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1 INTRODUCTION

The antibiotic growth promoters have been used for decades as feed additives to

increase the animal daily weight gain (Walton 1983). “The administration of sub-

therapeutic antibiotics and antimicrobial agents has been shown to be effective”

(Hughes & Heritage 2009). However, there has been a concern from the beginning that

the use of antibiotics in feed may lead to either direct or cross resistance in

microorganisms and reduce the activity of clinically useful antibiotics (Walton 1983).

With  regard  to  human  and  animal  health,  as  well  as  to  the  risk  for  environment,  the

European Union banned the use of antibiotics as growth promoters from the year 2006

(European Commission 2003). The concern of course stays in countries where the

antibiotics are still in use.

The removal of antibiotic growth promoters from poultry diets has generated wide

interest in searching alternatives. Recently, many studies have focused on the effects of

essential oils (EOs) in animal nutrition as substitutes of antibiotic growth promoters. So

far, there is no evidence that the essential oils help significantly to gain weight.

However, they show to maintain the health and performance of animals. In addition,

they have shown to have a positive effect on intestinal microbiota and in the secretion of

endogenous digestive enzymes in poultry nutrition (Williams & Losa 2001; Jamroz et

al. 2005; Jang et al. 2007).

The effect of essential oils on chicken pancreatic enzyme activities has been

investigated by few previous studies. The essential oils have shown to have either

positive or no effect on pancreatic enzyme activities (Jang et al. 2007; Muhl & Liebert

2007).  Consequently,  a  study  was  set  out  to  investigate  the  effect  of  an  essential  oil

blend containing thymol and cinnamaldehyde on chicken pancreatic enzymes. In

addition, the study included development of accurate and comfortable methods to

determine enzyme activities in pancreas samples. The previously collected study results

of  nutrient  digestibility  and  performance  of  the  same  chickens  were  used  to  get  a

broader picture of the final results.
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1.1 Antibiotic growth promoters in animal feed

Antibiotic growth promoters, as well as other compounds, such as organic acids,

oligosaccharides, probiotics, and enzymes, are some typical compounds added to animal

diets to increase the efficiency of digestion, absorption and consumption of nutrients

(McDonald, 2002).

Antibiotics have been used in animal nutrition since the 1940s when the growth

promoting effect was discovered (Dibner & Richards 2005). The best known feed

antibiotics include mocimycin, avilamycin, and flavophospholipol (Castanon 2007).

The knowledge about the mode of action of these chemical compounds is indistinct.

They are thought to promote animal growth by interacting with intestinal microbial

populations, reducing the number of bacteria in the gut and thereby increasing the

availability of nutrients to the animal (Dibner & Richards 2005). Recently, it was

hypothesized that the antibiotics alter the inflammatory cells in the intestinal wall, and

in that way cause changes in intestinal microbiota (Niewold 2007).

However, some bacteria have developed antibiotic resistance and thereby increased

concern about the use of antibiotics as growth promoters in animal feed. The use of

antibiotics as growth promoters is in several countries restricted (McDonald et al. 2002;

Castanon 2007). In the European Union (EU) antibiotics as growth promoters were

prohibited from 1 January, 2006 (European Commission 2003). The ban of antibiotic

growth promoters can have consequences in international trade as the EU imports only

animal products obtained from farms not using antibiotics.  This is also one of the

reasons, why it is expected that the antibiotics will also be restricted outside the

European Union, for example in the United States (Castanon 2007; Windisch et al.

2008).

In addition, the ban in the EU has resulted in increased infections in animals, which has

led to increased usage of therapeutic antibiotics in food animals. This, on the other

hand, may negatively influence also human health (Casewell et al. 2003). Therefore,

there is a need to find alternatives to antibiotic growth promoters (Hughes & Heritage

2009). Yang (2009) has summarized six potential alternatives to antibiotics in chicken

feed: fiber-degrading enzymes, prebiotics, probiotics, mannanoligosaccharides,
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symbiotics, and phytobiotics. In addition, some other alternatives are proposed by

Hertrampf (2001). Nevertheless, also phytogenic products, such as herbs, spices and

essential oils, have shown to have biological activity in animal nutrition and are thought

as one of the natural alternatives to antibiotics (Windisch et al. 2008).

1.2 Essential oils: thymol and cinnamaldehyde

Essential oils (EOs) are aromatic oily liquids obtained from plant material, such as

flowers, buds, seeds, leaves, twigs, bark, herbs, wood, fruits and roots (Burt 2004).

They can be obtained by distillation, usually with water or steam, or by mechanical

process. For example, thyme oil is distilled from thyme plant Thymus vulgaris or

Thymus zygis, and it contains about 20 to 60% of the phenolic compound - thymol.

Cinnamaldehyde is water distilled from chips and other fragments of the bark of the true

cinnamon tree Cinnamomum verum (ITC 1986). The cinnamon plant contains about 60

to 75% of cinnamaldehyde. Common essential oils are variable mixtures of terpenoids,

low molecular weight aliphatic hydrocarbons, such as acids, alcohols, aldehydes,

acyclic esters or lactones, N- and S-containing compounds, coumarins and homologues

of phenylpropanoids (Dorman & Deans 2000). As examples, chemical structures of

cinnamaldehyde and thymol are presented in Figure 1 (Lee, Everts, & Beynen 2004).

Figure 1. Structures of two essential oil compounds: thymol (left), cinnamaldehyde
(right) (Lee, Everts, & Beynen 2004).

The mechanism of action of essential oils is poorly understood. However, it is thought

that essential oils are able to intrude cell membranes (Di Pasqua et al. 2007) of gram-

negative and -positive bacteria, disintegrate membrane structures and cause ion leakage

(Helander et al. 1998; Ooi et al. 2006). Thymol may be capable of disintegrating to

outer membrane of gram-negative bacteria, and releasing lipopolysaccharides. The

carboxyl group of cinnamaldehyde is most probably capable of binding to proteins. In

general, the mode of action of essential oils is very specific to the chemical structures of
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their compounds. Nevertheless, hydrophobicity, presence of a phenolic ring and

hydroxyl group on the phenolic compound are shown to be important factors (Burt

2004).

Danisco has developed an essential oil blend (EO blend) containing thymol and

cinnamaldehyde as an alternative to antibiotic growth promoters in chicken diets. The

selection of the two essential oils was based on in vitro and in vivo studies. In addition

to the scientific data, also the product feasibility and regulatory issues of essential oils

were taken into account (Tiihonen, K., personal communication 2009). From regulatory

point of view, thymol and cinnamaldehyde are already listed as feed additives and also

marketed for use in animal production (Lee, Everts, & Beynen 2004; Burt 2004).

Moreover, thyme and cinnamon bark oils are generally recognised as safe (GRAS) by

Flavour and Extract Manufacturers´ Association and Food and Drug Administration in

USA (Lee et al. 2003).

1.3 Avian Digestion

1.3.1 Anatomy of avian alimentary canal

The digestive tract of a 12-week-old turkey is presented in the Figure 2. As one can see,

the esophagus leading into stomach has an enlarged area which is known as crop.  The

stomach  consists  of  two  parts:  glandular  stomach  and  muscular  stomach  (gizzard).

Posterior  of  the  gizzard  are  duodenum,  pancreas,  liver,  and  gallbladder.  The  small

intestine has no sharp division into jejunum and ileum. Nevertheless, yolk sac (Meckel's

diverticulum) is often considered to divide jejunum from ileum. The ileocecal junction

in the end of ileum is a circular muscular ring which regulates the flow of digesta to

right and left ceca, and colon (rectum). In the end of the alimentary canal are bursa of

Fabricius, cloaca, and vent (Denbow 2000; Duke & Trampel 2004).
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Figure 2. Digestive tract of an l2-
week-old turkey. l, precrop
esophagus; 2, crop; 3, postcrop
esophagus; 4, glandular stomach; 5,
isthmus; 6-9, muscular stomach
(gizzard); l0, proximal duodenum; 11,
pancreas; 12, distal duodenum: l3,
liver; 14, gallbladder; 15, jejunum;
16, yolk sac; 17, ileocecal junction;
18, ceca; 19, colon; 20, bursa of
Fabricius; 2l, cloaca; 22, vent (Duke
& Trampel 2004).

1.3.2 Digestion

For nutrient absorption carbohydrates need to be degraded to monosaccharides, proteins

to amino acids, and fats to fatty acids and glycerol. Degradation involves mechanical

and chemical digestion. Mechanical digestion includes swallowing, maceration, and

grinding in the muscular stomach. Chemical digestion is mostly carried through by

digestive enzymes in small intestine (Table 1). However, stomach acid, bile from liver,

and intestinal microbes are also involved (Duke & Trampel 2004).
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The salivary glands in mouth secrete mucus and salivary -amylase. The salivary -

amylase starts carbohydrate digestion in esophagus. Esophagus serves as a temporary

storage location for feed and it passes feed into the glandular stomach with help of

salivary mucus and by contractions of inner and outer esophagus muscles (Klasing

1998).

Table 1: Major avian digestive enzymes; modified from Randall (2001).

