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Abstract 

Digesti b i l ity tria ls are important tools used by nutrition ists to establ ish the 

nutrient requ i rements of an an ima l .  The most common method used is tota l 

faeca l col lection ,  which i nvolves the total col lection of faeces over a l im ited 

period of t ime. Digest ib i l ity tria ls can also use i nd igestib le markers, such as 

chrom ium oxide and t itan ium oxide ,  which e l im inate the need for a total faecal 

col lection  and i nstead u ses sub-sam pl ing methods 

The m ajor aim of this thesis was to compare the suitab i l ity of chrom ium oxide 

(Cr203) and titan ium d ioxide (Ti02) as indigestib le markers in  dogs. Due to 

constra i nts in the study design ( l im ited space i n  the faci l ity and therefore a 

requ i re ment to house dogs in  pa irs) , it needed to be establ ished if Ti02 

interfered with the chemical  analysis of Cr203 before any an imal  tria ls were 

undertaken .  Different concentrations of both markers were added to freeze 

dried dog faeces. The ind igest ib le markers were then analysed for in the 

laboratory and recoveries ca lcu lated . l t  was establ ished that there was no 

interference of the ana lysis by either marker. 

After a pi lot study confi rmed that coprophagy d id  not occur in the dogs, the fi rst 

study (Chapter 2) used 1 2  enti re female Harrier  hounds housed i n  pa irs i n  6 

concrete floor pens. The dogs were fed twice da i ly with one of 4 treatment 

d iets ; a h igh nutr ient d iet conta in ing Cr203 or Ti02 or a low nutrient d iet 

conta in i ng Cr203 or Ti02.  Dai ly i ntake was recorded for each dog . Each dog 

rece ived each of the 4 diets over 4 consecutive evaluation periods of 1 4  days 

each. This study showed that 1 00% recovery of markers was not ach ieved i n  

the dogs. Recoveries of Cr203 were 58% a n d  76% respectively for h i g h  and 

low nutrient d iets , and  recoveries of Ti02 were 80% and 74% respectively for 

the same two d iets . These resu lts suggest that Ti02 is currently the best 

ind igestible marker for use in dogs.  

Study 2 (Chapter 3 )  used 5 adult  female Beag l e  dogs with surg ical ly prepared 

i leal cannu las. The i lea l  cannu lation was conducted accord ing to the method of 



Walker et al. ( 1 994) ,  and the dogs were housed i ndividually i n  floor pens in 

temperatu re control led rooms. The dogs were fed 5 com mercial AAFCO 
a pproved diets with free access to water. Dogs were randomised i n  a 

repl icated 5 x 5 Latin-square design with 1 4  day periods , consisting of a 1 0  day 

adaptation period and a 4 day i leal and faecal col lection period. lt was fou nd 

that there were sign ificant  differences between i lea l  and faecal digest ib i l ity of 

dry matter, crude prote in ,  organic matter and carbohydrates of the nutrients that 

we tested, i ndicating that there was sign ificant metabol ism of nutrients in  the 

h i ndgut of the dog . 
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GEN E RAL INTRODUCTION 

Domesticated dogs (Canis familiaris) have many uses for hu mans, inc lud i ng 

gu ide dogs, heari ng dogs, hunt dogs ,  gun dogs,  and they are i nd ispensable for 

the use as eye dogs on sheep farms .  They are used in the detection of d rugs, 

bombs, importing/export ing of plant l ive and an imal l ife at a i rports and in mai l  

rooms and they are a lso used in  research . They play a vital ro le in  search and 

rescue operations a nd most importantly they are companions,  to the young ,  the 

old and to every one in  between.  Owners demand that their dogs are fed wel l ,  

and  research into the nutritiona l  requ i rements of the dog  is therefore 

fu ndamentally important. Research into the nutritional  req u i rement of any 

a n imal is conducted us ing d igestib i l ity studies. D igest ib i l ity is  s i mply defi ned as 

the d ifference between the amount of nutrients consumed in the diet and that 

remain ing in the faeces or d igesta . From this the level of nutrients the an imal 

needs in i ts d iet can be estimated or ca lculated . 

There is a large body of research into the nutritional needs of the dog, i nto 

nutrit ion at the d ifferent l ife-stages a nd d ifferent feed ingredients for com mercial 

d iets . Despite this however, there has been l ittle publ ished work into the 

digestion in the large intestine of the dog . The dog's gastro- intestinal tract has 

h istorical l y  been compared to the eat's in  terms of relative length.  However the 

cat is  a true carn ivore and has l ittle need to ferment fibre from the diet, whereas 

the dog is a scavenger and is not a selective eater, and therefore may need to 

ferment fi brous material from the d iet. Stud ies i n  to the characterisation of 

microbia l  population in  the large i ntestine of the dog have been conducted by 

S i mpson et al. (2002)  which prove that the dog has a developed large intest ine 

a nd can harbour  a m icrobial popu lation .  As there are microbes in  the large 

i ntestine ,  then it is l i kely there wi l l  be absorption of nutrients from the large 

i ntest ine of the dog . Therefore th is study wi l l  investigate if there is any 

s ignificant metabol ism of nutrients in the large i ntestine of the dog. 

There a re l im ited a mounts of pub l ished data concerning the suitab i l ity of 

i nd igest ib le markers used to i nvestigate the d igestib i l ity of feed in  dogs. 

I nd igestib le markers are added to feed to re late the nutrient content of a d igesta 
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sample to the total da i ly nutrient i ntake (Butts et a/, 2002).  An ideal  marker is 

one that is  "non-toxic, una ltered d u ri ng its passage through the gut ,  does not 

influence the physiological processes of the digestive tract, is closely associated 

to the und igested nutrient in question or flows at an identica l rate to the nutrient, 

and is tota l ly recovered in  excreta" (Sa les & Janssens, 2003a) .  

H istorica l ly titan ium d ioxide (Ti02) has been used as an i nd igestible marker in  

d igestion stud ies involving pigs (Jagger et  al. , 1 992: Y in et al. , 2000), rats 

(Naaja ,  1 96 1 ) and avian species (Sales & Janssens,  2003a ;  S ho rt et al. , 1 996; 

Barton & Houston,  1 991 ) . Since there is l ittle publ ished d ata about the 

suitab i l ity of Ti02 for use as a ind igestible marker in dogs ,  th is study wi l l  

compare T i02 with chromium oxide (Cr203), which has been used as an 

ind igest ib le marker in  the dog previously (H i l l  et al. , 2000; H i l l  et al. ,  1 996a ) .  
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CHAPTER 1 

REVI EW OF LITE RATURE 

1 .1 Introduction 

D igest ib i l ity is defined as the difference between the quantity of nutrients 

consumed i n  the diet and that rema in ing in  the faeces or d igesta . Digestib i l i ty 

stud ies are used to determine what level of nutrients an an imal requi res in  its 

d iet. Digesti b i l ity has trad itionally been measu red using in vivo an imal studies, 

w ith in vivo d igestib i l ity estimated from faecal or  i leal  col lection a nd quantitative 

a bsorption calculation . 

