, losses in faeces and urine, and losses in faeces as fat-free matter showed 
no diet effect (p > 0.05) when expressed as absolute values or as percentage of energy 
intake. However, the losses with faeces as fat in the pigs fed the SO diet were higher 
(p < 0.05) than in those fed the BT diet, irrespective of being expressed as absolute 
amount or percentage of total energy intake. The amount of energy in the whole body 
at the end of the experiment as derived from measurement by bomb calorimetry was 
similar to that calculated using the equation given Javadi et al. (2004) (Table 5). 
 
Ileal Digestible Fatty Acid Intake and Deposition 
 
 The ileal digestible intake for individual and grouped fatty acid in both 
experimental diets had no variation because there were no feed refusals. Thus the 
values were based on one amount of feed intake for all pigs and the mean of apparent 
ileal digestibility derived from the Experiment 1 (Table 7). There was no difference (p 

 107



Chapter 7 

> 0.05) in the deposition of palmitic acid for both dietary treatments. The pigs fed the 
BT diet had a higher deposition of stearic acid and SFA (p < 0.05) and tended to have 
a higher deposition of ALA (p = 0.0798) and n-3 PUFA (p = 0.0884) (Table 7). The 
depositions of oleic acid, LA, MUFA, PUFA, n-9 MUFA and n-6 PUFA were higher 
in the pigs fed the SO diet. The calculated ratios of fatty deposition: ileal digestible 
intake for oleic acid, MUFA, PUFA, n-9 MUFA, n-3 PUFA and total fatty acids were 
not different for the two diet groups (p > 0.05). The pigs fed the SO diet showed 
higher (p < 0.05) ratios for palmitic acid, stearic acid and SFA, whereas the pigs fed 
the BT diet had higher ratio for ALA (p < 0.05) and a tendency towards a higher ratio 
for LA (p = 0.0957) and n-6 PUFA (p = 0.0945) (Table 7). The ratios for LA, ALA 
and PUFA were less than 1. 
 
Minimum de novo synthesis 
 
 The pigs fed the SO diet showed a higher (p < 0.01) minimum de novo 
synthesis of SFA, but no difference (p > 0.05) as to the synthesis of MUFA (Table 8). 
The ratio for the minimum de novo synthesis of SFA:(SFA + MUFA) in the pigs fed 
the SO diet was higher (p < 0.05) than in the pigs fed the BT diet. 
 

DISCUSSION 
 
 The high correlation between the dietary marker method and the total-
collection method for the apparent faecal digestibilities of macronutrients and fatty 
acids indicate that the dietary marker can be used to assess the apparent faecal 
digestibility. This would enhance the usefulness of the data from various previous 
investigations (Donkoh et al., 1994; Houdijk et al., 1999; Jagger et al., 1992; 
JØrgensen et al., 1997; Myers et al., 2004). From these investigations, various details 
concerning feeding interval, sample collection and marker quantification were 
integrated in the present protocol. The faecal digestibility of dry matter and crude 
protein was higher than the apparent ileal digestibility which can be explained by the 
activity of microbes in the large intestine as has been described (Li et al., 1990; 
Lindberg and Cortova, 1995; Pettersson and Lindberg, 1997). It was also described 
that faecal digestibility of crude fat would be lower, whereas in this study an opposite 
trend was found. This discrepancy could be the result of a difference in endogenous 
losses and/or an effect of fat type, resulting in different digestibilities for individual 
fatty acids. JØrgensen et al. (2000) reported a higher faecal than ileal digestibility of 
crude fat for diets containing fish oil and rapeseed oil diet. Additionally, the age of the 
pigs might have an influence as Houdijk et al. (1999) reported a higher faecal crude 
fat digestion for growing pigs, but a lower faecal crude fat digestion in weanling pigs. 
 The effect of fat type on the digestibility of macronutrients and fatty acids can 
be compared at the levels of the terminal ileum and faeces. The pigs fed the SO diet 
had a higher crude fat digestibility both at the end of ileum and at the faecal level 
which may be caused by the high PUFA content of the diet. PUFA are better 
digestible than are SFA, which were abundant in the BT diet. The absence of a diet 
effect on the digestibility of dry matter and crude protein at the levels of the end of the 
ileum and faeces probably relates to the similar macronutrient composition of the two 
diets. In comparison with data published by Jørgensen et al. (2000), the apparent ileal 
and faecal digestibility for selected and grouped fatty acids were higher in the current 
study. This was probably due to the difference in fat sources between the two studies. 
However, the apparent ileal digestibility for fatty acids in the current study was close  
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Table 4. Effect of dietary fat type on ileal and faecal digestibility of macronutrients 
and fatty acids by the use of dietary marker 

Item BT SO P value 
Ileal digestibility, % of intake    
Dry matter 76.25 ±  3.17 77.13 ±  2.24 0.4810 
Crude fat 74.66 ±  3.50 83.60 ±  3.26 0.0055 
Crude protein 84.17 ±  2.93 85.41 ±  2.05 0.3282 
Faecal digestibility, % of intake    
Dry matter 88.48 ±  0.62 89.24 ±  0.70 0.1717 
Crude fat 76.59 ±  2.20 85.63 ±  1.84 0.0016 
Crude protein 88.51 ±  1.54 88.99 ±  0.83 0.1811 
Ileal digestibility, % of intake    
C 16:0 70.74 ±  3.92 76.12 ±  7.22 0.0367 
C 18:0 59.35 ±  6.37 74.46 ±  8.27 0.0002 
C 18:1 n-9 87.21 ±  2.47 86.45 ±  2.53 0.6441 
C 18:2 n-6 80.11 ±  2.79 86.32 ±  2.82 0.0223 
C 18:3 n-3 86.00 ±  3.85 88.62 ±  3.38 0.3790 
Σ SFA 65.09 ±  4.93 75.29 ±  7.73 0.0048 
Σ MUFA 87.21 ±  2.47 86.45 ±  2.53 0.6441 
Σ PUFA 83.05 ±  3.28 87.47 ±  2.11 0.0627 
Faecal digestibility, % of intake    
C 16:0 74.22 ±  2.26 80.86 ±  2.31 0.0029 
C 18:0 57.28 ±  4.28 27.47 ±  19.71 0.0465 
C 18:1 n-9 88.10 ±  1.53 89.42 ±  3.11 0.4235 
C 18:2 n-6 93.94 ±  1.38 96.96 ±  0.83 0.0377 
C 18:3 n-3 91.75 ±  1.45 97.32 ±  0.38 0.0058 
Σ SFA 65.75 ±  3.21 54.16 ±  10.24 0.0743 
Σ MUFA 88.10 ±  1.53 89.42 ±  3.11 0.4235 
Σ PUFA 92.84 ±  1.40 97.14 ±  0.42 0.0107 
BT = beef tallow; SO = sunflower oil 
SFA = saturated fatty acids; MUFA = mono-unsaturated fatty acids; PUFA = poly-
unsaturated fatty acids 
 