Enzyme Site of action Substrate Products of action
Mouth
Salivary -amylase Mouth Starch Disaccharides (few)
Stomach
Pepsinogen  pepsin Stomach Proteins Large peptides
Pancreas
Pancreatic -amylase Small intestine Starch Disaccharides
Trypsinogen  trypsin Small intestine Proteins Large peptides
Chymotrypsin Small intestine Proteins Large peptides
Elastase Small intestine Elastin Large peptides
Carboxypeptidas Small intestine Large peptides Small peptides
Aminopeptidase Small intestine Large peptides Oligopeptides
Lipase Small intestine Triglycerides Fatty acids, glycerol,

monoglycerides
Nucleases Small intestine Nucleic acids Nucleotides
Small intestine
Enterokinase Small intestine  Trypsinogen Trypsin
Disaccharidases Small intestine* Disaccharides Monosaccharides
Peptidases Small intestine* Oligopeptides Amino acids
Nuceotidases Small intestine* Nucleotides Nucleosides,

phosphoric acid
Nucleosidases Small intestine* Nucleosides Sugars, purines,

pyrimidines
* Intracellular

The stomach serves for mechanical and chemical digestion of feed. The glandular

stomach serves for chemical digestion by secreting gastric juice containing mucus,

hydrochloric acid and pepsinogen. Pepsinogen is converted to pepsin by the acidic

environment established by hydrochloric acid (pH 0.5 to 2.5) (Duke & Trampel 2004)

and by excess of pepsin (Denbow 2000). Pepsin starts the protein digestion by digesting

large protein molecules into smaller ones. The muscular stomach serves for mechanical

digestion. The muscles of the gizzard undergo regular contractions which grind and mix

feed with digestive secretions (Duke & Trampel 2004).
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In the small intestine digestion of nutrients occurs as a result of digestive enzymes

secreted by pancreas and the mucosal cells of small intestine (Table 1). Pancreas

secretes pancreatic juice to duodenum. The pancreatic juice contains sodium

bicarbonate which protects the intestine by neutralizing the acid that comes from the

stomach. The pancreatic juice also contains digestive enzymes. The pancreatic -

amylase breaks starch into disaccharides. Proteases, such as trypsin, chymotrypsin,

elastase, carboxy- and aminopeptidases, break proteins and large peptides into smaller

peptides. Lipases start the fat digestion. The enzymes secreted by small intestine are for

example disaccharidases, enterokinase and peptidases. Enterokinase is important to

activate the protein digestion by converting trypsinogen to trypsin. Disaccharidases,

peptidases, nucleotidases and nucleosidases are important to participate in the final steps

of chemical digestion in the small intestine.

Liver produces and secretes bile salts which aid neutralizing the pH in the intestine

(optimal pH 6 to 8). In addition, bile is involved in emulsifying and digesting fats, and

in activating pancreatic lipase (Denbow 2000).

Microbial activity takes place mostly in ceca and colon. The intestinal microbes enable

extraction of energy from the complex macromolecules otherwise unavailable to the

host. The microbial digestion is important as the endogenous enzymes are not able to

digest macromolecules, such as cellulose, hemicellulose and pectin. The microbes also

lower the pH in the crop, ceca and colon (McDonald et al. 2002;Dibner & Richards

2004). The re-absorption of water occurs in small intestine, ceca and colon (Duke &

Trampel 2004).

1.3.3 Effect of plant extracts (essential oils) on digestion

Recently,  the  beneficial  effects  of  plant  extracts  and  essential  oils  on  the  digestion

metabolism have been reviewed by Platel and Srinivasan (2004) and Windisch (2008).

It has been claimed that some phytochemicals affect mucus, gastric juice, bile and

digestive enzyme secretions as well as the intestinal microbiota. Changes like these can

be expected to improve nutrient digestibility and absorption in animals (Wenk 2003;

Cross et al. 2007).
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The most studied are the antibacterial, antifungal and antiviral properties of plant

extracts. The wide range of anti-microbial activities may have a pharmacological role in

balancing the intestinal microbiota (Windisch et al. 2008). Some studies, examples are

shown in Table 2, demonstrate in vivo antimicrobial efficacy against pathogenic

microbes in the intestine (Jamroz et al. 2005; Si et al. 2006). The stabilized intestinal

health will reduce stress from immune defence and thereby help to increase the nutrient

absorption. Besides, the functional groups and aromaticity are thought to improve the

antibacterial activity (Bowles & Miller 1993). An increase in mucus secretion in the

glandular stomach and intestine has been reported when chickens were fed with diet

supplemented with mixture of carvacol, cinnamaldehyde and capsicum oleoresin. This

effect was assumed also to be related with the reduced and stabilized number of

intestinal pathogens (Jamroz et al. 2006).

Table 2. Effect of essential oils components on intestinal microorganisms.

Microorganism Active compound Effect Reference

E. coli Mixture of carvacol,
cinnamaldehyde, capsaicin Reduction Jamroz et al. 2005

Lactobacillus spp. Mixture of carvacol,
cinnamaldehyde, capsaicin Increase Jamroz et al. 2005

Clostridium
perfringens

Mixture of carvacol,
cinnamaldehyde, capsaicin Reduction Jamroz et al. 2005

Fungi Mixture of carvacol,
cinnamaldehyde, capsaicin Reduction Jamroz et al. 2005

Salmonella
typhimurium
DT104

Cinnamon oil, carvacol,
thymol, eugenol, clove oil Reduction Si et al. 2006

Escherichia
coli O157:H7

Cinnamon oil, carvacol,
thymol, eugenol, clove oil Reduction Si et al. 2006

Lactobacillus
plantarum 98L11

Cinnamon oil, carvacol,
thymol, eugenol, clove oil

Low
reduction Si et al. 2006

Bifidobacterium
longum FRP63

Cinnamon oil, carvacol,
thymol, eugenol, clove oil

Low
reduction Si et al. 2006

A number of plants and their active compounds have shown to affect the secretion of

bile, which plays a key role in fat digestion. Table 3 illustrates a study on rats, which

revealed that cumin, coriander, ajowan, fennel and mint stimulate the secretion of bile

(Platel & Srinivasan 2000a). In addition, cinnamaldehyde has been reported to increase

bile salt secretion in rats (Lee, Everts, & Beynen 2004).
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Table 3. Influence of dietary spices on bile secretion (Platel & Srinivasan 2000a).
Diet group Bile flow rate (ml/hr) Bile solids (%)

Control 0.463 ± 0.031 3.30 ± 0.04

Cumin 0.580 ± 0.017* 3.55 ± 0.04*

Coriander 0.533 ± 0.033 3.78 ± 0.03*

Ajowan 0.584 ± 0.038* 3.70 ± 0.03*

Fennel 0.516 ± 0.048 3.53 ± 0.02*

Mint 0.450 ± 0.029 4.09 ± 0.19*

Garlic 0.559 ± 0.031* 3.15 ± 0.11

Values are mean ± standard error of mean, n =8
* Statistically significant increase over the control value (P < 0.05)

Moreover, it is believed that essential oils have an effect on intestinal digestive enzyme

activities. Curcumin, capsaicin, piperine and ginger have showed to enhance the activity

of intestinal lipase and disaccharidases in experimental rats (Platel & Srinivasan 1996).

Table 4. Effect of thymol, cinnamaldehyde and CRINA® Poultry on chicken intestinal
enzyme activities after 21 days and 40 days of feeding (Lee et al. 2003).

Lipase Amylase Trypsin Chymotrypsin

After 21 days of feeding

Control 40 ± 7 111 ± 25 14.1 ± 3.2 6.70 ± 1.06
Thymol 40 ± 13 129 ± 9 13.3 ± 2.5 6.32 ± 0.64
Cinnamaldehyde 43 ± 6 111 ± 18 14.0 ± 1.3 6.50 ± 0.37
CRINA® Poultry 51 ± 13 144 ± 19* 15.9 ± 2.5 6.55 ± 0.83
After 40 days of feeding

Control 58 ± 6 136 ± 51 12.9 ± 2.52 6.85 ± 0.66
Thymol 57 ± 8 118 ± 22 16.3 ± 4.48 6.59 ± 1.02
Cinnamaldehyde 53 ± 15 133 ± 50 10.1 ± 2.46 5.80 ± 0.89
CRINA® Poultry 53 ± 27 93 ± 34 9.2 ± 4.01 4.88 ± 2.42
Values are mean ± standard error, n = 4.
Pancreas enzyme activities expressed as U/mg of protein.
* Significantly higher than the control value (P < 0.05)

Lee et al. (2003) reported about significant increase in chicken intestinal amylase

activity after 21 days of feeding with diets supplemented with commercial essential oil

blend, CRINA® Poultry  (Table  4).  However,  the  effect  on  other  intestinal  enzyme
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activities, as well as the effect of thymol and cinnamaldehyde on intestinal enzyme

activities was reported as not significant. Jamroz et al. (2005) studied the effect of an

essential oil blend (EO blend) containing carvacol, cinnamaldehyde and capsaicin on

chicken intestinal enzymes. Wheat and barley based diets supplemented with the EO

blend tended to stimulate the enzyme secretion in the intestine. Amylase activity was

significantly increased after 41 days of feeding (Table 5). Maize based diets

supplemented with the EO blend did not have a significant effect on the intestinal

enzyme activities. Muhl and Liebert (2007) reported about no effect of a phytogenic

feed additive (containing 53% inulin, 36% cellulose powder, 8% essential oils (thymol

and carvacol), 3% tannins) on piglet intestinal enzyme secretion (Table 6). So far, there

is not enough information to draw reliable conclusions about the effect of plant extracts

on intestinal enzyme activities (Windisch et al. 2008).

Table 5. Effect of an essential oil blend (EO blend) on chicken intestinal lipase and
amylase activities after feeding of 21 and 41 days (Jamroz et al. 2005).

Diets Based on maize Based on wheat + barley

Lipase Amylase Lipase Amylase

After 21 days of feeding

Control 147.5 ± 136.0 1169 ± 462  58.9 ± 9.5 1208 ± 394
EO blend 74.4 ± 20.07 1018 ± 388 114.9 ± 76.5 1371 ± 555
After 41 days of feeding

Control 34.6 ± 10.9 711 ± 282 43.2 ± 17.8 664 ± 340
EO blend 46.7 ± 16.8 584 ± 249 68.5 ± 45.9 1431 ± 1011*
Values are mean ± standard error, n = 2.
Intestinal enzyme activities expressed as U/g pancreas.
* Significantly higher than the control value (P < 0.05)

Table 6. Effect of a phytogenic feed additive (PFA) on piglet intestinal trypsin and
amylase activities after 35 days of feeding (Muhl & Liebert 2007).