The classica l  in vivo digestib i l ity method uses total faeca l col lection ,  where al l  

faecal output is  col lected for a specific period of t ime. The tota l col lection 

method is very time consu ming and is  more labour i ntensive than other 

sampl ing methods. lt is s i mpler to take a sample of faeces over a l im ited period 

of time than use the total col lection method . However, when a su b sample of 

the total amount of faeces is col lected , an indigestib le marker needs to be used 

to relate the amount of feed ingested to the proport ion of faeces col lected . An 

i nd igesti ble ma rker is a non-toxic su bstan ce that the animal cannot d igest, is not 

a ltered in the d igestive system,  and is recovered in the faeces at the same state 

a nd at the same level that it was added to the feed . These properties of the 

marker al low i nvestigators to relate the undigested nutrient content of the 

sample to the n utrient i ntake of the an ima l .  l t  is i mportant that the ind igest ib le 

marker is val i dated for use in the an ima l .  Previous dog stud ies have used 

chromium oxide (Cr203) ,  however, results have not been consistent in  the 

l im ited l iteratu re avai lable (H i l l  et al. , 2000; H i l l  et al. , 1 996a) .  

The large i ntestine is  re latively short i n  the dog and cat i n  com parison to 

herbivores ( Maskel l  & Johnson , 1 993).  In the cat and dog the function of the 

la rge intest ine is to absorb water and salts and to act as a reservoir for food 

residue, rather  than to d igest and absorb plant material as occurs i n  herbivores 

( Maskel l  & Johnson ,  1 993). The large i ntestine and rectum of the dog is only 

about 1 3% as long as the small intestine .  This is only half of the relative length 
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of the large i ntestine found in the horse , a h i ndgut fermenter (Strombeck, 1 996: 

M askel l  & Johnson , 1 993). Although the large intestine is a relatively short 

o rgan,  there seems to be s ign ificant amounts of activity occurring with i n  it , and 

faecal col lection i n  the cat has been shown to overestimate d igestib i l ity by a bout 

1 0% (Hendri ks ,  2002). McNei l  (1 988) found that the can ine large intestine has 

the abi l ity to absorb amino acids in vitro, but the absorption rate is about a th i rd 

of that of the smal l  intestine.  The table below i l lustrates the relative lengths of 

the  gastro-intesti nal  tracts of various monogastric species . 

Table 1 . 1 :  The relative gastro-intestinal tract length of fou r  monogastric species 
(from Maskell & J ohnson , 1 993). 

Dog Cat Man Horse 
Small Intestine (m) 3.9 1.7 7 20 
Large Intestine (m) 0.6 0.4 1.8 7 
Total length (m) 4.5 2.1 8.8 27 
Body Length (m) 0.75 0.5 1.75 3 
Total length: body 
length ratio 4-5 3 5 9 
Mean retention time 
(hr) 22.6 ± 2.2 13 45.6 ± 11.1 37.9 ± 5.3 

1 .2 Physiology of digestion 

The body needs food to rebui ld damaged tissues , create new tissues and 

provide energy for essential chemical  reactions to occur in  the body. However 

food needs to be broken down into smal ler molecules to be able to move 

th rough the cell membrane of the gastro- i ntest inal tract, a process known as 

d igestion.  D igestion beg i ns i n  the mouth , with food particles g rou nd into smal l  

fragments by the teeth ,  and the enzymes in  sal iva start ing the digestion 

process. Dogs do not have the enzyme alpha-amylase , which beg ins starch 

b reakdown, but they do have l ingual l ipase that in itiates the breakdown of 

tr ig lycerides (Maskel l  & Johnson, 1 993). Sal iva is secreted by fou r  pai rs of 

sal ivary g lands;  parotid g lands ( in  front  of each ear), mand ibu lar  g lands (on 

each side of the lower jaw), subl ingual g lands (under the tongue) and zygomatic 

g lands ( in the upper jaw, below the eye) ( Maskel l  & Johnson , 1 993). Sal iva and 

e nzymes are m ixed with the food with the help of the tongue to accelerate the 
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start of the d igestion process. Saliva a lso plays a role i n  i ncreasing the 

palatabi l ity of food ,  d issolving some food particles and br inging them into 

contact with the taste buds on the tongue. Once a bolus (ba l l )  of food has 

formed , it is swal lowed and passes into the oesophagus. The oesophagus is 

the structu re that transports the bolus of food from the mouth of the an imal to 

the stomach. l t  does not secrete any d igestive enzymes and does not have the 

ab i l ity to absorb a ny nutrients from the bolus .  The bolus  is moved along the 

oesophagus by perista ltic movements , periods of contraction and re laxation of 

the muscle of the oesophageal l in ing .  The oesophageal l i n ing conta ins  goblet 

cel ls that produce mucus a lubricant which a ids the passage of the food bolus 

from the mouth to the stomach . When the food bolus reaches the end of the 

oesophagea l tu be,  it passes through the card iac sphincter (a r ing of muscle) 

a nd enters the stomach . This sphincter prevents food being regurg itated back 

i nto the oesophagus from the stomach . However, dogs are scavengers and 

someti mes consu me feed that may be toxic  and harmfu l if d igested . If th is 

occu rs, a highly d eveloped vom iting centre in the bra in sends a message to the 

ca rdiac sphincter to expel food from the stomach causing the dog to vomit 

(Maskel l  & Johnson , 1 993). 

The stomach has several functions, inc lud ing food storage, the control of 

d igesta flow into the smal l  i ntesti ne and the aid ing of digestion by m ixing and 

g ri nd ing d igesta i nto smaller particles. The gastric mucosa in the stomach 

secretes pepsinogen, an inactive form of pepsin and small amou nts of gastrin 

a nd hydroch loric acid . These in itiate protei n  d igestion, and are also i nvolved i n  

the intestinal absorption of calcium,  i ron a n d  vitamin 812 .  The stomach i s  made 

u p  of five regions ,  the card ia ,  fundus, body, antrum and pylorus (Ganong, 

1 993). The card ia is the reg ion where the food bolus enters the stomach from 

the oesophagus a nd the fu ndus is a storage  reg ion . No m ixing of the food and 

gastric secretions occurs in each of these two regions and l i ngual  l i pase is sti l l  

active, breaking down trig lycerides. The body of the stomach is the large reg ion 

a bove the antrum. The antrum is at the d istal end of the stomach , and the 

pylorus is the reg ion of the stomach adjacent to the start of the smal l  i ntest ine. 

Dogs are meal eaters, which means that they consume large meals rather than 

s nack, l i ke cats ( Maskel l  & Johnson, 1 993). The proximal part of the stomach 
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(fu nd us)  is able to expand in  response to the consumption of large meals.  