Σ SFA = C10:0 + C14:0 + C16:0 + C17:0 + C18:0 + C20:0 
Σ MUFA = C18:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 + C20:3 n-3 + C20:5 n-3 
 
to the values reported by Li et al. (1990). The higher ileal digestibility for palmitic 
acid, stearic acid and ALA acid for the SO diet could relate to a difference in the 
position of these fatty acids in the triacylglycerol molecule. Fatty acids at the 2 
position of glycerol backbone of triacylglycerol molecules are better digested than 
those at the 1,3 position (Bracco, 1994; Innis and Dyer, 1997; Nelson and Innis, 
1999). On the other hand, fatty acids released from the 1,3 position of triacylglycerols 
may lead to the less formation of indigestible calcium soaps (Mu and Porsgaard, 
2005). For both dietary treatments, the apparent faecal digestibilities for palmitic acid, 
oleic acid, LA, ALA, MUFA and PUFA were increased when compared with the 
apparent ileal digestibility of these fatty acids. This could be a consequence of fatty 
acids that were digested in the small intestine or were modified by microbes in the 
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large intestine. On the other hand, the faecal digestibility for stearic acid was 
dramatically decreased, resulting in a very lower digestibility of SFA for the SO diet. 
However there was little decrease in stearic acid faecal digestibility and the increase 
in palmitic acid faecal digestibility for the BT diet led to a slightly higher feacal 
digestibility for this dietary treatment. The decrease in the faecal digestibility of 
stearic acid and the higher faecal digestibility for LA and ALA for the SO oil diet 
could be the result of microbial hydrogenation in the large intestine, leading to the 
conversion of LA and ALA into stearic acid. This would then explain the lower faecal 
digestibility for stearic acid and the higher faecal digestibility for LA and ALA for the 
BT diet, but the amount of LA in the BT diet was low and thus had only a small effect 
on the faecal digestibility of SFA. 
 In the experiment 2, it was found that the proximate body composition was not 
influenced by dietary fat type, irrespective of whether it was expressed as absolute 
amounts or fractions of fat, water, protein and ash. These results agree with a previous 
report for broiler chickens (Wongsuthavas et al., 2007). Similarly, energy expenditure, 
either expressed as absolute amount or as percentage of intake, was not significantly 
related to the high amounts of LA or PUFA in the SO diet. This lack of diet effect is 
at variance with a previous report on a study with mice (Javadi et al., 2004). Possibly, 
the method used to determine energy expenditure was not sufficiently sensitive.  

The absence of a diet effect on growth performance agrees with the lack of 
diet effect on macronutrient deposition and the amount of energy stored in the body. 
However, the pigs fed the SO diet digested fat more efficiently than those fed the BT 
diet. This may be explained by the lower absolute energy content and the lower 
percentage of intake relative to the fat fraction in faeces. 

The apparent faecal digestibilities of dry matter, crude fat and crude protein in 
Experiment 2 were similar to those found in Experiment 1. In addition, the apparent 
faecal digestibility results for individual and grouped fatty acids in experiment 2 were 
also comparable to those seen in Experiment 1. Hence, it would be assumed that the 
apparent ileal digestibilities for macronutrients and fatty acids in Experiment 1 may 
be used to calculate intakes of digestible fatty acids in Experiment 2. 

As would be expected on the basis of the fatty acid composition of the diets, 
the pigs fed the SO diet stored less stearic acid and SFA, but stored more oleic acid, 
LA, MUFA, PUFA, n-9 MUFA and n-6 PUFA which is explained by the fractions of 
these fatty acids in the diet, except for ALA and n-3 PUFA which tended to be 
deposited less than for the BT diet which contained less ALA. 

To determine the preferential deposition of fatty acids, the ratio of deposition 
of a given fatty acid or group of fatty acids to the intake of ileal digestible fatty acid or 
group of fatty acids was calculated. The deposition:intake ratio for fatty acid reflects 
the net amount synthesized and/or the proportion of the digested fatty acid not 
oxidized. A deposition:intake ratio > 1 would point at net de novo synthesis, whereas 
a ratio < 1 would indicate net oxidation and/or metabolism in the eicosanoid pathway. 
The ratio of deposition: ileal digestible intake for palmitic acid, stearic acid, oleic 
acid, SFA and MUFA were higher than 1 for both dietary treatments indicating 
significant de novo synthesis of these fatty acids, whereas the ratio for LA and ALA  
was less than 1 for the two diets, which must have resulted from the well-known 
preferential oxidation of LA and ALA, when compared with SFA (Cunnane and 
Anderson, 1997; Jones et al., 1985; Yeom et al., 2005). Additionally, the 
deposition:intake ratio for ALA and LA for the SO diet was lower, or tended to be 
lower, than that for the BT diet. This may be explained by the fact that the SO diet 
provided more LA and ALA for energy expenditure.  It should be note that the  ratio  
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Table 5. Body composition and energy balance in Thai indigenous pigs fed the 
experimental diets for 49 days 