PFA (g/kg diet) Trypsin (U/g digesta) Amylase (U/g digesta)

0 (control) 0.59 ± 0.4 29.9 ± 6.6

0.5 0.70 ± 0.3 30.5 ± 3.8

1 0.62 ± 0.4 28.3 ± 5.3

1.5 0.49 ± 0.2 29.5 ± 5.6

Values not specified, n = 10.



15

1.4 Pancreas

Pancreas is a gland organ and has an important role in digestion. It produces and

secretes digestive enzymes as well as hormones. In this study, the main focus was to

investigate the effect of the essential oil blend on pancreatic digestive enzymes (lipase,

trypsin, chymotrypsin and -amylase) in chicken.

1.4.1 Anatomy of avian pancreas

The pancreas in 1.5 to 2.1 kg adult chickens is about 10 to 15 cm long, 2 to 3 cm wide,

weights 2 to 4 g and has a yellowish-white colour. It is located in the duodenal loop and

tightly surrounded with vascular system (Figure 3).

Figure 3: Anatomy of avian pancreas (grey). 1 – 2 bile ducts, 3 – 5 pancreatic ducts.
(Rawdon 1998).

As illustrated in the Figure 3, the avian pancreas comprises of four lobes. The dorsal,

ventral and third lobes are confined with the duodenal loop. The smallest, the splenic

lobe is located near the spleen. There are three pancreatic ducts and two bile ducts that

enter the duodenum (Denbow 2000).
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1.4.2 The physiology of pancreas

The exocrine portion of pancreas produces and secretes pancreatic juice. Pancreatic

juice contains water, sodium bicarbonate, and digestive enzymes. Through well formed

ducts the pancreatic juice is secreted to the lower duodenum where it has an important

role in the digestion. The endocrine portion of pancreas (Islets of Langerhans)

synthesises and secrets hormones, such as glucagon and insulin, into the bloodstream

(Denbow 2000).

The exocrine (acinar) cells of the avian pancreas are specialized for the secretion of a

variety of digestive enzymes and zymogens (pro-enzymes). The proteins produced by

acinar cells travel from endoplasmic reticulum to the Golgi apparatus, and are there

stored  in  zymogen  granules.  The  zymogen  granules  are  secreted  by  exocytosis  into  a

pancreatic duct leading into the duodenum.

Figure 4. Zymogens of proteolytic enzymes are activated in the duodenum (Sjaastad
2003).

The Figure 4 illustrates how the zymogens of proteolytic enzymes, which break proteins

and peptides into smaller peptides and amino acids, are activated in the duodenum.

When trypsinogen enters duodenum, enteropeptidase (also called enterokinase)

hydrolyzes a unique lysine-isoleucine peptide bond in trypsinogen and produces trypsin.

This is the most important step to start protein digestion in the small intestine. The small

amount of trypsin produced in this way activates more trypsinogen. Moreover, trypsin
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activates the other inactive pancreatic proteases, such as chymotrypsinogen, proelastase,

and procarboxypeptidase (Stryer 1988).

Unlike the proteolytic enzymes, pancreatic lipase and amylase are secreted into the

duodenum already in their active forms. The lipases are digesting triglycerides to fatty

acids and glycerol, and amylases are degrading carbohydrates to oligosaccharides

(Denbow 2000). The ratio of amylase, lipase, and proteases in the pancreatic juice is

depending on the age and diet of the chickens (Duke & Trampel 2004).

The secretion of pancreatic enzymes is known to be regulated by acetylcholine (a

neurotransmitter) or cholecystokinin (a hormone).  Acetylcholine and cholecystokinin

are released by nerves and intestinal cells, respectively, when pancreatic enzymes are

needed for digestion (Alberts 1983). Some evidence indicates also that chicken exocrine

pancreatic secretion is controlled by the vagus nerve (Hiramatsu & Watanabe 1993).

However, there are several other factors that are thought to affect the pancreatic enzyme

secretion or the regulatory hormones and nerves. For example, dietary protein, medium-

chain triacylglycerols and amino acids have been reported to induce cholecystokinin

secretion (Furuse 1999). In addition, Boguslawska-Tryk (2005) reports an increase in

pancreatic proteolytic enzyme secretion when chicks were fed with diets supplemented

with cellulose. Platel and Srinivasan (2004) report pancreatic enzyme secretion

stimulation by plant extracts. It is thought that the pancreatic enzyme activities increase

in correlation with chicken weight (Sell et al. 1991). Subsequently, it can be

hypothesized that increase in pancreatic enzyme secretion will improve chicken

performance.

1.4.3 Pancreatic digestive enzymes

Trypsin  and chymotrypsin

Trypsin (EC 3.4.21.4) and chymotrypsin (EC 3.4.21.1) belong to a well-known family

of proteolytic enzymes, called serine proteases. In serine proteases the serine, histidine

and aspartate form the heart of the catalytic actions.
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Trypsin is activated in the duodenum by enteropeptidase (EC 3.4.21.9) as described

before (Figure 4). Enteropeptidase cleaves the peptide bond between lysine (Lys) and

isoleucine (Ile) and removes six amino acids from the N -terminal end in trypsinogen

molecule, thereby activating trypsin (Stryer 1988).

Figure 5. Chymotrypsin activation (Stryer 1988).

Trypsin  cleaves  peptide  bonds  to  the  right  of  lysine  (Lys)  or  arginine  (Arg)  residues.

When it cleaves the peptide bond between arginine 15 and isoleucine (Ile) 16 in

chymotrypsinogen, -chymotrypsin is formed (Figure 5). The -chymotrypsin is totally

active enzyme and acts on other -chymotrypsin molecules, whereby two more peptides

are removed, and -chymotyrpsin is formed (Stryer 1988). Chymotrypsin is selective

for peptide bond cleavage to the right of tyrosine (Tyr), tryptophan (Trp), phenylalanine

(Phe) and leucine (Leu) (Dixon, 1979).

Amylase

The main carbohydrate in fowl diet is starch, which is digested in the small intestine by

the pancreatic -amylase. The release of -amylase content in pancreatic juice is altered

according  to  the  starch  concentration  in  the  diet.  The  mechanism  of  adjustment  is

regulated by the neural impulses, which according to Moran (1985) stimulate more

amylase secretion than other enzyme secretion in the pancreatic acinar cells. In addition,

-amylase activity is affected by chloride and Cu2+ ions, which serve as the natural

activators.
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-amylase (EC 3.2.1.1) is a endohydrolase and hydrolyses 1,4- -D-glucosidic linkages

in polysaccharides. The starch is a polysaccharide and is digested by pancreatic -

amylase to maltose, maltotriose and -dextrin, as shown in Figure 6 (Swenson & Reece

1993).

Figure 6. Starch digestion by -amylase (Swenson & Reece 1993).

Lipase

Pancreatic lipase (EC 3.1.1.3) or triacylglycerol acyl hydrolase, which is commonly

referred in the literature as “colipase-dependent pancreatic lipase” (Embleton & Pouton

1997), is essential in the intestine for digestion of fats. It hydrolyzes the ester bonds in

triacylglycerols to free fatty acids and glycerol (Mukherjee 2003), as shown in Figure 7.

Figure 7. Hydrolysis of triacylglycerides by lipases (Stryer 1988).
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The pancreatic lipase prefers and has a high activity against water-insoluble substrates

such as micelles or emulsions, and is less active against water-soluble substrates (Lowe

1997). For its enzymatic activity, lipase requires co-lipase – a pancreatic protein

(Mukherjee 2003). The co-lipase is a little cofactor synthesized by pancreas and carried

together with lipase to the duodenum (Verger 1984).  The co-lipase helps to anchor the

lipase in the substrate surface and stabilizes it (Mukherjee 2003).

The lipase can be inhibited by various factors. Ben Bacha et al. (2005) showed that

ostrich pancreatic lipase was inhibited by synthetic detergent (Triton X-100) and

amphipilic protein (bovine serum albumin). Additionally, they noted that bile salts

together with co-lipase are able to fully reactivate pancreatic lipase.

1.4.4 Effect of plant extracts (essential oils) on pancreas enzymes

A few studies  of  plant  extracts  are  stating  either  a  positive  or  no  effect  on  pancreatic

enzyme activities. However, generally they are thought to have a stimulative effect on

pancreatic enzymes.

In vitro studies have shown that spices have an effect on pancreatic enzymes. The

activity of rat pancreatic lipase and amylase was enhanced when different spices were

brought into direct contact with enzymes (Rao, Platel, & Srinivasan 2003).

In addition, in vivo studies have shown the effect of essential oils on pancreatic enzyme

activities. A study on albino rats has indicated that different plant extracts stimulate

digestive enzyme activities of pancreas (Table 7) (Platel & Srinivasan 2000b).

Likewise, Jang et al. (2007) reported about a significant increase in pancreatic -

amylase and trypsin in chickens that were fed with maize-wheat-soybean based diets

supplemented with two different quantities of a commercial essential oil blend,

CRINA® Poultry (Table 8).
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Table 7. Effect of different spices on rat pancreatic lipase, amylase, trypsin and
chymotrypsin activities after 35 days of feeding (Platel & Srinivasan 2000b).