Once the bolus moves from the fundus, the sal ivary enzymes are inactivated by 

gastric secretions and the bolus  enters the body of the stomach. The enzymes 

involved in  nutrient d igestion i n  the stomach are peps in  and gastric l i pase. 

Pepsin digests prote i n  by breaking the peptide bonds between amino acids ,  and 

is  secreted in  an inactive form cal led pepsinogen ,  which activated when it 

comes into contact w ith active pepsin molecules or hyd rochloric acid (Ganong , 

1 993). This mechanism stops the pepsin from digesting the cel ls  that produce 

it . Pepsin is only activated in  acidic envi ronme nts, where the pH is less than 2. 

The other gastric e nzyme is gastric l ipase, wh ich spl its fat into short cha i n  

tr iglycerides . Gastric l i pase works best i n  environments where the pH is 

between 5-6. 

In the body of the stomach , a m ix ing motion (achieved by waves of muscular 

activ ity that occur every 15 -20 seconds) gr inds the food and m ixes it with gastric 

secretions to form a l iqu id solution cal led chyme. As chyme moves fu rther 

down the stomach i nto the pylorus, the mix ing intensifies and becomes more 

v igorous. The pylo rus which connects to the duodenum (the first part of the 

smal l  i ntestine) is d iv ided i nto the pyloric antru m ,  which con nects to the body of 

the stomach , and the pyloric canal ,  which leads to the duodenum (Tortora & 

Grabowski , 2000). The pyloric sphincter sepa rates the stomach from the small 

i ntest ine and forms a very sma l l  gap for food to pass through from the stomach 

i nto the intestine.  As the waves of muscu lar  contractions push the chyme back 

and forth, a smal l  amount of food is pushed through the sphincter. If the 

particles are too big to pass through the sphi ncter, they are pushed back into 

the stomach for further grind i ng and digesti ng .  When the particles are smal l  

enough ,  they pass through the sphincter into the smal l  intestine for further 

processing.  
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Table 1 .2: A summary of the digestive activit ies which occur i n  the stomach of 
monogastric species (from Tortora & Grabowski , 2000). 

Structure Activity Result(s) 
Mucosa 
Chief cells Secrete pepsinogen The activated pepsin breaks certain peptide bonds 

in proteins. 
Secrete gastric lipase Splits short-chain triglycerides into fatty acids and 

monoglycerides. 
Parietal cells Secretes hydrochloric acid Kills microbes in food; denatures proteins; converts 

pepsinogen into pepsin 
Secretes intrinsic factor Needed for absorption of vitamin B12, which is 

required for normal red blood 
cell formation (erythropoiesis). 

Mucous surface cells Secrete mucous Forms a protective barrier that prevents the 
and neck cells stomach cell lining from being 

digested. 

G cells Secrete gastrin Stimulates parietal cells to secrete hydrochloric acid 
and chief cells to secrete pepsinogen; 
Causes the lower oesophageal sphincter to 
contract, increases motility of the 
stomach, and relaxes the pyloric sphincter. 

Muscularis Mixing waves Macerates food and mixes it with gastric juice, 
forming chyme. 

Peristalsis Forces chyme through the pyloric sphincter 

Pyloric Sphincter opens to permit passage Regulates the passage of chime from the stomach 
of chyme into duodenum to the duodenum; 

Prevents backflow of chyme from duodenum to 
stomach 

Digestion in  the smal l  intestine is dependent on  the activities of the pancreas, 

l iver and gal l bladder. The pancreas is connected to the start of the duodenum 

a nd secretes pancreatic ju ices, which consist of flu id and d igestive enzymes 

which help d igest food particles. The pa ncreas conta ins cel l  clusters called the 

pancreatic islets or the islets of Langerhan (Marieb ,  2004 ) .  These cel ls produce 

the hormones g lucagon, i nsu l i n ,  somatostatin and pancreatic polypeptide ,  so 

are a lso known col lectively as the endocrine portion of the organ and are 

secreted into the blood. Glucagon helps ma intain the level of g lucose i n  the 

blood by increasing blood g lucose levels ,  i nsu l in  decreases blood g lucose . 

Somatostatin suppresses pancreatic hormone release (g lucagons and i nsu l in)  

and pancreatic polypeptide suppresses pancreatic secretion and stimu lates 

gastric secretion. 

The pancreas is st imu lated to secrete enzymatic ju ices by the hormones 

secretin and pancreozymin  (Maskel l  & Johnson, 1 993), which are produ ced by 

the cel ls of the i ntestinal mucosa. Secret in re lease, stimu lated by a rise i n  

acid ity in the intestine, causes b icarbonate secretion result ing in  a ra ised pH 

(7.1 - 8.2). Bicarbonate secretion also stops the action of peps ins from the 
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stomach and produces an optimal environment for the action of d igestive 

e nzymes (Tortora & G rabowski ,  2000). The presence of food in  the intesti ne 

stimu lates the release of pancreozymin and th is i n  turn stimu lates the releases 

of pancreatic ju ices. Pancreatic ju ice is a clear  l iquid that consist of sa lts, 

sod ium bicarbonate and several enzymes. These enzymes include pancreatic 

a mylase, (which digests carbohydrates) ,  tryps in ,  chymotryps in ,  

carboxypeptidase and elastase , (wh ich are p rote in digesting enzymes) a nd 

pancreatic l ipase , (wh i ch d igests trig lycerides). The pancreatic secretions are 

released from cel ls ,  pass into ducts wh ich joi n the b i le duct (which runs from the 

l iver and gal l  bladder) and enter the duodenum th rough a common duct ca l led 

the hepatopancreatic a mpu l la (Tortora & Grabowsk i ,  2000). 

The l iver is d ivided i nto two sections, the large right lobe and the smal le r  left 

lobe, separated by the falciform l igament. These two sections of the l iver are 

made up  of nu merous smal l  un its cal led lobu les ,  which in  tu rn are made u p  of 

many smal l  specia l ist cel ls ca l led hepatocytes. These hepatocytes secrete b i le, 

a yel low, brownish o r  ol ive-green l iqu id ,  into smal l  canals cal led the b i le  

canal icu l i  which eventual ly jo in  to form the b i le d uct. The b i le is stored i n  the 

gall bladder unt i l  it is needed and secreted i nto the smal l  i ntestine together w ith 

pancreatic secretions through the hepatopa ncreatic ampul la .  The b i le  is 

concentrated in the ga l l  bladder due to water and ion absorption (Guyton & Hal l ,  