Item BT SO P value 
- Food intake (kg dry food/49 d) 30.77  30.47  

Feed conversion 2.92 ±  0.21 2.75 ±  0.17 0.1724 
Initial body weight (kg) 12.68 ±  1.73 12.98 ±  0.77 0.7103 
Final body weight (kg) 24.57 ±  1.66 25.57 ±  1.14 0.2547 
Average daily gain (g/day) 243 ±  18.72 257 ±  16.35 0.1900 
Apparent dry matter digestibility (%) 88.90 ±  2.37 89.08 ±  1.93 0.8867 
Apparent fat digestibility (%) 78.78 ±  4.07 84.36 ±  3.32 0.0272 
Apparent crude protein digestibility (%) 89.68 ±  2.11 89.88 ±  1.87 0.8667 
Apparent gross energy digestibility (%) 91.78 ±  2.12 91.84 ±  1.75 0.9603 
Body composition           
   Fat (kg) 2.77 ±  0.25 2.95 ±  0.18 0.1912 
   Water (kg) 14.67 ±  0.93 14.92 ±  0.95 0.6520 
   Protein (kg) 6.02 ±  0.56 6.35 ±  0.58 0.3260 
   Ash (kg) 0.52 ±  0.05 0.54 ±  0.05 0.4251 
   Recovery (%) 97.61 ±  1.55 96.84 ±  2.15 0.4961 
   Water : Protein ratio (kg/kg) 2.45 ±  0.19 2.36 ±  0.22 0.4743 
   Fat (%) 11.26 ±  0.50 11.54 ±  0.73 0.4573 
   Water (%) 59.76 ±  2.07 58.37 ±  2.83 0.3561 
   Protein (%) 24.47 ±  1.31 24.82 ±  1.37 0.6635 
   Ash (%) 2.12 ±  0.33 2.11 ±  0.15 0.9770 
Change in body composition           
   Weight gain (kg) 11.88 ±  0.92 12.58 ±  0.80 0.1900 
   Fat deposition(kg) 1.36 ±  0.10 1.51 ±  0.20 0.1448 
   Water deposition(kg) 6.43 ±  0.66 6.48 ±  0.95 0.9069 
   Protein deposition(kg) 3.42 ±  0.47 3.69 ±  0.47 0.3313 
   Ash deposition(kg) 0.23 ±  0.08 0.25 ±  0.04 0.6587 
Energy balance (MJ)           

-    Intake 513.16 - 502.95 - 
   Storage 127.31 ±  61.59 139.32 ±  53.62 0.7261 
   Expenditure 335.79 ±  57.47 315.10 ±  56.23 0.5469 
   In faeces 42.17 ±  10.89 41.04 ±  8.78 0.8477 
   In urine 7.89 ±  0.85 7.48 ±  1.00 0.4613 
   In faeces as fat 16.87 ±  3.24 12.53 ±  2.55 0.0287 
   In fat free faeces 25.31 ±  8.00 28.52 ±  6.47 0.4631 
Energy in whole body (MJ)           
   Initial body energy (MJ) 131.64 ±  18.01 134.76 ±  8.00 0.7103 
   Final body energy (MJ) (measured)1 260.05 ±  69.11 275.29 ±  51.28 0.6745 
   Final body energy (MJ) (calculated)2 259.14 ±  23.88 276.75 ±  18.98 0.1891 
Percentage of energy intake           
   Stored in the body 24.81 ±  12.00 27.70 ±  10.66 0.6684 
   Expended as heat 65.44 ±  11.20 62.65 ±  11.18 0.6756 
   Lost in faeces 8.22 ±  2.12 8.16 ±  1.75 0.9603 
   Lost in urine 1.54 ±  0.17 1.49 ±  0.20 0.6428 
   Lost in faeces as fat 3.29 ±  0.63 2.49 ±  0.51 0.0379 
   Lost in fat-free faeces 4.93 ±  1.56 5.67 ±  1.29 0.3926 
Means ± SD for 6 pigs per experimental diet 
BT = beef tallow; SO = sunflower oil 
1Measured with a bomb calorimeter 
2Calculated on basis of the body composition, given 1 g of animal fat has a gross energy of 39.8 kJ and 
1 g of protein has a gross energy of 23.7 kJ (Javadi et al., 2004) 
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Table 6. Effect of dietary fat type on faecal digestibility of fatty acids 

Item BT SO P value 
C 16:0 69.37± 3.96 73.18± 7.99 0.3281
C 18:0 55.45± 5.23 27.79± 12.56 0.0018
C 18:1 n-9 86.51± 3.36 89.66± 3.42 0.1389
C 18:2 n-6 93.34± 1.83 96.92± 0.91 0.0033
C 18:3 n-3 93.39± 3.29 98.34± 0.74 0.0132
Σ SFA 60.58± 5.00 49.35± 13.54 0.1026
Σ MUFA 86.51± 3.36 89.66± 3.42 0.1389
Σ PUFA 93.36± 2.45 97.63± 0.60 0.0070
BT = beef tallow; SO = sunflower oil 
SFA = saturated fatty acids; MUFA = mono-unsaturated fatty acids; PUFA = poly-
unsaturated fatty acids 
Σ SFA = C10:0 + C14:0 + C16:0 + C17:0 + C18:0 + C20:0 
Σ MUFA = C17:1 + C18:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 
 