Diet group Lipase1 Amylase2 Trypsin3 Chymotrypsin3

Control –I 30.5 ± 1.85 47.0 ± 2.5 2.59 ± 0.13 2.89 ± 0.05

Curcumin 54.8 ± 3.91* 92.1 ± 9.9* 6.59 ± 0.67* 5.00 ± 0.28*

Capsaicin 41.4 ± 1.81* 80.9 ± 8.0* 5.70 ± 0.71* 3.62 ± 0.11*

Piperine 41.8 ±2.76* 88.0 ± 11.8* 6.87 ± 0.52* 3.75 ± 0.27*

Ginger 39.4 ± 3.34* 138.0 ± 10.0* 6.03 ± 0.71* 3.75 ± 0.14*

Control-II 35.9 ± 2.26 49.2 ± 3.1 2.84 ± 0.21 3.05 ± 0.13

Cumin 23.2 ± 1.10 62.0 ± 1.8* 3.37 ± 0.06* 3.77 ± 0.11*

Fenugreek 51.1 ± 4.82* 37.1 ± 2.1 1.14 ± 0.16 4.36 ± 0.23*

Mustard 20.3 ± 1.90 53.2 ± 1.2 2.77 ± 0.15 2.34 ± 0.19

Asafoetida 49.1 ± 4.77* 60.8 ± 2.9* 1.61 ± 0.16 4.43 ± 0.16*

Values are mean ± standard error of the mean, n = 12.
1 µmol free fatty acids liberated/(min x mg protein)
2 nmol maltose liberated/(min x mg protein)
3 nmol p-nitroanilide released/(min x mg protein)
* Significantly higher than the corresponding control value (P < 0.05)

Table 8. Effect of a commercial essential oil blend, CRINA® Poultry,  on  chicken
pancreatic amylase and trypsin activities after 35 days of feeding (Jang et al. 2007).

Diet group
Specific amylase
activity,
U/mg protein

Total amylase
activity,
U/total pancreas

Specific
trypsin activity,
U/mg protein

Total trypsin
activity,
U/total pancreas

Control 78 ± 5.9 29000 ± 3.1 0.11 ± 0.007 42 ± 3.6
CRINA®

Poultry,
25 mg/ kg diet

81 ± 6.0 34000 ± 3.0 0.13 ± 0.007 55 ± 3.7*

CRINA®

Poultry,
50 mg/ kg diet

100 ± 5.9 40000 ± 3.2* 0.15 ± 0.007* 63 ± 3.5*

Values are mean ± standard error, n = 8.
* Significantly higher than the corresponding control value (P < 0.05).

An essential oil blend (EO blend), containing carvacol, cinnamaldehyde and capsaicin,

has been reported to enhance pancreatic lipase activity in chickens after 41 days of

feeding  (Jamroz  et  al.  2005).  The  effect,  nevertheless,  was  not  significant.  On  the

amylase activity the EO blend had also no significant effect (Table 9).
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Table 9. Effect of an essential oil blend on chicken pancreatic lipase and amylase
activities after feeding of 21 and 41 days (Jamroz et al. 2005).

Diets Based on maize Based on wheat + barley

Lipase Amylase Lipase Amylase

After 21 days of feeding

Control 30860 ± 13905 24504 ±13347 28423 ± 16583 10691 ± 8380
EO blend 25344 ± 8820 16383 ±17299 21928 ± 8661 8442 ± 2506
After 41 days of feeding

Control 15555 ± 6815 5915 ± 5228 14529 ± 2584 6345 ± 3800
EO blend 22338 ±1984 3756 ± 2411 18997 ± 7866 4043 ± 2584
Values are mean ± standard error, n = 2.
Pancreas enzyme activities expressed as U/g pancreas.

Lee et al. (2003) studied the pancreatic enzyme activities in the chickens fed with maize

based diets supplemented with thymol, cinnamaldehyde and CRINA® Poultry. Thymol

and cinnamaldehyde showed to enhance pancreatic lipase, trypsin and chymotrypsin

after 21 and 40 days of feeing. However, no significant effect was reported. In addition,

the commercial essential oil blend, CRINA® Poultry, did not show a significant positive

effect on pancreatic enzyme activities (Table 10).

Table 10. Effect of thymol, cinnamaldehyde and CRINA® Poultry on chicken pancreatic
enzyme activities after 21 days and 40 days of feeding (Lee et al. 2003).

Lipase Amylase Trypsin Chymotrypsin

After 21 days of feeding

Control 8.7 ± 1.0 22 ± 1.7 1.07 ± 0.28 1.00 ± 0.23
Thymol 11.2 ± 1.4 23 ± 4.3 1.26 ± 0.31 1.14 ± 0.25
Cinnamaldehyde 9.1 ± 2.0 21 ± 2.9 1.10 ± 0.10 1.09 ± 0.32
CRINA® Poultry 8.9 ± 4.3 19 ± 3.4 1.09 ± 0.32 0.80 ± 0.10
After 40 days of feeding

Control 33 ± 6.5 39 ± 1.9 0.96 ± 0.14 0.97 ± 0.14
Thymol 36 ± 7.5 38 ± 3.1 1.00 ± 0.23 1.13 ± 0.11
Cinnamaldehyde 32 ± 9.2 37 ± 1.9 1.02 ± 0.15 1.02 ± 0.09
CRINA® Poultry 32 ± 1.4 38 ± 2.4 0.84 ± 0.25 0.84 ± 0.19
Values are mean ± standard error, n = 4.
Pancreas enzyme activities expressed as U/mg of protein.
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Additionally, a study of a commercial phytogenic feed additive (containing 53% inulin,

36% cellulose powder, 8% essential oils (thymol and carvacol), 3% tannins) by Muhl &

Liebert (2007) on piglet pancreatic enzyme activities did not show a significant effect

(Table 11).

Table 11. Effect of an phytogenic feed additive (PFA) on piglet pancreatic trypsin and
amylase activities after 35 days of feeding (Muhl & Liebert 2007).

PFA (g/kg diet) Trypsin (U/g tissue) Amylase (U/g tissue)

0 (control) 9.6 ± 5.3 2388 ± 767

0.5 9.5 ± 4.1 1772 ± 694

1 4.8 ± 1.4 1449 ± 584

1.5 8.2 ± 2.1 1838 ± 535

Values not specified, n = 10.
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2 OBJECTIVES OF THE STUDY

The study was designed to assess an effect of an essential oil blend on chicken digestive

functions and performance. For that purpose, two feeding trials were performed. The

birds were fed with a control diet and a control diet supplemented with an essential oil

blend containing thymol and cinnamaldehyde. Effects on gut microbiota were

previously studied. Performance data was collected from 1 to 20 days in the first trial

and 1 to 28 days in the second trial. Ileal digestibility data and pancreas samples were

collected at the end of both trials.

The key objective of the study was to test the effect of the essential oil blend on chicken

pancreatic enzyme activities and to find any correlation of the enzyme activities with

the performance and digestibility data. Previous studies have indicated a possible

increase in the digestive enzyme activities caused by essential oil components (Ahmed,

Smithard & Ellis 1991; Platel & Srinivasan 2000b; Jamroz et al. 2005; Jang et al. 2007).

Thus, it was hypothesized, that thymol and cinnamaldehyde may have a stimulative

effect on the enzyme activities of pancreas. Therefore, methods were developed to

determine the amylase, trypsin, chymotrypsin and lipase activity in pancreas. In

addition,  statistical  analyses  were  carried  through  to  explore  the  effect  of  feeding  the

essential oil blend on enzyme activities, and to compare the results with previously

collected digestibility and performance results.
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3 MATERIALS AND METHODS

3.1 Animals and diets

Two feeding  trials  were  started  with  1  day  old  Ross  508  male  broilers  obtained  from

commercial hatchery. Chickens were placed in cages and fed with wheat-soybean based

diets, with or without essential oil blend supplementation. Lighting was provided for 23

hours per day throughout the experiment. Temperature was gradually reduced from

36ºC  to  24ºC.  The  animals  had  free  access  to  water  and  feed.  The  first  trial  was

conducted by MTT, Agrifood Research Finland (Jokioinen); 72 pancreas samples (12

cages per treatment, 3 samples per cage) were collected after 20 days of treatment. The

second trial was conducted by Danisco Finland Oy (Kantvik); 48 pancreas samples (12

cages per treatment; 2 samples per cage) were collected after 28 days of treatment.  The

samples  were  stored  at  -20ºC.  The  nutritional  values  of  the  diets  are  presented  in

Appendices 1 and 2. The experimental protocol was approved by Animal Experiment

Board of the State Principal Office of Southern Finland (Eläinkoelautakunta, Etelä-

Suomen Lääninhallitus).

3.2 Pancreas testing

On each analysis day, six pancreas samples, three from both treatments, were

homogenized and the aliquots of the supernatants were assayed for total protein content,

and lipase, trypsin, chymotrypsin and -amylase activity.  All assays were performed

with spectrophotometer (Spectra Max250 with Softmax Pro 1.2 software, Molecular

Devices Inc., Sunnyvale, CA, USA) reading 96-well microplates. The assays were run

in triplicates, except amylase assays which were done in duplicates. The activities of the

enzymes were expressed as units per milligram of protein.

3.2.1 Preparation of homogenates

For detection of protein and enzyme activities pancreas samples were homogenized.

Two different homogenization methods were tested. First, pancreases were

homogenized in 1:6 (g/ml) Tris-KCl buffer (Tris 0.05 mol/l; KCl 0.154 mol/l) with a

glass bead homogenizer (Precellys®24, Bertin Technologies, France) at 5000 g; with
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two cycles of 30 seconds. Then, pancreases were homogenized in 1:2 (g/ml) Tris-KCl

buffer with pestle homogenizer (Heidolph RZR 2050, Heidolph Instruments GmbH &

Co.KG, Schwabach, Germany) at 2000 rpm for one, two and three minutes. The

temperature of the homogenates was measured. The homogenization was carried

through also with Tris-KCl buffer where 1% of the detergent Triton X-100 was added,

because Triton X-100 was thought to improve the protein  release to the homogenate

(Anand  et  al.  2007).  In  addition,  the  pancreas  cells  were  stained  with  Mayer

hematoxylin (Merck, 1.09249.0500) and 0.25% eosin Y solution before and after the

homogenization, and examined under microscope.