2000). B i le  consists of water, b i le acids, b i l e  salts, cholesterol , lecith i n  (a 

phosophol ip id ) ,  b i le p igments and several ions ( E rl i nger, 1 982). Bi le salts p lay 

a major role in the emu lsification of fats, break ing down of large l i pid d roplets 

i nto smal ler micel les. B i le is produced and secreted in response to neura l  and 

hormonal sti mul i  fol lowing the i ngestion of a meal .  After most of the food is 

absorbed , bi le is re-cycled and flows back into the gal lb ladder for storage 

(Er l inger ,  1 982). The l iver a lso has other functions, such as metabol ism of 

carbohydrates, l ip ids a nd prote ins .  
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1 .3 General physiology of the mammalian intestine 

The lumen of the gastro-intestinal tract acts as an interface with the externa l  

environment. Therefore the l i n ing of the gastro-i ntestinal tract is  a barrie r  

between the body and the environment, and m ust b e  able to d ist ingu ish 

between nutrients and toxic substances (Argenzio, 2004 ) . The cel ls of  the 

gastro- intestinal tract h ave many fu nctions, such as d igestion, secretion, 

a bsorption and storage .  The main functions of the gastro-intestinal system a re 

to d igest and absorb nutrients and to act as a reservoi r  for und igested feed 

(Strombeck, 1 996). The gastro- i ntestinal system is  d ivided into two main  

sections, the smal l  i ntest ine and the large intest ine (See F igure 1 . 1 ) . The smal l  

i ntestine is the main  site where a l l  the d igestion and absorption of nutr ients 

occurs. The smal l  i ntestine can be fu rther su b-d ivided into three parts ; the 

d uodenu m, jejunum and i leum.  The duodenum is  the shortest section of the 

smal l  i ntestine and is s i tuated between the pyloric sph i ncter of the stomach and 

the jejunum.  The next section is the jejunum fol lowed by the i leum, which i s  the 

longest section and join s  the large intestine at the i leocaecal sphincter. The 

large i ntesti ne can also be fu rther sub-divided in to four  parts; the caecum ,  

colon, rectu m and anal canal . The i leocaecal j u nction separates the i leum from 

the colon and the i leocaecal sphincter regulates the movement of d igesta from 

the i leum to the large i ntestine. The caecu m is a b l i nd pouch which branches 

off from the colon im mediately after the i leoceacal sphincter. The colon 

consists of ascend ing, tra nsverse, descending a nd sig moid portions ( Rowa n ,  

1 989). 

9 



Figure 1 . 1 :  A schematic d iagram of the human gastro-i ntestina l  tract (from 
Lacey, 1 99 1  ) . 
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1.3.1 Intestinal Microscopic Structure 
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The intesti nes are made up of mucosa l ,  submucosal and muscle layers (See 

Figu re 1 .2) .  The mucosal layer is involved in  secretory a nd absorptive 

fu nctions, and serves as a barrier between the environment and the inside of 

the an ima l .  The submucosa is situated below the mucosa and provides 

structural  su pport and contains b lood vessels, lymphatic vessels and nerves. 

The submucosa b inds the mucosa to the th i rd l ayer, the muscularis. Th is  

muscle layer creates contractions that move d igesta along the intestine.  
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F igure 1 .2 :  The microscopic structure of the human smal l  i ntest ine i n  
transverse section (from Ganong , 1 993). 
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The primary function of the smal l  intestine is to absorb nutrients. I n  order to do 

th is ,  the smal l  intestine has nu merous v i l l i  which i ncrease the surface area of 

the gut l i n i ng and faci l itate the absorption of nutrients. The free ends of the 

colu mnar cel ls of the vi l l i  contain m icrovi l l i  which form a brush border. Th is 

fu rther increases the su rface area and thus the a mount of d igested nutrients 

that can be absorbed . The brush border a lso conta ins enzymes that have 

d igestive fu nction break ing down nutrients in  order for them to be absorbed. 

S ituated between the v i l l i  are stra ight tu bu lar  glands, ca l led crypts of 

L ieberku h n ,  which descend  from the su rface of the mucosa to the muscu lar is 

mucosa . These crypts consist of goblet and epithel ial cel ls near the ir  surface 

a nd main ly goblet cel ls in the deeper part of the glands, and are a lso 

responsible for secreting in testinal j u ices. As d igesta moves down the gastro­

i ntesti nal tract, the tips of the v i l l i  a re continuously sloughed off by erosion. Th is  

causes the cells from the crypts of L ieberkuhn to m igrate up  the v i l lus ,  mu lt ip ly 

a nd d ifferentiate to replace surface epithel ial cel ls .  These tu bular cel ls  pack 

c lose together and overlay the lamina propria .  The lamina propria consists of 

connective tissue that contains blood and lymphatic vessels which transport 

n utrients a bsorbed from the gastro- i ntestinal tract to the rest of the body. The 

lamina propria also supports the e pithel ium and b inds i t  to the muscu laris  

mucosa (Tortora & Grabowski, 2000) .  
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I n  contrast, the mucosal su rface of the colon is flat and conta ins no v i l l i  or 

m i crovi l l i  (See Figure 1 .3). The large i ntestine does not conta in  vi l l i ,  as its 

p ri mary function is to absorb water. l t  does however sti l l  have the same 

u nderlying m icroscopic structure as the smal l  i ntesti ne . 

F igure 1 .3 :  A schematic d iagram of  the cel lu lar  layers of  the h uman large 
i ntestine (from Tortora & Grabowski, 2000) .  
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1 . 3. 2  Digestion in the Small Intestine 

1.3.2.1 Carbohydrate Digestion 
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Carbohydrates are broken down into maltose, maltotriose and oc-dextrins by an 

e nzyme cal led pancreatic amylase, wh ich is present i n  the pancreatic ju ice 

secreted i nto the smal l  i ntestine.  Amylase breaks down starch and glycogen,  

but is unable to break down plant fi bre .  Once amylase has broken down starch ,  

a brush border enzyme cal led oc-dextrinase contin ues to d igest the molecule 

one glucose bond at a t ime. Other brush border enzymes i nclude sucrase , 

lactase and maltase . Sucrase breaks down sucrose into its constituent g lucose 

molecule a nd fructose molecu les. Lactase breaks down lactose into g lucose 

and galactose molecu le ,  a nd maltase breaks down maltose and maltotriose i nto 
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two or three g lucose subun its. The end products of carbohydrate d igestion are 

m onosaccha rides (Maskel l  & Johnson , 1 993). 

1.3.2.2 Protein Digestion 

P roteins d igestion starts i n  the stomach where protei ns are partia l ly denatured 

by the acid ic  environment and broken down into peptides by peps in .  Other  

e n zymes includ i ng trypsi n, chymotryps in and elastase then break down the 

bonds between specific am ino acids in  the result ing peptide.  The enzyme 

carboxypeptidase is respons ible for break ing the peptide bond of the termina l  

a mino acid at  the carboxyl end of the pept ide. Protein d igestion is then 

completed by two brush border peptidase enzymes; aminopeptidase and 

d ipeptidase. Aminopeptidase breaks the term inal  peptide bond at the amino 

ac id end of the peptide, wh i le d ipeptidase spl its amino acids joined d ipeptides 

i nto si ngle a mino acids. The prod ucts of prote in d igestion are free amino acids 

a n d  short a mino acid pept ides (Tortora & Grabowski, 2000). 