of ALA for both dietary treatments was lower than the ratio of LA which implies that 
ALA is more preferentially oxidized than is LA. Furthermore, the lower ratio of 
deposition:intake for ALA agrees with earlier reports of a lower rate of incorporation 
into adipose tissue and muscle for ALA than for LA (Mitchaothai et al., Chapter 5; 
Nguyen et al., 2003). 
 The pigs fed the SO diet instead of the BT diet had a higher ratio of 
deposition:intake for SFA, but there was no diet effect on the ratios for MUFA and 
PUFA. The diet effect on the ratios for SFA and MUFA can be explained by the 
calculated minimum synthesis of these groups of fatty acids. Feeding the diet 
containing SO stimulated the synthesis of SFA. The higher synthesis ratio for 
SFA:(SFA + MUFA) in pigs fed the SO diet indicates that there was selective 
synthesis of SFA in the pigs fed the sunflower oil diet and it might be the result of de 
novo fatty acid synthesis from carbohydrate to balance the amount of saturated and 
unsaturated fatty acids in the body because of the very high intake of LA by the pigs 
fed the SO diet. The higher de novo synthesis would result in increased energy  
deposition for the pigs fed the SO diet so that there would be no difference in energy 
expenditure between the two dietary treatments. 
 In conclusion, the dietary TiO2 marker can be efficiently used to determine the 
apparent ileal digestibility for macronutrients and fatty acids. The apparent 
digestibility for macronutrients and fatty acids was higher than the apparent faecal 
digestibility. Inclusion of SO instead of BT in the diet raised the apparent ileal 
digestibility of palmitic acid, stearic acid and LA, without an effect on proximate 
body composition and energy expenditure. Feeding the diet with SO produced a 
marked increase in LA deposition in whole body. The ileal digestibility of individual 
fatty acids was used to calculate fatty acid incorporation into the body. The type of 
dietary fat had marked effects on oxidation and synthesis of fatty acids and the lack of 
effect on energy expenditure might be the result of balancing by the changes in de 
novo synthesis. 
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Table 7. Effect of dietary fat source on digestible fatty acid intake, fatty acid 
deposition and the deposition:intake ratio during the whole feeding period 
Fatty acid BT SO P value 
Digestible ileal fatty acid intake (g/49 days)  
C 16:0 428.72 202.32 - 
C 18:0 316.14 83.95 - 
C 18:1 n-9 479.46 700.57 - 
C 18:2 n-6  177.15 598.26 - 
C 18:3 n-3 38.86 41.26 - 
∑ FA 1,601.39 1,644.58 - 
∑ SFA 856.32 301.85 - 
∑ MUFA 521.91 701.75 - 
∑ PUFA 223.16 640.98 - 
n-9 479.46 700.57 - 
n-6 177.15 598.26 - 
n-3 46.02 42.72 - 
Fatty acid deposition (g/49 days)  
C 16:0 452.14± 46.74 389.53± 92.94 0.1817
C 18:0 494.88± 61.41 374.27± 54.37 0.0049
C 18:1 n-9 610.93± 125.94 802.65± 101.73 0.0165
C 18:2 n-6  145.58± 34.18 391.59± 54.80 0.0000
C 18:3 n-3 24.37± 5.66 18.52± 4.62 0.0798
∑ FA 1,831.31± 136.64 2,034.73± 227.53 0.0964
∑ SFA 1,032.96± 51.62 800.71± 160.87 0.0150
∑ MUFA 703.54± 87.02 846.61± 88.31 0.0326
∑ PUFA 171.11± 37.87 410.96± 59.30 0.0000
n-9 610.93± 125.94 802.65± 101.73 0.0165
n-6 146.92± 35.32 392.73± 54.20 0.0000
n-3 25.53± 6.40 19.36± 4.67 0.0884
Deposition : intake ratio     
C 16:0 1.05± 0.11 1.93± 0.46 0.0049
C 18:0 1.57± 0.19 4.46± 0.65 0.0000
C 18:1 n-9 1.27± 0.26 1.15± 0.15 0.3257
C 18:2 n-6  0.82± 0.19 0.65± 0.09 0.0957
C 18:3 n-3 0.63± 0.15 0.45± 0.11 0.0405
∑ FA 1.14± 0.09 1.24± 0.14 0.1944
∑ SFA 121± 0.06 2.65± 0.53 0.0011
∑ MUFA 1.35± 0.17 1.21± 0.13 0.1701
∑ PUFA 0.77± 0.17 0.64± 0.09 0.1513
n-9 1.27± 0.26 1.15± 0.15 0.3257
n-6 0.83± 0.20 0.66± 0.09 0.0945
n-3 0.55± 0.14 0.45± 0.11 0.1916
Means ± SD for 6 pigs per experimental diet; BT = beef tallow; SO = sunflower oil 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
Σ SFA = C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0 
Σ MUFA = C18:1 n-9 
Σ PUFA = C18:2 n-6 + C18:3 n-3 + C20:2 n-6 + C20:4 n-6 + C20:3 n-3 + C22:5 n-3 
Σ n-9 = C18:1 n-9 
Σ n-6 = C18:2 n-6 + C20:2 n-6 + C20:4 n-6 
Σ n-3 = C18:3 n-3 + C20:3 n-3 + C22:5 n-3 
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Table 8. Effect of dietary LA and ALA on minimum de novo synthesis of fatty acids 
during the whole feeding period 
 BT SO p value 
Minimum synthesis (g/49 days)    
SFA 176.64 ±  51.62 498.86 ±  160.87 0.003 
MUFA 181.64 ±  87.02 144.86 ±  88.31 0.526 
SFA/(SFA+MUFA) 0.52 ±  0.18 0.79 ±  0.14 0.037 
Means ± SD for 6 pigs per experimental diet 
BT = beef tallow; SO = sunflower oil 
ND = not detectable; NS = not significant 
SFA = Saturated fatty acid, MUFA = Monounsaturated fatty acid, PUFA = Polyunsaturated fatty acid 
Σ SFA = C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0 
Σ MUFA = C18:1 n-9 
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Chapter 8 

 This thesis describes the effects of dietary substitution of vegetable oil for 
animal fat on meat quality and fatty acid metabolism in growing-finishing pigs of a 
commercial breed. To study metabolism at the level of the whole body, indigenous 
Thai Kadon pigs were used as a model.  Many vegetable oils contain a high 
proportion of polyunsaturated fatty acids (PUFA) including the essential fatty acids 
linoleic acid (LA) and α-linolenic acids (ALA), albeit that the concentration of the 
latter generally is much lower. Animal fats generally are rich in saturated fatty acids 
(SFA). In the present studies the LA-rich oils, sunflower oil (SO) and soybean oil, 
were used and also linseed oil which is rich in ALA. As animal fat, beef tallow (BT) 
was added to the diet of the pigs. 