Finally, the pancreas samples were homogenized with pestle homogenizer. For analysis,

the samples were cut up into small pieces, weighed and transferred to separate test tubes

on ice (maximum sample weight per tube 1.5 g). Subsequently, cold buffer (Tris 0.05

mol/l; KCl 0.154 mol/l, Triton 1%, pH 7.5) was added to the samples 1:2 (g/ml) and

homogenization was carried through at 2000 rpm for two minutes. The homogenates of

one sample were unified to new tube and centrifuged in AVANTI J-25 (Beckman

Coulter, Inc., CA, USA) with rotor 20.1 at 30 000 g for 30 minutes at 5ºC. Aliquots of

the supernatants (further in the text called homogenates) were collected and used for

various enzyme assays and total protein measurement.

3.2.2 Determination of total protein

The quantification of soluble protein in samples was based on the bicinchoninic acid

(BCA) protein assay. In short,  in alkaline solution Cu2+ is reduced by protein to Cu1+,

which forms a complex with BCA (Figure 8).  The protein concentration is detected by

measuring the colour change from green to purple with a spectrophotometer at 562 nm.
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Figure 8. Principle of bicinchoninic acid protein assay (Thermo Fisher Scientific Inc.
2008).

Pierce BCA protein assay reagent kit (Thermo Fischer Scientific, Rockford, USA) was

used. Homogenates were diluted (1:100) in water. Homogenate dilutions or standards

(25 l) were reacted with working reagent (200 l) on 96-well microplate. The plate

was incubated at 37ºC for 30 minutes. Absorbance was measured

spectrophotometrically at 562 nm against water. For each assay bovine serum albumin

(Sigma, A-3059) (0.025 to 1 mg in 1 ml of H2O) standard curve was made to calculate

the protein level.

3.2.3 Determination of lipase activity

Lipase activity was determined with a colorimetric assay by estimating the release of

para-nitrophenol as a result of enzymatic cleavage of the ester bond in para-nitrophenyl

stearate (Sigma N3627, Figure 9) at 410 nm.

Figure 9. Para-nitrophenyl stearate, octadecanoic acid 4-nitrophenyl ester (Sigma-
Aldrich 2009).

The assay has been described by Gilhalm and Lehner (2005) and was optimized by

testing different sample and substrate concentrations. Consequently for detecting lipase
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activity, the substrate para-nitrophenyl stearate was dissolved in isopropanol and diluted

prior the assay in 0.2 mol/l Tris containing 0.02 mol/l CaCl2 and 0.1% Triton X-100

(pH 7.5) to the working concentration of 0.001 mol/l. The pancreatic homogenates were

diluted (1:5) in buffer  containing 0.2 mol/l Tris, 0.02 mol/l CaCl2, pH 7.5 (further in

text called Tris buffer). The reaction of the homogenates (25 l) with para-nitrophenyl

stearate solution (200 l) was followed kinetically at 410 nm for 30 min at 37°C. The

molar extinction coefficient of para-nitrophenol (pNP) was calculated with Lambert–

Beer law (Siedel, Deeg, & Ziegenhorn 1983) after making a standard curve under the

assay conditions ( pNP = 0.70 l mmol-1 mm-1, path length 6.4 mm). Lipase activity was

defined as 1 mol of para-nitrophenol released per minute. The catalytic activities were

calculated with equation 1 (Bergmeyer & Graβl 1983):

where

 A – change in absorbance

V – assay volume in l

1000 – factor; mmol  µmol

 –molar extinction coefficient (l mmol-1 mm-1)

d – path length (mm)

v – sample volume in the assay in l

 t – reaction time (min)

3.2.4 Determination of trypsin and chymotrypsin activity

Trypsin and chymotrypsin activities were determined with a colorimetric analysis by

detecting the chromophore p-nitroaniline. P-nitroaniline is released as a result of

enzymatic hydrolysis of N -Benzoyl-DL-arginine p-nitroanilide (for trypsin assay) or

N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide (for chymotrypsin assay). Optimization of

Catalytic activity in the sample (U/l):    A * V * 1000                                               (1)

                                                           * d * t * v
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the  assays  was  performed  by  testing  different  amounts  of  enzyme  and  substrate,

together with different temperatures.

Trypsinogen in the supernatants was activated to trypsin by the method of Glazer and

Steer (1977) with some modifications. Briefly, the pancreatic homogenates were diluted

(1:50) in Tris buffer and activated by incubating for 30 minutes at 30ºC after addition of

an equal volume of enterokinase (end concentration 0.725 U/ml) from porcine pancreas

(2.9 U/ml; Sigma E0632).  Enterokinase alone in this same buffer was used as control to

estimate enterokinase effect on the assay.

Trypsin activity was measured with the method described by Perera et al. (2008) with

some modifications. In brief, activated enzyme mixtures (50 µl) were mixed with 200 µl

-Benzoyl-DL-arginine p-nitroanilide (  95%; Sigma B4875) on a 96-well

microplate. Stock solution of N -Benzoyl-DL-arginine p-nitroanilide (0.05 mol/l) was

prepared in dimethyl sulfoxide and diluted prior the assay in Tris buffer to the working

concentration of 0.0005 mol/l. Liberation of p-nitroaniline was measured kinetically at

410 nm for 30 minutes at 37ºC. Trypsin from porcine pancreas (Sigma T8128) was used

to test the reliability of the assay.

Chymotrypsin activity was determined similarly to trypsin activity, using N-Succinyl-

Ala-Ala-Pro-Phe p-nitroanilide as substrate. The samples were diluted (1:500) in Tris

buffer supplemented with 0.1 mg/ml bovine serum albumin. - chymotrypsin from

bovine pancreas (lyophilized; 350 U/mg; Merck 102307) was used to test the reliability

of the assay. The activity measurement was followed only 5 minutes.

Trypsin and chymotrypsin activities were defined as 1 mol of p-nitroaniline released

per minute. The activities were calculated with the equation 1, using the molar

extinction coefficient of p-nitroaniline 0.88 l mmol-1 mm-1 (Sigma-Aldrich 2003) and

path length 7.2 mm. The change in absorbance ( A) of the control was subtracted from

the A of the sample, prior the calculation.

3.2.5 Determination of - amylase activity

Amylase activity was measured with a colorimetric assay by determining the groups

liberated from starch that reduce 3,5-dinitrosalicylic acid to nitroaminosalicylic acid.
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Amylase activity in sample (U/l):         [((A(x) - A(o)) * k + C0) * 1000 * DFs]          (2)

[MWmaltose * t ]

The method described by Rick and Stegbauer (1974) was slightly modified. The assay

was  scaled  down  from  test  tubes  to  eppendorf  tubes.  Two  buffers  were  tested  for  the

sample dilutions: 20 mol/l sodium phosphate buffer (pH 7.5) and Tris buffer

supplemented with 0.1 mg/ml BSA (pH 7.5). Finally, the pancreatic homogenates were

diluted (1:105)  in  Tris  buffer  supplemented  with  0.1  mg/ml  BSA.  The  reactions  were

started by adding 200 µl of soluble starch solution (Calbiochem 569379; 10 mg/ml

solution in water, prepared every day fresh) to 200 l pancreatic homogenates.

Additionally, starch solutions (200 l) alone served as blanks. The samples and blanks

were incubated at 37ºC for exactly 30 minutes. Immediately after the incubation, 600 µl

of 3,5-dinitrosalicylic acid reagent was added to stop the reaction. Soon after, enzyme

homogenates (200 l) were added to the blanks. The mixtures were boiled for exactly 5

min,  and  then  cooled  to  23  ±  1ºC.  The  absorbance  was  measured  with

spectrophotometer at 540 nm. Maltose (Merck 2214303) (0.1 to 1 mg in 1 ml of H2O)

was used as standard. Amylase activity was expressed in milligrams of maltose

liberated in 30 minutes at 37ºC by 1 ml of pancreatic homogenate. The calculation was

done with equation 2:

where

A(x) – absorbance of the sample

A(o) – absorbance of the blank

k – the slope of the maltose standard curve

C0 – the intercept of maltose standard curve

1000 – factor, mmol   µmol

DFs – dilution factor of the sample in the enzyme reaction

MWmaltose – molecular weight of maltose (360.32 mg/mmol)

t – reaction time (30 min)
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3.3 Digestibility and performance study

The performance (body weight gain, feed conversion rate (FCR)) and apparent ileal

digestibility  data  as  well  as  the  weight  of  the  pancreas  were  provided  by  MTT  and

Danisco  Finland  Oy.  The  apparent  ileal  digestibility  of  the  experimental  diets  was

measured by determining dry matter, nitrogen, ash (minerals) and gross energy in the

feed and in the ileum digesta with a marker (AIA - acid insoluble ash). The gross energy

(GE) is the chemical energy present in the feed, which is determined by the heat release

in a bomb colorimeter. The dry matter refers to feed without water, and nitrogen content

refers to the crude protein level in the feed ([N] x 6.25) (McDonald et al. 2002). Organic

matter was calculated by subtracting the ash from dry matter. For the second trial only

the performance results, ileal digestibility of dry matter and nitrogen were provided.

3.4 Statistical analysis

SPSS (version 16.0, SPSS Inc., Chicago, IL, USA) was used for statistical analyses of

the data. Data was analysed on a cage average basis, two to tree replicates per cage (n =

12).

The means of enzyme activities were compared with one-way analysis of variance to

find differences between the two diets at a 95% confidence level. Data verification of

variance homogeneity was tested with the Levene test.