1.3.2.3 Lipid Digestion 

Trig lycerides consist of a s ingle glycerol u n it bound to three fatty acid 

m olecules. When chyme is  re leased by the stomach and enters the smal l  

i ntestine, b i le salts emuls ify the fat i nto l i ttle d roplets or globu les (m icel les), 

creating a l a rger surface a rea for the enzyme pancreatic l i pase to hydrolyse the 

tr ig lyceride. Triglycerides are broken down into fatty acids and monog lycerides 

to al low absorption into the blood and transport around the body. Enzymes 

cal led l i pase works by removing two of the three fatty acids from the triglyceride 

leaving a monog lyceride molecule (Marieb, 2004 ) .  

1.3. 3 Absorption in the Small Intestine 

D igestion is the process that breaks down the nutrients in  food to a form that 

can be absorbed from the gastro-intesti nal tract for use in  the body for 

rebu i ld ing and forming new tissues. Figure 1 .4 ( below) summarises the 
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d igestion process, identifies breakdown products and s hows how they are 

tran sported through the epithel i u m  of the smal l  i ntestine .  

Monosaccharides such as g lucose , fructose and galactose are the products of 

carbohydrate d igestion , s ing le amino acids from d ipeptides and tripeptides are 

the products of protein  d igestion  and fatty acids, glycerol and monoglycerides 

are products of trig lycerides (fat) d igestion (Ganong, 1 993) .  

F igure 1 .4 :  A d iagram showing the transportation of nutrie nts through the smal l  
i ntesti ne epithel i um (from Ganong, 1 993). 
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1 .4 The Large Intestine 
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The large intestine d iffers from the smal l  i ntest ine, i n  that it has no permanent 

musoca or sub  mucosal folds,  except those in the rectum and anal canal , and it 

has no v i l l i .  V i l l i  in the smal l  i ntestine i ncrease the surface area and al low for 

efficient absorption of nutrients.  Therefore, the absence of v i l l i  i n  the large 

i ntestine suggests a reduced a bsorptive capabi l i ty. 
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The transit t ime in  the large intest ine is  slow (Mason,  1 980), which al lows water 

to be absorbed qu ite efficiently in the h indgut. A s ide effect of th is is the prol ific 

bacterial g rowth , which d igests and metabol ises p reviously u nd igested d ietary 

and endogenous nutrients. Stud ies have shown that up  to 40% of a pig's 

maintenance requ i rements can be met from dry matter digestion in the h ind gut 

(Mason,  1 980) .  

Ol igosaccharides (carbohydrates) that are not hydrolysed and a bsorbed i n  the 

small i ntesti ne are fermented in the la rge i ntestine by microbes (F i ickinger et al. , 

2000). Th is fermentation produces short-chain fatty acids (SCFA) which i n  tu rn 

promotes the prol iferation of bacteria favourable to the host (Swanson et al. , 

2001 ) . The tota l quantity of SCFA absorbed by the colon of the dog is 

nutritional ly insign ificant (Herschel et al. , 1 98 1  ) .  Recently there has been 

investigat ion i nto the fermentation of fibres by microbial popu lation in the 

h indgut of the dog .  Swanson et al. (2001 ) used vegetable and fru it fib re 

sou rces and compared them to fi b re standards,  they found that citrus pectin 

fermentat ion in  the h i ndgut of the dog produced the highest SCFA production 

and gas production .  Prol iferation of such bifidobacteria i nh i bits the growth of 

pathogenic bacteria, and promotes health of the host an imal  (Hesta et al. , 

2003). Swanson et al. (2002a) fou nd that the use of fructool igosaccharides, a 

type of prebiotic (a feed ingred ient that is i nd igestib le,  but improves host health 

by promoting prol iferation of benefic ia l  bacteria i n  the h i ndgut) enhances gut 

health by i ncreasing the popu lation of bacteria such as b ifidobacteria and 

lactobaci l l i .  Further studies (Swanson et al. , 2002a: Swanson et al. , 2002b) 

fou nd that mannanol igosaccharide ,  another prebiotic, together with 

fructool igosaccharides had better resu lts than just fructool igosaccharides alone. 

The uptake of amino acids and galactose seems to be an active process and is 

sod ium d ependent (see section 1 .4 . 2 . 1  below) in  healthy dogs ( Robinson et al. , 

1 973, Scharrer & Wolffram, 1 987) .  S imi lar amino acid uptake results have been 

with seen in m ice, but not in  rats, gu inea pigs or humans (McNei l ,  1 988) .  The 

flow of amino acids beyond the terminal i leum results in  nutrient losses due to 

bacterial metabol ic consumption as described above for carbohydrates. 
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However, it has been suggested that this may not be sign ificant and is of l ittle 

nutrit ional importance in humans (Mariotti et al. 1999). 

1.4. 1 Movement in the large intestine 

General ly there are two types of contracti le movements which occur i n  the 

colon, stationary haustral  contractions which perform a mix ing function, and 

peristalt ic movements in an oral (towards the mouth) or abora l  (away from the 

mouth) d i rection .  However, res ista nce caused by haustral contractions must 

stop before the contents can be moved by perista ltic activ ity. Retrograde 

movement (antiperisalt ic movement) also occurs, and this serves to fu rther 

delay movement of the d igesta, but this does not seem to occu r in the dog 

(Argenzio, 2004). However, a th i rd type of movement, a n  aboral  mass 

movement, occurs i n  dogs, cats and humans. In the dog, th is mass movement 

starts with i n  3cm of the i leocolon ic j unction and when peripheral  resistance is 

withdrawn, i t  can empty the entire colon, with l ittle force (Argenzio, 2004 ) . 