There is an increasing tendency that consumers are only interested in products 
of animal origin if these products can be considered healthy for them. Supplementing 
swine diets with vegetable oils can increase the PUFA level of pork meat. Increased 
intakes of PUFA may contribute to reducing the risk of cardiovascular disease in man. 
However, adverse effects can occur: the firmness of the meat may decrease and 
maximum storage time may become less. Therefore, the impact of dietary fat type on 
meat and carcass quality and on fatty acid composition of adipose tissue and muscle 
were investigated. Digestibility and incorporation of fatty acids in the whole body, 
calculated de novo fatty acid synthesis and energy metabolism were studied in order 
to explain the observations in metabolic terms. 

Chapter 1 sets the stage for the studies in this PhD thesis by reviewing the 
relevant basics. The literature review revealed that there have been few studies on de 
novo synthesis, oxidation of fatty acids and energy expenditure at the level of the 
whole body of pigs. In addition, the supplementation of swine diets with SO has been 
investigated scarcely. The studies in this thesis attempted to focus on metabolism of 
individual fatty acids in relation to meat quality, whole body composition, energy 
expenditure and growth performance. Concerning the metabolism of individual or 
groups of fatty acids, aspects that were measured directly or calculated indirectly were 
faecal and ileal digestibility, de novo fatty acid synthesis, fatty acid oxidation and fat 
acid incorporation into various tissues and the whole body.  
 
The key conclusions from the various studies in this thesis may be formulated as 
follows: 
 
1. The feeding of diets with 5% SO instead of BT to growing-finishing swine 
increased deposition of PUFA (mainly LA) into tissues, but had no effect on the 
physical properties of pork. 

 
Feeding growing-finishing pigs on diets containing either SO or BT (Chapter 

2) had no effect on the carcass traits,  back fat thickness and fat-lean ratio (LSQ). 
Likewise, there was no diet effect on the pork quality characteristics, colour, pH, drip 
and cooking loss, tenderness (shear force), sarcomere length and percentage of 
intramuscular fat. As would be expected, dietary SO increased the incorporation of 
PUFA, especially LA, into adipose tissues and loin muscle. It is concluded that the 
supplementation of swine diets with vegetable oils rich in LA may not have an 
adverse impact on pork quality. High LA contents in pork are considered to be 
beneficial for consumers. 
 
2. When growing-finishing pigs were fed a diet rich in LA,  the digestion of SFA, 
except for stearic acid, monounsaturated fatty acids (MUFA) and PUFA (LA and 
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ALA) was increased. The ratio of deposition: digestible intake for SFA was increased 
by the feeding of a LA-rich diet, but the ratios for MUFA and PUFA were decreased. 

 
 Chapter 3 describes that pigs fed on a diet with SO instead of BT showed a 
higher digestibility of palmitic acid, oleic acid, LA and ALA. This could be the result 
of a higher proportion of these fatty acids bound at the sn2-position of the glycerol 
backbone of the triacylglycerols in SO. The PUFA and LA levels in the whole body 
were markedly increased in the pigs fed the SO diet. However, the SO diet induced a 
higher deposition: digestible intake ratio for SFA (especially stearic acid) whereas this 
ratio for MUFA and PUFA was lower. The increased minimum de novo synthesis for 
SFA in pigs fed the SO diet could point at an attempt to balance the ratio of 
SFA:PUFA in the body because of the higher incorporation of LA. 
 
3. Feeding the pigs iso-energetic amounts of diets containing either SO or BT did not 
affect the diet effects on digestion and deposition of fatty acids when compared to ad 
libitum feeding, but it tended to increase the efficiency of energy utilization. 

 
 For the study described in Chapter 4, the digestibility of crude fat as measured 
in the previous experiment (Chapter 3) was taken into account to formulate an iso-
energetic exchange of dietary fat sources. It was hypothesized that the response of the 
pigs could be altered when they obtained equal amounts of digestible fat, but of 
different sources. The results collected were similar to those of the previous 
experiment, except for a negative digestibility of stearic acid and a tendency towards a 
better energetic efficiency on the SO. It was speculated microbial hydrogenation in 
the large bowel had caused the negative value for the digestibility for stearic acid. 
 
4. When comparing the metabolism of ALA and LA, it was found that the rate of 
incorporation into tissues was lesser for ALA than for LA. 

 
 Literature data point to ALA being more preferentially oxidized than LA. It 
was hypothesized that ALA would be incorporated into tissues less efficiently than 
LA. The preferential oxidation of ALA would imply that on a high-ALA diet more 
glucose would be converted into fatty acids, this process not being energetically 
efficient and thus increasing energy expenditure. In Thai indigenous pigs fed either a 
high-LA or high-ALA diet, the digestion of individual fatty acids was measured as 
well as the deposition and metabolism of fatty acids, and energy expenditure at the 
level of the whole body (Chapter 5). A higher digestibility of ALA, a lower total body 
fat fraction, and increased ALA contents in adipose tissue, muscle and whole body 
were observed in pigs fed the high-ALA diet. However, no effect of high ALA versus 
high LA intake on energy expenditure or on de novo fatty acid synthesis was seen. 
Irrespective of the composition of the diet, ALA was found to have a lower rate of 
incorporation into the body than did LA. This observation supports the idea of a ALA 
being preferentially oxidized when compared to LA. 
 
5. The fat background of the diet influenced ALA incorporation into tissues: SO as fat 
background diminished ALA incorporation when compared to BT as fat background. 