The relationship between chicken performance and pancreas enzyme activities were

subjected to correlation analysis. Likewise, the correlation of ileal apparent digestibility

and pancreas enzyme activities was studied. Pearson correlation coefficients were tested

at the significance level of 0.05.
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4 RESULTS

4.1 Homogenization of pancreas samples and total protein measurement

The pestle homogenizer was more convenient for homogenizing pancreas samples than

the glass bead homogenizer. First, with the glass bead homogenizer it was possible to

homogenize only small samples (200 mg). The pestle homogenizer allowed

homogenizing bigger samples (1.5 g). Second, during homogenization with the glass

bead homogenizer the temperature raised a lot and might have caused protein

denaturation. With the pestle homogenizer the temperature rose too, but significantly

less. After homogenization for 3 minutes the temperature was below 25°C, which

should not cause protein denaturation.

Figure 10. Microscope picture (magnification x 40) of chicken pancreas cells before
(left) and after homogenization (right). The cells were stained with Mayer hematoxylin
and 0.25% eosin Y solution.

Figure 10 provides a microscope picture of the pancreas cells before and after

homogenization with the pestle homogenizer. The dark round dots indicate cell

nucleuses of unbroken cells. As the dark dots disappeared after homogenization, it

seemed that most of the pancreas cells were broken during the homogenization,

suggesting that both intra- and extracellular enzymes were released to the homogenate.

The addition of 1% Triton X-100 to the buffer for the homogenization yielded in 20%

increase in the protein level (Figure 11).
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Figure 11. The effect of homogenization buffer supplementation with 1% Triton X-100
on total protein release into the homogenate (n = 4).

The variation in bovine serum albumin standard curves was small (Figure 12), which

means the protein assays were repeatable and results reliable.
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Figure 12. Variation of bovine serum albumin (BSA) standard curves. Error bars
indicate standard deviation (n = 20).
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4.2 Enzyme assays

Lipase

The lipase assay followed typical enzyme kinetics with the pancreas homogenates. As

can be seen from the Figure 13, the higher the sample concentration the higher is the

reaction rate. Conversely, the commercial lipase from porcine pancreas (30.1 U/mg;

Fluka 62300) did not indicate activity with this lipase assay. It can be speculated that

maybe the commercial lipase was not able to hydrolyze para-nitrophenyl stearate

because of the presence of Triton X-100 and absence of natural cofactors, such as co-

lipase. While on the other hand, in the pancreatic homogenates the natural cofactors

were present.

By testing the substrate (para-nitrophenyl stearate) concentration, 1 mmol/l seemed to

be optimal. Concentrations over 1 mmol/l caused too high turbidity in the assay and

inhibited accurate measurement.

Figure 13. Kinetic measurement of lipase activity at 37°C; para-nitrophenyl stearate (1
mmol/l) as substrate; different pancreas homogenate dilutions (1:2; 1:4; 1:10; 1:40) and
negative control (buffer instead of sample). The x-axes indicates the time in seconds and
the y-axes the optical density (OD) at 410 nm.
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Trypsin and chymotrypsin

Figures 14 and 15 illustrate the trypsin and chymotrypsin enzyme kinetics, respectively.

It can be seen that enterokinase alone had an effect on trypsin and chymotrypsin assays.

The absorbance in the control (enterokinase alone) increased during time. However, the

values remained much lower than the absorbance values of the samples.

Figure 14. An example of trypsin assay kinetics with samples and control (enterokinase
alone) at 37°C. The X-axes indicates the reaction time in seconds and Y-axes indicates
the optical density (OD) at 410 nm.
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Figure 15. An example of chymotrypsin assay kinetics with samples and control
(enterokinase alone) at 37°C. The X-axes indicates the reaction time in seconds and Y-
axes indicates the optical density (OD) at 410 nm.

Chymotrypsin assay (Figure 15) had a much higher reaction rate than trypsin assay

(Figure 14). The absorbance increased linearly for 30 minutes in trypsin assay. Instead,

in chymotrypsin assay the absorbance was linear only for 5 minutes and reached the

peak in 10 minutes. To make the measurements more accurate, the chymotrypsin

substrate, N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide, concentration should have been

diluted until a reaction rate similar to trypsin assay is reached. Unfortunately, this idea

came after the testing was already started. Changing the protocol was considered to

affect the accuracy of the whole trial much more than continuing with the protocol.

The activation with enterokinase was crucial for detecting trypsin activity, but not for

chymotrypsin activity. Trypsin activity was totally absent without the activation with

enterokinase. However, chymotrypsin showed activity also without the activation step.

Though, the activity was higher when enterokinase was used for activating trypsinogen.

The optimum enterokinase end concentration was 0.725 U/ml. Higher enterokinase

concentration did not increase the absorbance, and lower enterokinase concentrations

resulted in lower and thereby inaccurate absorption values.
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Trypsin  and  chymotrypsin  activities  were  dependent  on  the  reaction  temperature.  The

activity was about 15% lower at 30°C, compared to 37°C.

The commercial trypsin and chymotrypsin indicated that the assays were reliable.

Examples of standard curves of commercial trypsin and chymotrypsin are shown in

Figure 16. There was a slight variation of the standard curves from day to day.
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Figure 16. Chymotrypsin (left) and trypsin (right) standard curves. Absorbance (Abs)
measured at 410 nm and at 37°C for 30 min.

Amylase

The variation in maltose standard curves was small (Figure 17) which proves the

amylase assays were repeatable and results reliable.
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Figure 17. Variation of maltose standard curve. Error bars indicate the standard
deviation (n = 20).
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Figure 18 indicates the importance of the buffer in the -amylase assay. The amylase

activity was low when 20 mol/l sodium phosphate buffer (pH 7.5), originally used by

Rick and Stegbauer (1974), was used. The activity increased more than 10 fold when

Tris buffer (0.2 mol/l Tris-HCl, 0.02 mol/l CaCl2, 0.1 mg/ml BSA, pH 7.5) was used.

0

20

40

60

80

100

120

140

160

180

sodium phosphate buffer Tris-CaCl-BSA buffer

am
yl

as
e 

ac
tiv

ity
 (U

/ m
g 

pr
ot

ei
n)

Figure 18. Amylase activity in pancreas homogenates in sodium phosphate buffer (20
mol/l, pH 7.5) and in Tris buffer (0.2 mol/l Tris-HCl, 0.02 mol/l CaCl2, 0.1 mg/ ml
BSA, pH 7.5.).

4.3 Enzyme activities

Table 12 and Figure 19 illustrate the fact that the addition of the essential oil (EO) blend

to chicken diet did not have a significant effect on chicken pancreas enzyme activities.

Both trials support this statement.
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Table 12. Means of chicken pancreas enzyme activities and total protein (n = 12).
Protein level is indicated in mg/ml, lipase and trypsin activities in mU/mg protein,
chymotrypsin and amylase activities in U/mg protein.

Protein Lipase Trypsin Chymotrypsin -amylase

Trial 1; birds 20 d old

Control 45.05 3.22 18.95 2.24 138.7

Control + EO blend 46.70 3.05 20.30 2.34 139.6

Trial 2; birds 28 d old

Control 42.53 1.61 24.09 2.51 154.2

Control + EO blend 42.45 1.57 23.28 2.25 147.6
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Figure 19. Effect of an essential oil (EO) blend on chicken pancreas enzyme activities.
Error bars show standard deviations (n = 12).

Lipase activity was the lowest, only about 1.6 to 3 mU per mg protein. There was no

difference in the pancreas enzyme activities between the diets. However, as can be seen

from the Figure 19, there was a difference in the enzyme activities between the trials. In
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the second trial, where the chickens were eight days older than in the first trial, the

lipase activity was significantly (P < 0.05) lower.

Trypsin activity was about 18 to 24 mU per mg protein. The trypsin activity was

significantly (P < 0.05) higher in the second trial.

There was no difference in the amylase and chymotrypsin activities between the diets or

the trials. Amylase activity was the highest in both trials, about 138 to 154 U per

milligram protein. Chymotrypsin activity was about 2.2 to 2.5 U per mg protein.

4.4 Correlation study

Correlations between the bird performance, apparent ileal digestibility and the enzyme

activities were made to clarify the mode of action of feeding the essential oil blend.

However, no statistically significant (P < 0.05) correlations were found in the first trial

performed in MTT (Jokioinen), either testing the treatments as separate units or

combining those (for further details see Appendix 3). In the second trial (performed in

Danisco Finland Oy, Kanvik) a positive correlation (r = 0.683) in apparent protein

digestibility and trypsin activity was found (Figure 20). However, the correlation was

present only in the control diet and was very weak (R square = 0.466), and therefore no

further statements can be made. Detailed correlation results are presented in Appendix

4.



41

Figure 20. Positive correlation (r = 0.683) in apparent protein digestibility (Nitrogen, %)
and trypsin activity in the control diet in the second trial performed in Danisco Finland
Oy (n = 12).
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5 DISCUSSION

Essential oils have been used for decades in perfume, food (as flavourings) and in the

pharmaceutical industry. Recently, essential oils have begun to exhibit antimicrobial

activity against pathogenic bacteria in vitro, and could be therefore useful in foods (Burt

2004). Moreover, various essential oils have been proposed to substitute the antibiotic

growth promoters in animal feed. The antimicrobial activities of essential oils have been

thought to be beneficial in ruminant feed (Wallace 2004; Jouany & Morgavi 2007).

Some of them have shown to have beneficial actions within the digestive tract and

stimulating effects on digestive enzymes, bile and mucus in swine and poultry

(Windisch et al. 2008). In addition, a commercially available essential oil blend,

CRINA® (DSM - Nutritional Products 2009), is claimed to stimulate digestive enzymes

and regulate gut microbiota in chickens.