There is a 'pacemaker' neura l  section i n  the midcolon reg ion, which sends 

electrical slow waves (spikes) in both d i rections causing contractions of the 

muscles and perista lt ic movements . The colon pacemaker a lso sends out a 

second signal i ndependent of the slow wave signal which is characterised by 

prolonged bursts of sp ikes migrati ng aboral ly. This signal causes prolonged, 

strong contractions of the circular  muscles, which causes aboral  mass 

movement of the d igesta, result ing i n  colonic emptying 

These movements a long the intest ine are crucial in  the d igestion process s ince 

d igestion depends on efficient mix ing of enzyme secretions and chyme along 

the gastro-intestina l  tract. Fast transit t imes lead to poor d igestion and 

d iarrhoea, whereas s low gastric em ptying can a lso be a problem in dogs with 

d iabetes mell itus for instance , s low gastric emptying redu ces postprandia l  

hyperg lycemia (Hi l l  et al. , 2000). 
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1.4.2 Absorption in the large intestine 

The large intestine is  the site of the last stage of digestion .  Mucus is secreted 

by the goblet cel ls, but no d igestive enzymes a re secreted i n  th is port ion of the 

gut. Bacteria ferment any remain ing carbohyd rates in the d igesta and release 

hyd rogen, carbon d ioxide and methane gas, wh ich is responsible for flatu lence 

in  the colon . Bacteria also break down any remain ing prote in  in the d igesta i nto 

indole, skatole, hyd rogen su lph ide and fatty acids .  Some of the indole and 

skatole is reta ined in the faeces and contributes to the odour, whi le the rest is 

absorbed and transported to the l iver for detoxification and release in the u rine 

(Tortora & Grabowski ,  2000). Bacteria a lso b reakdown b i l i rub in into stercobin 

and u robi l i nogen, wh ich produce the brown p igmentation in  faeces (Bray et al. , 

1 994 ). Bacteria a lso produce vitamin B12 and vitamin K wh ich are absorbed by 

the host and used for normal metabol ism in the colon (Mason, 1 98 0). Other 

products of microb ia l  fibre fermentation in the h indgut are the fatty acids acetic 

acid, propionic acid, butyric acid, lactic acid and other organic acids. The level 

of prod uction of fatty and organ ics acid depends on the microb ia l  species 

present, which are related to the age of the an imal and site of fermentation .  For 

example, the level of lactic acid production decreases with age in the pig 

( Mason, 1 980). 

1.4.2.1 Primary Active Transport 

Active transport occu rs when solutes are transported across body cel ls  against 

the i r  concentration gradient .  Active transport is the term used to describe an 

energy dependant transport process that requ i res a transporter protei n  to  carry 

the solute against i ts concentration grad ient across a cel l  membrane.  Pr imary 

active transport occurs when energy from hydrolysis of adenotriphosphate 

(ATP) changes the shape of the transporter protein  pumps, which then is able 

to pump the substance across the cel l  mem branes of the cel ls  l i n ing  the gut 

against its grad ient. For example the most common pr imary active transport 

pu mp moves sod i u m  ions (Na+) across the cel l  membrane out of the cel ls  i n  the 

g ut l i n ing and brings in  potassium ions ( K+) (cal led the Na+/K+ pump or the 

sod ium pump). Three Na+ molecules bind to the pump protein and tr iggers the 
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hydolysi s  of ATP to ADP which changes the shape of the pump protein so that it 

releases the Na+ molecu les. The shape now favours bind ing of K+ molecules in 

the extracel lua lr  fl u id . When K+ b ind to the protein  pu mp ,  the shape aga in 

changes and releases K+ and favours b ind ing of Na+ molecules. K+ and Na+ 

slowly leak back across the plasma membrane down their concentration 

grad ients. Smal l  peptides and am ino acids are absorbed across the gut l i n ing 

and i nto the body by active transport mechan isms. 

1.4.2.2 Secondary Active Transport 

Secondary active transport systems are also u sed to move substances across 

the g ut wal l .  Secondary active transport is when energy stored in sod ium ion or 

hyd rogen  ion (H+) concentration g radients are used to d rive other substances 

across the membrane aga inst the i r  own concentration grad ients . The Na+ and 

H+ grad ient is ma in ly establ ished through primary active tra nsport. Therefore, 

secondary active transport i nd i rectly uses then energy obta ined from ATP 

hyd rolysis from primary active transport. G lucose and amino acids are 

absorbed into the cel ls that l i ne  the i ntesti ne by Na+-g lucose and Na+-amino 

acid symporters (symporters are protei n  pumps that carry two substances 

across the membrane on the same d i rection ) .  The sod i u m  moves down its 

gradient whi le g lucose or amino acid moves against their concentration gradient 

in  the same d i rection .  Symporters are able to do this because sod ium pumps 

mainta i n  a low concentration of Na+ in  the cytoplasma of the cel ls  (H i l l  et a/, 

2004). 
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Figure 1 .5: A d iagra m  showing the d ifferent transport systems used to move 
substances across cel l  membranes in monogastric species (from Bray et al., 
1 994) .  
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Amino acid flow beyond the termina l  i leum is i mportant for bacterial ut i l isation in  

monogastric species (Mariotti et  al., 1 999). Gibson et  al. ( 1 976) suggested that 

the d ifference in n itrogen levels between the faeces and the term inal i leum 

digesta are due to n itrogen being absorbed from the colon after bacterial uptake 

and has been demonstrated by Mu i r  et al. ( 1 996). 

In vitro stud ies have shown that the can ine large intestine actively absorbs 

amino acids at rate a th i rd that of the small intest ine in healthy dogs (Robinson 

et al. , 1 973) .  Amino acids and sugars do not just s imply passively d iffuse 
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th rough gut t issue ,  but some sort of active transport does occur. A reduction i n  

the u ptake of am ino acids a nd sugars ,  observed when g u t  tissue was subjected 

to a Na+-free, K+-substituted buffer, suggested that K+ has an influential effect 

on the process ( Robinson et al., 1 973). The amino acid transport system in the 

dog colon is s im i lar if not identical  to that of the i leum (Ganong, 1 993). l t  is a 

process that is energy-dependent, satura ble ,  Na+-dependent and also may be 

i nh ib i ted by ouabain ,  a natr iu retic hormone or steroid that is released from the 

adrenal g land (Ganong , 1 993). Na+-K+-ATPase , which is  found in considerable 

amounts in  colon ic tissue, may be responsible for the maintenance of the Na+ 

g rad ient across the lum inal  membrane of the cel l .  lt is thought that an amino 

acid molecule and Na+ form a tert iary complex with a protein  ca rrier, enter 

epithel ia l  cells l i n ing the gut a nd are transferred into the b lood (Robi nson et al., 

1 973). 

Long et a/ (1 967) found that g lucose absorption across the colon or rectal 

mucosa in adu lt humans was i nsignificant and probably zero. Instead , g lucose 

is oxid ised to C02 or smal ler  carbon residues by the m icrobial population in the 

large intest ine,  wh ich are then absorbed by the i ntestinal mucosa . The colon of 

a normal healthy dog seems to possess active transport systems for amino 

acids and sugars (Robin  son et al., 1 973) suggesting that amino acid and sugar 

absorption does occu r . .  Low (1 980) showed that when p rotein  and amino acid 

n itrogen are absorbed through the large intestine of the pig,  it is rapidly and 

a lmost completely excreted in uri ne a nd not avai lable for metabol ism in the 

an i mal .  lt may be that amino acids and sugars absorbed in  the large intestine 

of dogs are s im i larly not made ava i lable for metabol ism. 