 In the form of linseed oil, ALA was added to the diets containing identical 
amounts of either SO or BT and were fed to Thai indigenous pigs (Chapter 6). The 

 123



Chapter 8 

hypothesis was that the diet rich in LA would increase the oxidation of ALA and raise 
energy expenditure. The SO diet rich in LA increased the digestion and deposition of 
LA and lowered the level of ALA in adipose tissue, muscle and whole body. The SO 
diet increased de novo synthesis of  stearic acid and SFA synthesis, and stimulated 
ALA oxidation. The SO and BT diets rich in ALA did not differently influence 
growth performance and energy expenditure. It is suggested that extra de novo 
synthesis of SFA compensates for increased ALA oxidation. 
 
6. Apparent ileal digestibility of fatty acids is lower than the apparent faecal 
digestibility, except for stearic acid. Feeding pigs with dietary SO instead of BT 
increased the digestibility of fat and fatty acids both at ileal and faecal level, and also 
raised the oxidation of LA and ALA and de novo synthesis of SFA, but left 
unchanged energy expenditure and body composition. 

 
 The data in Chapter 7 show that the apparent ileal digestibility of fatty acids is 
lower than the apparent faecal digestibility, except for stearic acid. The aberrant 
characteristic of stearic acid may be explained by microbial hydrogenation of 
unsaturated C18-fatty acids in the large intestine. The digestion of fatty acids was 
better for the SO diet than for the BT diet, except for stearic acid. In this study, any 
effect of microbial hydrogenation on the calculated values for the synthesis or 
oxidation of fatty acids was avoided because the ileal fatty acid digestibility was used 
for the calculations. This study confirms the data in other chapters, showing that 
feeding the SO diet increased the deposition of LA and raised de novo synthesis of 
SFA. Again, evidence was obtained that ALA is more preferentially oxidized than is 
LA. 

 

Taken together the results of all studies in this thesis, it is clear that dietary SO 
rich in LA increased LA deposition in the body of pigs without any adverse effect on 
the physical properties of pork meat. The digestibility of  plant oils rich in PUFA is 
higher than that of animal fat. Between experiments there were differences in the 
values for the deposition: intake ratio for individual fatty acids, which relates to the 
different conditions of each experiment and most likely the difference in breeds of 
pigs used. In any event, the results of all experiments pointed in the same direction. 
The essential fatty acids, LA and ALA, are preferentially oxidized compared to other 
fatty acids and high intakes of LA and ALA stimulated the de novo synthesis of SFA. 
ALA oxidation was generally found to be preferred over the oxidation of LA. 
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 This thesis focuses on the replacement of animal fat by vegetable oil in the 
diet for growing-finishing pigs. Generally, but not exclusively, fats of animal origin 
contain higher proportions of saturated fatty acids (SFA) than vegetable oils that are 
commonly rich in polyunsaturated fatty acids (PUFA). There is concern among the 
consumers of pork meat as to the use of fats of animal origin in the diet of pigs. High 
intakes of animal fats by pigs leads to pork meat rich in SFA, which in turn increases 
the risk of cardiovascular disease in man. Consequently, consumers tend to prefer 
animal products derived from animals fed on diets containing oils of plant origin. The 
PUFA concentrations in pork meat can be raised by feeding pigs diets rich in PUFA, 
but the impact on physical meat quality was not known. From biochemical studies it 
follows that PUFAs are preferentially oxidised when compared to SFA. Thus, it could 
be suggested that the inclusion of vegetable oils into the diets for pigs would alter the 
metabolism of fatty acids and energy.  

The main question that was addressed in this thesis is as follows: What is the 
effect of feeding diets containing either sunflower oil (SO) or beef tallow (BT) on 
meat quality and fatty acid and energy metabolism? Variables measured were the 
incorporation of fatty acids into adipose tissue, meat and the whole body, the 
oxidation and de novo fatty acid synthesis of fatty acids and energy expenditure. The 
feeding of diets with SO instead of BT did not affect growth performance, but 
markedly increased the level of linoleic acid (LA) in adipose tissues and pork meat 
without any adverse effect on the physical aspects of pork quality. The digestibility of 
crude fat and fatty acids was higher for the SO diets, except for the digestibility of 
stearic acid. The SO diets raised the oxidation of LA and the de novo synthesis of 
SFA synthesis.  
 To study fatty acid metabolism at the level of the whole body, the relatively 
small, Thai indigenous pigs were used as a model. In these pigs the metabolism of LA 
and ALA was compared after feeding diets with a low or high LA:ALA ratio. Adipose 
tissue and pork of the pigs fed on the high-ALA diet were enriched with ALA. The 
ratios of deposition: digestible intake for LA and ALA were lower than 1, indicating 
preferential oxidation of these fatty acids, which was associated with increased de 
novo synthesis of  SFA synthesis in keeping with the studies in commercial pigs. For 
both the high-ALA and high-LA diet, the rate of ALA incorporation into the whole 
body was lesser than for LA, which is in line with preferential oxidation of ALA over 
LA. In a subsequent study, ALA metabolism was studied in pigs fed ALA-rich diets 
with identical levels of either SO or BT as fat background. It was found that the 
digestion and deposition of LA, de novo synthesis of SFA synthesis and ALA 
oxidation were higher, whereas ALA deposition was lower for the SO diet. It is 
concluded that the fat background of the diet can affect metabolism of supplemental 
fatty acids. In order to assess the digestibility of fatty acids more accurately, 
cannulated pigs were used to determine apparent ileal digestibility instead of faecal 
digestibility of fatty acids. The apparent ileal digestibility of fatty acids was found to 
be lower than apparent feacal digestibility, except for that of stearic acid. The aberrant 
outcome for stearic acid indicates that C18 unsaturated fatty acids are escaping from 
ileal digestion and are hydrogenated and transformed into C18 saturated fatty acids by 
microbes in the large intestine. Energy expenditure and proximate body composition 
were not influenced by the type of fat in the diet. 
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Samenvatting 
 