In the present study it was expected that supplementing the chicken diets with the

essential oil blend containing thymol and cinnamaldehyde would stimulate the activities

of pancreas enzymes. Altogether 120 pancreas samples were studied.

5.1 The effects between the treatments

Although it was hypothesized that supplementing the diet with essential oils would

stimulate pancreas enzyme secretion (Platel & Srinivasan 2000b; Jang et al. 2007), the

study of the essential oil blend containing thymol and cinnamaldehyde yielded different

results. There was no clear effect of the essential oil blend on pancreatic digestive

enzymes.

On the other hand, the results are in agreement with previous observations, where no

effect (Muhl & Liebert 2007) or only age dependent effect (Jamroz et al. 2005) on the

pancreas enzyme activities has been reported. The previous studies indicate also that in

case of no effect the results are not pointed out. This again suggests that there can be

more studies about effects on pancreatic enzymes which in case of no effect are maybe

not published.
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The fact that the essential oil blend did not have an effect on pancreas enzyme activities

can be explained in several ways. First, the effect of essential oils can be dependent on

chicken age (Lee et al. 2003). In previous studies, where an increase in the pancreatic

enzyme activities has been noted, the chickens have been much older. For example, an

increase in lipase activity was observed in pancreas samples of 41-day old chickens

(Jamroz et al. 2005) and an increase in pancreatic amylase and trypsin activity was

noted in 35-day old chickens (Jang et al. 2007). In the current study, the chickens were

only 20 and 28 days old. Conversely, it has been also reported that the growth

promoting effect disappears when chickens get older (Lee et al. 2003).

Second, it has been reported that the variability of the effects of essential oils may be

dependent on the environment conditions in which the animals are maintained

(Acamovic & Brooker 2005). Lee et al. (2003) hypothesized that the results can be

affected by perfect growing conditions, such as highly digestible diets and hygienic

environment. In addition, it has been reported that the effect of growth promoters is best

when the animal is in poor health and living in unhygienic conditions (Hughes &

Heritage 2009). However, in the present study the chickens lived in very clean

conditions. Both trials were conducted in experimental henhouses, where the

environmental parameters, such as temperature and light, were controlled. The low

mortality of the chickens confirms also that the chickens were in good health (Rinne, R.,

personal communication). In conventional henhouses, the living conditions would be

much less hygienic, diseases would spread more easily and chickens would be in worse

health. It is highly possible, that if the same trials would have been made in less

hygienic conditions or in conventional henhouses, the results would be different.

5.2 The effects between the trials

 The differences in the trials and methods in determining the pancreatic enzyme

activities were minimized as much as possible. It was supposed that the results in both

trials would be similar. Specific activities of pancreatic amylase and chymotrypsin in

the two trials were similar. However, there were differences between the trials in the

trypsin and lipase activities.



44

It can be hypothesized, that trypsin activity was higher in the second trial because the

chickens were eight days older than in the first trial. Previous research also indicates

that the enzyme activities often increase with the age, with little variation (Sell et al.

1991). Moreover, it has been reported that the age, growth and chicken development is

influencing the level of pancreatic enzyme activities (Sturkie 1986).

However,  in  the  second trial  where  chickens  were  eight  days  older,  the  lipase  activity

was significantly lower. The lipase activity has been reported to depend on dietary fat

level. Additionally, when turkeys have been fed with low fat diets for 21 days, lipase

activities in the intestine have showed a decrease (Krogdahl & Sell 1989). Jamroz et al.

(2005) have also indicated a decrease in lipase activity from age 21 to 41 days. In

current studies, chickens were fed with relatively low energy diets (diet composition,

Appendices 1 and 2) where the fat level was also lower than in normal diets (Rinne, R.,

personal communication). Hence, the significant difference can be explained by low fat

diet and age difference.

Nevertheless, the differences between the trials may also be due to the differences in the

diets. It is known that dietary changes may influence the enzyme activity of pancreatic

juice (Sturkie 1986). The diet compositions were different, but the chemical

compositions were almost the same (Appendices 1 and 2). The biggest difference was in

the fiber content; as in the second trial conducted at Danisco the fiber content was

14.5% higher. Both the fiber content and chemical composition of the feed can have a

big influence on digestibility (McDonald et al. 2002) and pancreas enzymes

(Boguslawska-Tryk 2005).

Moreover, it can not be excluded that the slight differences in the living conditions

might have caused the differences in the trials. The henhouse in MTT was bigger, and

the environmental parameters were more difficult to control than in the small henhouse

at Danisco (Rinne, R., personal communication).

5.3 Reliability of the results

The  key  point  of  the  study  was  to  find  out,  if  there  is  a  difference  between  the  two

treatments (control and control supplemented with EO blend). Thereby, the reliability of
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the results can be assessed by repeatability within the trials and treatments. Of course,

the accuracy of the results needs to be considered as well.

To  get  comparable  results,  every  day  the  same  quantity  of  samples  from  control  and

control supplemented with EO blend were studied. The protocol was carefully followed

every day and no changes were made in the protocol during the experimental period.

Moreover, commercial controls and standard curves which were made every day

confirmed the repeatability of the assays from day to day.

One of the possible uncertainties in the study was the repeatability of the release of the

same amount of protein to the homogenate. However, the enzyme activities were

expressed as activities per total protein in the homogenate, whereby the inaccuracy was

minimized. Minimizing the inaccuracy of the enzyme detection was also attempted by

using enzyme specific substrates. Though, as the enterokinase alone had some effect on

the trypsin and chymotrypsin assays, there stays some doubt about the substrate

specificity.

It is difficult to estimate if the level of enzyme activities was accurate. Mostly the

enzyme activities are expressed as U per tissue weight, as change in absorbance or in

some  other  way,  and  therefore  it  is  difficult  to  compare  the  results  with  other  similar

studies. In addition, the ratio of enzyme activities is dependent on the diet (Duke &

Trampel 2004), which of course makes it even harder to compare different studies.

Nevertheless, the overall pattern of enzyme activities seems to resemble that of previous

studies. It has been previously noted that in a low fat diet the lipase activity is low

(Krogdahl & Sell 1989). Furthermore, the big difference between trypsin and

chymotrypsin activity has been previously pointed out. Guyonnet et al. (1999) report

that chymotrypsin activity was over 100 fold higher than the trypsin activity in chicken

pancreas, using the same nitroanilide substrates as were used in this study. As starch is

the main component in chicken diet, it was also expected that the amylase activity was

the highest.

It is possible to get different results by testing the same product. For example, Lee et al.

(2003) results are different from those of Jang et al. (2007), although they have tested

the same essential oil blend (CRINA® Poultry). Conducting two trials and having twelve
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replicates per each treatment gave certainly extra value to the reliability and evidence of

repeatability of the results in the present study.

5.4 Future considerations

The  effect  of  essential  oils  on  chicken  digestion  is  not  yet  fully  understood,  and  also

research on that area is still quite limiting. Still the essential oils are thought to modulate

the  digestion.  Therefore,  even  though  no  effects  of  the  essential  oil  blend  were

discovered on chicken pancreatic enzymes in this study, other studies are needed to

increase the general knowledge about essential oils.

First,  it  would  be  interesting  to  know  if  essential  oils  also  have  an  effect  on  bile  and

mucus secretion in chickens, as Platel and Srinivasan (2000a) have indicated in rats. In

addition,  it  would  be  desirable  to  investigate  the  effects  of  essential  oils  on  intestinal

enzymes. Krogdahl and Sell (1989) believe that the intestinal enzyme activities are

describing more accurately the digestive processes than pancreatic enzyme activities.

The main reason is that the pancreatic enzymes appear in their active forms first in the

small intestine, and not in the pancreas. This could also explain why the number of

significant correlations between the apparent ileal digestibility and the pancreatic

enzyme activities was so limited.

Moreover, it would be interesting to study if the age is really influencing the effect of

essential oils on chicken pancreatic enzyme activities. The results of this study and from

some previous studies have indicated a difference in essential oil effects during chicken

development. However, there is not yet enough evidence and it is only a hypothesis.

From the methodological point of view, the positive effect of Triton X-100 was

discovered during the pancreas homogenization process, as well as the effect of the

buffer in the amylase assay. None of these findings were highlighted in previous studies

with pancreas preparations, and should therefore be considered in similar studies in the

future. Though, possible protein deactivation and chemical interference must be

carefully considered in using Triton X-100 (Anand et al. 2007).
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6 CONCLUSION

To substitute the antibiotic growth promoters in animal feed, many scientists have

studied the possible beneficial influences of essential oils on animal digestion.

However, there are not yet enough studies to have a clear understanding of the effects.

In this study, methods were developed to determine potential stimulative effects of an

essential oil blend on lipase, trypsin, chymotrypsin and -amylase activities in chicken

pancreas.

The results of the present study show that the essential oil blend at the applied

concentrations and conditions did not have a significant influence on pancreatic enzyme

activities in 20- and 28-day old chickens. A plausible reason can be that, the effect of

essential oils comes evident in the later stage of chicken development, as usually the

effect on pancreatic enzymes has been noted when chickens have been older.

Additionally, as it has been many times suggested, the very controlled and hygienic

living conditions could be limiting to discover the possible effects.

The study results seem to indicate that pancreatic lipase activity is much lower than

other pancreatic enzyme activities and the activity may decrease with chicken age, when

diets lower in fat than normal, are subjected. In the second trial, where the chickens

were older than in the first trial, the lipase activity was significantly (P < 0.05) lower.

The -amylase and chymotrypsin activities remained at the same level in both trials.

The trypsin activity was significantly (P < 0.05) higher in the second trial, as was

expected to happen with increasing age.