Bednar et al. (2000) conducted a study i n  dogs which compared i lea l  and tota l 

d igestive tract digestib i l ity. They found that 89-93% of the dietary fat and 86-

96% of the crude protein was digested before reach i ng the terminal i leum.  

However, total d igestive tract fibre digestib i l i ty was nearly dou ble that of the i leal  

d igestib i l ity, demonstrating a s ignificant effect of m icroflora activity in  the large 

i ntestine on fib re d igestion . S im i larly apparent faecal d igestib i l ity stud ies have 

shown significant metabol ism of d ietary fibre in the large intest ine of dogs 

( M u rray et al., 1 998; Muir et al., 1 996). Significant amounts of nutrient 
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metabol ism have also been shown to occur in  the large i ntest ine of the rat ,  

ch icken, pig and human (Sauer & Ozimek,  1 986; Butts et al., 1 99 1 a ; Rowan et 

al., 1 994). 

However, a number of studies in pigs have fou nd protein and am ino acids are 

either not absorbed in s ign ificant amounts in the large intest ine (Just et al. , 

1 981 ; Binder 1 970), or if they are absorbed ,  are not nutrit ional ly ava i lable to the 

host in  sign ificant quantit ies (Gargal lo & Zimmerman,  1 98 1  ) . Mammals have 

the abi l ity to d igest some fibre in  the stomach and smal l  i ntesti ne ,  whi le  the 

majority of fi b re is d igested in  the large in testine .  The presence of cel lu lose i n  

the diet appears to result i n  lower apparent total tract d igestib i l ity for nutrients i n  

the dog (Mu i r  et al., 1 996). This may b e  d u e  to the refractory nature of cel l u lose 

and the inab i l i ty of microbes to ferment cel lu lose in the can ine la rge intesti ne.  

However, i t has been suggested that soluble and viscous d ieta ry fibre cou ld  

a lso com promise amino acid nutrit ion in  the dog (Mu i r  et al. , 1 996) .  

1.4.2.4 Fluid Absorption 

An important fu nction of the large i ntestine is  the absorption of flu id and 

electrolytes . Water transport in the an imal  is a passive process, occuri ng along 

an osmotic gradient, as a secondary p rocess to active sod ium ion transport 

(Parsons & Peterson, 1 964; Bray et al. , 1 994). Passive processes do not 

requ ire energy for faci l itation , whereas secondary process, l i nked to active 

sod ium ion tra nsport, are termed 'eo-transport systems' and requ i re energy from 

primary transport systems. 

The transport capacity of i ntesti nal t issues has been investigated measur ing the 

extracel lu lar s pace and the water content  of colon ic  tissue sl ices . These are 

sign ificantly smal ler than the correspond i ng values for i leal s l ices ( Robinson et 

al., 1 973). The extracel l u lar space in  t issues from the smal l  i ntestine was 

shown to be to be 1 2 .5% compared to 8 .6% for the large i ntest ine ( Robinson et 

al. 1 973). The water content of the t issues were 80.7% in  the smal l  i ntestine 

and 79.3% in  the large i ntestine respectively. Th is shows that the extracel lu la r  
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space and water content of colonic cel ls are significantly smal ler than that of 

i leal tissue. 

Goldschmidt & Dayton (1 9 1 9) demonstrated a threshold of sod i u m  chloride 

(Nael) concentration for the passage of N ael  out of the blood into the intest ine.  

The absorpt ion of sod ium (Na+) and chloride (er) ions are active a nd passive 

processes respectively. Active Na + transport mainta ins the e lectrical potentia l  

g radient (eooperste in  & Brockman, 1 959). Water inflow stops at a 

concentration of Nael, and at an osmotic pressure of colon contents, which is 

wel l  above the osmotic pressure of the b lood (eooperste in & Brockman, 1 959). 

Osmosis is  the net movement of solutes from areas of low concentration to 

areas of h igh concentration . lt is not energy dependent process and continues 

u nti l  the concentration of the solute is  more or less even across the mem brane. 

Therefore solutions of Nael  with an osmotic pressure h igher than that of the 

blood are absorbed i nto the intest ine and into the colon contents. Osmotic 

gradients and Na + transport systems seem to be the main mechan isms that 

move water across the colon (B i l l i ch & Levitan ,  1 969, Parsons & Peterson, 

1 964). 

A large lumen-to-blood grad ient of Na+ a nd er is possible because the colon is 

a tight structu re that stops leakage of a bsorbed Na+ and er i nto the lumen 

making the la rge intest ine less permeable than the small i ntest ine (B i l l ich & 

Levitan, 1 969). 

I n  add ition to chemical  and electrica l forces, net water movement can be 

another mechan ism of molecule transport for other diffusing molecu les, th is 

effect is known as the 'solvent drag' (Cooperste in  & Brockman, 1 959). This is 

where water transports other molecu les as it diffuses into or out of a cel l .  

1 .4.2.5 True and Apparent Digestibilities 

I n  add ition to the micro-organisms i n  the h indgut of the an imal  which d igest 

nutrients, there is also a h igh turnover of epithel ia l  cells l i n ing the gut  and other 

endogenous losses of p rotein (e .g .  muc in  secretions from the ce l ls  l i n ing the 
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gut). Animal d igestib i l ity studies can determine the appare nt or true d igest ib i l ity 

of a nutrient within a d iet .  The d ifference between the two terms is that 

appa rent d igesti b i l ity does not take into account the loss of endogenous protein 

and other n i trogen conta in ing compounds, whereas true d igestib i l ity does take 

these losses i nto account. Butts et al. (2002) used semi-synthetis d iets 

( lacta lbum in ,  soy protein isolate , wheat g l uten ,  fish , protei n-free and enzym ical ly 

hyd rolysed casein )  to determine i leal d igest ib i l ity of d ieta ry protei n  for growing 

rats . The resu lts are summarised in  table 1 .3 (below) wh ich demonstrates the 

d ifference between apparent and true d igestib i l ities in pigs. 

Tab le  1 .3 :  The d ifference between apparent versus true d igestib i l ity in pigs 
(adapted from Butts et al., 2002). 

Time elapsed si nce start of feedi ng (h) 

Para m eter 3 4 5 6 S E D  

Apparent n itrogen d igesti b i l ity 0.90 0 .90 0 .89 0.87 0 .006 
P F  true nitrogen d igestib i l ity 0.95 0 .94 0 .94 0.92 0 .006 
EHC true nitrogen d igestib i l i ty 0 .96 0 .94 0.95 0.95 0 .006 

PF = Protei n  Free Diet 
E H C  = Enzymatica l ly Hyd rolysed Casein  D iet 

Table 1 .3 above clearly i l lustrates the differences in  the values obta ined using 

both methods.  Apparent n itrogen d igestib i l ity is lower than the true n itrogen 

d igestib i l ity and therefore is an u nderestimation the n itrogen/prote in d igesti b i l ity. 