Dit proefschrift richt zich op de vervanging van dierlijk vet door plantaardig 
vet in het voer voor vleesvarkens. In het algemeen bevatten dierlijke vetten een hoog 
aandeel verzadigde vetzuren en zijn plantaardige vetten vaak rijk aan meervoudig 
onverzadigde vetzuren. Het gebruik van dierlijk vet in het voer van vleesvarkens 
verontrust de consumenten van varkensvlees. Immers, een hoge opname van 
verzadigd vet door vleesvarkens leidt tot varkensvlees met een hoog gehalte aan 
verzadigde vetzuren. Verzadigde vetzuren worden als risicofactor gezien voor het 
ontstaan van hart- en vaatziekten bij de mens. Daarom zal de consument een voorkeur 
hebben voor producten die afkomstig zijn van dieren die gevoerd zijn met plantaardig 
vet in plaats van dierlijk vet. Door de vleesvarkens te voeren met een voer dat rijk is 
aan meervoudig onverzadigde vetzuren kan de concentratie aan meervoudig 
onverzadigde vetzuren in varkensvlees verhoogd worden, maar welke effect dat heeft 
op de kwaliteit van het vlees is onvoldoende bekend. Uit biochemisch onderzoek is 
bekend dat MOV preferentieel worden geoxideerd ten opzichte van verzadigde 
vetzuren. Het gebruik van plantaardige vetten in het voer voor vleesvarkens kan 
daarom ook gevolgen hebben voor het metabolisme van de vetzuren en de 
energiestofwisseling van de varkens. 

De belangrijkste vraag die in dit proefschrift aan de orde komt is: Wat is het 
effect van het voeren van vleesvarkensvoer met zonnebloemolie (ZO) of met rundvet 
(RV) op de vleeskwaliteit, de vetzuurstofwisseling en het energiemetabolisme? In de 
proeven werd de mate van inbouw van vetzuren in vetweefsel en in het vlees en het 
totale dier gemeten. Daarnaast werd de maximale oxidatie en minimale de novo 
synthese van vetzuren berekend en werd de totale warmteafgifte berekend. 
Het voeren van vleesvarkensvoer met ZO in plaats van RV had geen effect op de 
groei van de dieren, maar verhoogde wel het gehalte aan linolzuur in vetweefsel en 
vlees zonder negatief effect op de vleeskwaliteit. De verteerbaarheid van ruw vet en 
van de vetzuren was hoger bij de voeders met ZO, behalve de verteerbaarheid van 
stearinezuur. Verder verhoogde een voer met ZO de oxidatie van linolzuur en de de 
novo synthese van verzadigde vetzuren. 

Voor het onderzoek naar het vetzuurmetabolisme op dierniveau werden 
relatief kleine, inheemse Thaise varkens als model gebruikt. Hierbij werd een 
vleesvarkensvoer met een lage verhouding tussen linolzuur en α-linoleenzuur 
vergeleken met een voer met een hoge verhouding. Het voer met veel α-linoleenzuur 
verhoogde het gehalte aan α-linoleenzuur in het vetweefsel en in het varkensvlees. De 
verhouding tussen aanzet en opgenomen verteerbaar vetzuur was lager dan 1 voor 
zowel linolzuur als α-linoleenzuur. Dit wijst er op dat deze vetzuren mogelijk 
preferentieel worden verbrand. Tegelijkertijd nam de de novo synthese van verzadigde 
vetzuren toe, net als in de proeven met commerciële varkens. Zowel op het voer met 
de hoge als de lage verhouding tussen linolzuur en α-linoleenzuur was de mate van 
inbouw van α-linoleenzuur lager dan die van linolzuur, hetgeen in lijn is met de 
preferentiële oxidatie van α-linoleenzuur ten opzichte van linolzuur. 

In een andere proef werd het α-linoleenzuur metabolisme bestudeerd bij 
varkens die een α-linoleenzuurrijk voer kregen met of ZO of RV als achtergrond. De 
verteerbaarheid, de mate van inbouw van linolzuur, de de novo synthese van 
verzadigde vetzuren en de verbranding van α-linoleenzuur waren hoger op het voer 
met ZO dan op het voer met RV. Verder bleek dat de inbouw van α-linoleenzuur op 
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het voer met ZO lager was dan op het voer met RV. Het is duidelijk dat de keuze van 
het type voervet een duidelijk effect kan hebben op het metabolisme van het 
gesupplementeerde vetzuur. 

Om een beter beeld te krijgen van de verteerbaarheid van de vetzuren is de 
ileale verteerbaarheid in plaats van de fecale verteerbaarheid gemeten bij 
gecanuleerde varkens. De schijnbare ileale verteerbaarheid van de langketen vetzuren 
was lager dan de fecale verteerbaarheid, behalve voor stearinezuur. Deze afwijkende 
uitkomst voor stearinezuur duidt er op dat onverzadigde vetzuren met 18 
koolstofatomen die niet in de dunne darm worden geabsorbeerd door de microflora in 
de dikke darm worden gehydrogeneerd en uiteindelijk als stearinezuur worden 
uitgescheiden via de feces. 

De warmteproductie en de lichaamssamenstelling van de varkens werd 
overigens niet beïnvloed door het type vet in het vleesvarkensvoer. 
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บทสรุป 