Overall, no strong correlations were found between the chicken performance, apparent

nutrient digestibility and pancreatic enzyme activities. The likely reason is that the

pancreatic enzyme activities are not well enough explaining the digestion process

(Krogdahl & Sell 1989).

Further research is still needed to improve the understanding of essential oil effects on

chicken digestion.
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APPENDICES

APPENDIX 1. Diet composition of trial 1 in MTT (Jokioinen, Finland)
Composition of experimental feeds, g/kg diet

Control Control + EO blend
Wheat 454,00 453,90
Wheatbran 84,10 84,10
Soybean meal 244,50 244,50
Rapeseed oil 30,00 30,00
Monocalcium phosphate 17,00 17,00
Limestone 19,00 19,00
Salt 4,00 4,00
Mineral premix1 2,00 2,00
Vitamin premix2 2,00 2,00
Methionine 2,00 2,00
Lysine 2,80 2,80
Threonine 1,00 1,00
Triticale 74,60 74,60
Peas 25,00 25,00
Rapeseed meal 30,00 30,00
Celite 8,00 8,00
EO blend 0,110
Calculated chemical composition, g/kg DM
DM 890,00
Crude protein 224,53
Crude fat 54,47
Crude fiber 31,89
Ash 64,03
Ca 12,78
P 8,34
Digestible P 4,54
Na 1,66
Lys 13,95
Met 5,33
Met + Cys 9,11
Thr 9,22
Calculated energy content, MJ / kg DM
ME 11,64
1 Kana-Hiven: Ca 296,881148 g/kg, Fe 12500,48 mg/kg, Cu 4000 mg/kg, Mn 25001,5 mg/kg, Zn
32506,768 mg/kg, I 255 mg/kg, Se 100,32 mg/kg.

2 Broiler-Vita: Ca 331,33032 g/kg, Vit A 6000 000 IU/kg, Vit D3 2250 000 IU/kg, Vit E 30000 mg/kg, E
tocofer. 27270 mg/kg, Vit K3 1505 mg/kg, Vit B1 1257,3 mg/kg, Vit B2 3000 mg/kg, Vit B6 2009,7
mg/kg, Vit B12 12,5 mg/kg, biotin 75 mg/kg, folic acid 504 mg/kg, niasin 20072 mg/kg, pantothenic acid
7506,8 mg/kg.
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APPENDIX 2: Diet composition of trial 2 in Danisco Finland Oy (Kantvik,

Finland)
Composition of experimental feeds, g/kg diet

Control Control + EO blend
Wheat 307,0 306,9
Barley 200,0 200,0
Rapeseed meal 50,0 50,0
Soybean meal 280,0 280,0
Faba bean 70,0 70,0
Rapeseed oil 38,0 38,0
Monocalcium phosphate 20,0 20,0
Feed Ca 13,0 13,0
Salt 5,0 5,0
Mineral premix1 2,0 2,0
Vitamin premix2 2,0 2,0
Methionine 2,2 2,2
Lysine 3,5 3,5
AIA 8,00 8,00
EO blend 0,110
Calculated chemical composition, g/kg DM
DM 890,00
Crude protein 229,89
Crude fat 58,91
Crude fiber 37,30
Ash 61,63
Ca 10,05
P 8,89
Digestible P 5,03
Na 1,85
Lys 14,32
Met 5,41
Met + Cys 9,23
Thr 8,59
Calculated energy content, MJ / kg DM
ME 11,66
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APPENDIX 3: Pearson correlations from trial 1 in MTT; in both treatments (A), n
= 24; in the treatment, where chickens were fed with control diet supplemented
with the essential oil blend (B), n = 12; in the treatment where chickens were fed
with control diet (C), n = 12.

A
Lipase

(mU/mg
protein)

Amylase
(U/mg

protein)

Trypsin
(mU/mg
protein)

Chymotrypsin
(U/mg

protein)
Pearson
Correlation -,266 -,017 -,076 -,175Birds weight,

 g
Sig. (2-tailed) ,209 ,939 ,725 ,414
Pearson
Correlation -,115 ,277 ,035 -,220Dry Matter,

 %
Sig. (2-tailed) ,593 ,190 ,870 ,301
Pearson
Correlation -,163 ,167 -,074 -,229Nitrogen,

 %
Sig. (2-tailed) ,448 ,434 ,729 ,281
Pearson
Correlation -,132 ,282 ,033 -,253Gross Energy,

 %
Sig. (2-tailed) ,537 ,182 ,877 ,233
Pearson
Correlation -,205 ,261 ,001 -,172Ash, %

Sig. (2-tailed) ,337 ,219 ,998 ,421
Pearson
Correlation -,104 ,274 ,041 -,220Organic Matter,

 %
Sig. (2-tailed) ,629 ,194 ,849 ,302
Pearson
Correlation ,021 -,026 -,234 -,210FCR (18-20d)

Sig. (2-tailed) ,923 ,904 ,271 ,324
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B

Lipase
(mU/mg protein)

Amylase
(U/mg protein)

Trypsin
(mU/ mg
protein)

Chymotrypsin
(U/mg protein)

Pearson
Correlation -,348 -,028 -,167 -,418Birds weight,

  g
Sig. (2-tailed) ,267 ,932 ,604 ,177
Pearson
Correlation -,219 ,389 ,094 -,090Dry Matter,

 %
Sig. (2-tailed) ,494 ,211 ,771 ,782
Pearson
Correlation -,225 ,140 -,087 -,085Nitrogen,

 %
Sig. (2-tailed) ,481 ,664 ,789 ,793
Pearson
Correlation -,248 ,380 ,076 -,134Gross Energy,

 %
Sig. (2-tailed) ,438 ,223 ,815 ,679
Pearson
Correlation -,211 ,282 ,073 -,192Ash, %

Sig. (2-tailed) ,511 ,375 ,822 ,550
Pearson
Correlation -,219 ,401 ,097 -,076Organic Matter,

%
Sig. (2-tailed) ,494 ,197 ,765 ,814
Pearson
Correlation -,209 ,186 ,280 -,129FCR (18-20 day)

Sig. (2-tailed) ,514 ,562 ,378 ,690

C

Lipase
(mU/mg protein)

Amylase
(U/mg protein)

Trypsin
(mU/ mg
protein)

Chymotrypsin
(U/mg protein)

Pearson
Correlation -,169 -,014 -,058 ,132Birds weight, g

Sig. (2-tailed) ,600 ,966 ,857 ,682
Pearson
Correlation -,104 ,254 ,202 -,457Dry Matter, %

Sig. (2-tailed) ,749 ,425 ,530 ,135
Pearson
Correlation -,301 ,319 ,216 -,454Nitrogen, %

Sig. (2-tailed) ,341 ,313 ,501 ,139
Pearson
Correlation -,096 ,271 ,205 -,457Gross Energy, %

Sig. (2-tailed) ,767 ,394 ,523 ,135
Pearson
Correlation -,394 ,367 ,073 ,153Ash, %

Sig. (2-tailed) ,204 ,240 ,821 ,634
Pearson
Correlation -,067 ,223 ,198 -,480Organic Matter,

%
Sig. (2-tailed) ,837 ,487 ,537 ,114
Pearson
Correlation ,166 -,154 -,567 -,313FCR (18-20 day)

Sig. (2-tailed) ,606 ,634 ,054 ,322



57

APPENDIX 4: Pearson correlations from trial 2 in Danisco; in both treatments
(A), n = 24; in the treatment, where chickens were fed with control diet
supplemented with the essential oil blend (B), n = 12; in the treatment where
chickens were fed with control diet (C), n = 12.

A
Amylase
(U/mg

protein)

Chymotrypsin
(U/mg

protein)

Trypsin
(mU/mg
protein)

Lipase
(mU/ mg protein)

Pearson Correlation -,047 ,028 ,205 -,001Birds weight (g)

Sig. (2-tailed) ,827 ,895 ,336 ,995
Pearson Correlation ,268 -,011 -,359 -,018FCR (25-28 day)
Sig. (2-tailed) ,206 ,958 ,085 ,934
Pearson Correlation -,322 -,139 ,321 ,040Nitrogen, %
Sig. (2-tailed) ,125 ,517 ,126 ,853
Pearson Correlation -,359 -,211 ,200 ,057Dry Matter, %
Sig. (2-tailed) ,085 ,321 ,348 ,790

B

Amylase
(U/mg protein)

Chymotrypsin
(U/mg protein)

Trypsin
(mU/mg
protein)

Lipase
(mU/mg protein)

Pearson Correlation ,096 -,039 -,145 -,396Birds weight (g)

Sig. (2-tailed) ,766 ,905 ,652 ,202
Pearson Correlation -,161 -,431 -,328 -,345FCR (25-28 day)
Sig. (2-tailed) ,618 ,162 ,298 ,272
Pearson Correlation -,405 -,128 ,050 -,136Nitrogen, %
Sig. (2-tailed) ,192 ,691 ,877 ,673
Pearson Correlation -,513 -,257 ,034 -,100Dry Matter, %
Sig. (2-tailed) ,088 ,421 ,915 ,757

C

Amylase
(U/mg protein)

Chymotrypsin
(U/mg

protein)

Trypsin
(mU/mg
protein)

Lipase
(mU/mg protein)

Pearson Correlation -,101 ,086 ,415 ,191Birds weight (g)

Sig. (2-tailed) ,754 ,791 ,180 ,552
Pearson Correlation ,575 ,225 -,394 ,209FCR (25-28 day)
Sig. (2-tailed) ,051 ,482 ,206 ,514
Pearson Correlation -,218 -,128 ,683* ,252Nitrogen, %
Sig. (2-tailed) ,497 ,691 ,014 ,429
Pearson Correlation -,162 -,191 ,477 ,294Dry Matter, %
Sig. (2-tailed) ,615 ,552 ,117 ,354