 
 วิทยานิพนธเลมน้ีมุงเนนศึกษาการทดแทนไขมันสัตวดวยนํ้ามันจากพืชในอาหารสําหรับสุกรรุน-ขุน 
โดยสวนใหญแลว ไขมันที่ไดจากสัตวมีสัดสวนของกรดไขมันอิ่มตัวสูงกวานํ้ามันที่ไดจากพืชซึ่งมักอุดมไปดวย 
กรดไขมันไมอิ่มตัวเชิงซอน ปจจุบันผูบริโภคหันมาใหความสําคัญและคํานึงถึงคุณภาพของเน้ือสุกรจากสุกรที่
ไดรับ อาหารที่เสริมดวยไขมันจากสัตว เน่ืองจากสุกรที่ไดรับไขมันจากสัตวเปนปริมาณมากจะทําใหปริมาณของ
กรดไขมันอิ่มตัวในเน้ือสุกรมีมากตามไปดวย ซึ่งสงผลใหผูบริโภคมีความเสี่ยงของการปวยดวยโรคในระบบ
ไหลเวียนโลหิตและหัวใจ (cardiovascular disease) ผลที่ตามมา คือ ผูบริโภคมีแนวโนมหันมาเลือกบริโภค
ผลิตภัณฑจากสัตวที่ไดรับอาหารที่มีนํ้ามันจากพืชประกอบอยูมากขึ้น การใหอาหารสุกรดวยอาหารท่ีอุดมไปดวย
กรดไขมันไมอิ่มตัวเชิงซอน สามารถเพ่ิมความเขมขนของกรดไขมันไมอิ่มตัวเชิงซอนในเน้ือสุกรได แตอยางไรก็
ตามผลกระทบที่ตามมาตอคุณภาพของเน้ือยังไมทราบ นอกจากน้ีการศึกษาทางชีวเคมี พบวากรดไขมันไมอิ่มตัว
เชิงซอนมักถูกออกซิไดซ (oxidised) ไดมากกวากรดไขมันอิ่มตัว ดังน้ันการเติมนํ้ามันจากพืชลงในอาหาร
สําหรับสุกรอาจสามารถเปล่ียนแปลงกระบวนการเมทาบอลิซึม (metabolism) ของกรดไขมันและพลังงานได 
 โจทยปญหาหลักในวิทยานิพนธเลมน้ี คือ เมื่อสุกรไดรับอาหารที่เสริมดวยนํ้ามันทานตะวันหรือไขวัว 
จะมีผลกระทบตามมาตอคุณภาพเน้ือ และกระบวนการเมทาบอลิซึมของกรดไขมันและพลังงานเปนอยางไร? 
ดังน้ันตัวแปรที่ใชวัดจึงประกอบดวย การสะสมของกรดไขมันในเน้ือเยื่อไขมัน เน้ือ และ รางกาย, กระบวนการ
ออกซิเดช่ัน (oxidation)และการสังเคราะหใหม (de novo synthesis) ของกรดไขมัน, และการเผาผลาญ
พลังงาน (energy expenditure) ซึ่งผลการทดลองพบวาการใหอาหารท่ีเสริมดวยนํ้ามันทานตะวันทดแทนไข
วัวแกสุกร ไมมีผลตอประสิทธิภาพการเจริญเติบโต แตเพ่ิมระดับของกรดลิโนเลอิก (linoleic acid; LA) 
สูงขึ้นอยางเดนชัดในเน้ือเยื่อไขมันและเน้ือสุกร ความสามารถในการยอยได (digestibility) ของไขมันรวม
และกรดไขมันในสุกรกลุมที่ไดรับอาหารเสริมนํ้ามันทานตะวันมีคาสูงกวากลุมที่เสริมดวยไขวัว ยกเวนกรดสเตีย
ริก (stearic) ซึ่งใหผลตรงกันขาม นอกจากนี้สุกรที่ไดรับอาหารท่ีเสริมดวยนํ้ามันทานตะวันสามารถเพิ่ม
กระบวนการออกซิเดช่ันของกรดลิโนเลอิกใหมากขึ้นและทําใหการสังเคราะหกรดไขมันอิ่มตัวขึ้นใหมเพ่ิมสูงขึ้น 
 การศึกษากระบวนการเมทาบอลิซึมของกรดไขมันในระดับทั้งตัวสัตว จําเปนตองใชสุกรพันธุพ้ืนเมือง
ของไทย (Thai indigenous pigs) เปนแบบจําลองในการศึกษา เน่ืองจากสุกรพันธุน้ีมีขนาดตัวคอนขางเล็ก 
โดยเริ่มจากการเปรียบเทียบกระบวนการเมทาบอลิซึมของกรดลิโนเลอิกและกรดอัลฟาลิโนเลนิก (α-linolenic 
acid; ALA) หลังจากสุกรไดรับอาหารที่มีอัตราสวน (ratio) ของกรดลิโนเลอิกตอกรดอัลฟาลิโนเลนิกในระ
ดับตํ่าหรือสูง ซึ่งพบวา เน้ือเยื่อไขมันและเน้ือของสุกรในกลุมที่ไดรับอาหารที่มีกรดอัลฟาลิโนเลนิกในระดับสูง 
จะอุดมไปดวยกรดอัลฟาลิโนเลนิก อัตราสวนของการสะสมตอปริมาณการยอยนําไปใชประโยชน (ratios of 
deposition : digestible intake) ของกรดลิโนเลอิกและอัลฟาลิโนเลนิกมีคาตํ่ากวา ๑ ซึ่งบงช้ีวากรดไขมัน
ทั้งสองชนิดน้ีมักถูกเลือกนําไปใชในกระบวนการออกซิเดช่ัน โดยมีความสัมพันธกับการเพิ่มสูงขึ้นของการ
สังเคราะหกรดไขมันอิ่มตัวขึ้นใหม โดยผลที่ไดรับน้ีสอดรับกับการศึกษากอนหนาน้ีในสุกรพันธุที่ผลิตในเชิง
พานิชย (commercial pigs) สุกรทั้งสองกลุมที่ไดรับกรดลิโนเลอิกและอัลฟาลิโนเลนิกในระดับสูง มีอัตรา
การสะสมของกรดอัลฟาลิโนเลนิกในรางกายท้ังตัวตํ่ากวากรดลิโนเลนิก ซึ่งสอดรับกับการถูกเลือกใชเพ่ือ
กระบวนการออกซิเดช่ันของกรดอัลฟาลิโนเลนิกที่มากกวากรดลิโนเลอิก ในการศึกษาถัดมา ไดศึกษา
กระบวนการเมทาบอลิซึมของกรดอัลฟาลิโนเลนิกในสุกรที่ไดรับอาหารที่อุดมดวยกรดลิโนเลนิกและเสริมดวย
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