I n  a study cond ucted by Rowan et al. (1 994 ), pigs were used to compare faeca l 

a nd i lea l measu rements of apparent am ino acid d igestib i l ity, it was found that 

apparent faeca l d igestibil ity measurements were 3. 7% h igher than the apparent 

i leal d igestib i l i ty measurements. The apparent d igestib i l ity of methioni ne ,  

lys ine ,  a lan ine and isoleucine measured at  the termina l  i l eum were al l  lower 

than faecal measurements . Austic (1 983) reviewed differences between i leal 

a nd faeca l apparent d igest ib i l ity values of essential amino acids in  the pig and 

reported 6.5% lower i leal d igesti bi l it ies. This difference was fu rther increased 

when an an imal  was fed a d iet with low protein  d igesti b i l ity compared to one 

that had a h igh  protein d igestib i l ity. The d ifference in  apparent d igesti b i l ities 

between ileal and faecal matter may be influenced by the a mount of 

carbohydrates the feed contains ,  and how much carbohyd rate reaches the large 
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i ntestine and can be broken down and used by the m icrobial population .  

Stud ies o n  humans and rats have shown that faecal output is i nfluenced by the 

fermentab i l ity of feed i n  the gastro-i ntestinal tract ( Murray et al., 1 999). When 

energy is l im it ing, und igested prote in  of d ietary and endogenous orig i n ,  

i nclud ing plasma urea is  degraded b y  microbes , a nd the end products (main ly 

ammon ia and amines) a re excreted i n  the uri ne .  When energy is not l imit i ng ,  

m icrobes i n  the gu t  w i l l  u se n itrogen-conta in ing products for de novo synthesis 

of bacterial proteins,  and these wi l l  be excreted in faeces. Thus methods wh ich 

use i leal rather than faecal sampl i ng are genera l ly  more accu rate i n  determi n i ng 

amino acid d igestib i l ity because they measure n utrient d igest ib i l ity before the 

confound ing effects of m icrob ial popu lations in the large i ntestine .  However 

endogenous proteins are also secreted i nto the i leum duri ng the process of 

digestion ,  which are a lso a source of error in  both i leal and faecal d igestib i l ity 

stud ies. 

Endogenous nutrient losses from an imal consist of d igestive enzyme secret ions 

that are prod uced by i ntesti nal g lands, mucus which is secreted by goblet cel ls  

l i n ing the gut, and mucosal and epithel ia l cel ls that  are sloughed off from the 

i nternal mucosa (Hodgk inson et  al., 2000). These secretions and cel ls ca n 

cause i naccurate measu rement of nutrient d igestion ,  so to correct for th is ,  the 

amounts of endogenous protei n  must be determ ined .  

1 .5 Endogenous losses 

A number of methods have been developed to determ ine the amou nt of 

endogenous protei n  lost from an an imal .  These i nclude; N-free d iets (Nyachoti 

et al., 1 997: De Lange et al., 1 989a; Hodgkinson & Moughan,  2003; Hendr iks et 

al., 1 996),  regression ana lysis (Boisen & Mougha n ,  1 996), enzyme hydrolysed 

casein (EHC) coupled with u ltra-fi ltration (Darrag h  et al., 1 990 ; Butts et al., 

1 991  ), mod ifying the lysine to homoarg in ine ratio (Schmitz et al., 1 99 1 ; 

Moughan & Rutherfurd , 1 990;  Angkanporn et al., 1 997),  isotope d i l ut ion 

techn iques (de Lange et al., 1 990; Leterme et al. , 1 996; Schu lze et al., 1 995)  

and natural proteins devoid of amino acids (Butts et al., 1 993) .  
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1 .5.1  I nfluence of gut bacteria 

Bacteria i n  the h indgut p lay an impo rtant role i n  the degradation of endogenous 

protein  losses. Monopolysaccharides are not degraded by  mammal ian 

enzymes, and may be partia l ly deg raded by bacteria present in the colon .  

Bacteria may also play an important role in  degradation of pancreatic enzymes. 

Degradation of proteins by bacteria in the large intestine has been shown to 

impa i r  the accuracy of d ietary amino acid d igestib i l it ies (Butts et al., 1 991 ; Wijk 

et al. , 1 998 ;  Boisen & Moughan ,  1 996;  Hendriks & Sritharan ,  2002) .  

1 .6 Digestibility 

Digestib i l ity of a nutrient is calculated from the d ifference between the amount i n  

the d iet a n d  the faeces o r  digesta . N utrient digestib i l ity i s  used t o  work out the 

level of nutrients the an imal receives from its d iet and is an i mportant measure 

in  nutritional  stud ies. The digesti b le content of a feed or feed ingredient is 

usua l ly determined through faecal o r  i leal  col lection methods .  The faeca l 

method i nvolves feeding an an imal a d iet and col lecting a l l  of the faeces. This 

is known as the total col lection method . The i leal  method s im i larly involves 

feed ing a d iet to an an ima l ,  but i nstead of faeces, d igesta is col lected from the 

i leu m of the an ima l . This i leal  col lection can be done us ing a slaughter, 

cannu lation or i leostamy protocol .  The i leal col lection method uses an 

ind igestib le  marker added into the feed to relate the nutrient content of a d igesta 

sample to the nutrient i ntake. 

1. 6. 1 Total Collection Method 

The total col lection method involves feeding an animal a feed of known 

nutritional content. After an adjustme nt period , du ri ng which the animal adapts 

to the feed , a measured amount is fed and a l l  faeces are col lected during a 

'collection period ' .  The total col lection method can be t ime consuming and 

labour i ntens ive. To be accurate , a l l  a n imals involved need to be separated and 

kept in  an environment that al lows tota l recovery of faeces. However, it may not 

be possi ble to keep some species of an imals i n  such an envi ronment. Herd 
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an imals, such as deer or sheep for example, may s how anxiety behaviours if 

housed separately, and this may infl uence digestion in these species . As 

d iscussed previously in section 1 .4 .2 ,  a major factor that affects the 

determination of nutrient d igestion is the micro organisms that reside in the 

h i ndgut (Bednar  et al., 2001 ). The bacterial popu lation in dogs has been 

recently characterised (S impson et al., 2002). M icro-organisms metabol ise 

proteins and other nutrients that enter the h indgut from the smal l  i ntest ine, 

therefore faecal output does not accu rately portray the proportion of 

u na bsorbed d ietary amino acids (Low, 1 98 1  ) .  lt is thought that about 80% of 

the n itrogen present in the faeces of pigs is of bacterial orig in  (Low, 1 98 1  ) ,  

therefore col lection of d igesta from the terminal  i leum is thought to be more 

accurate (Hendri ks & Srithara n ,  2002; Rowan et al., 1 994) .  

1. 6. 2 Slaughter method 

The slaughter method involves the same feed ing reg ime as used for the tota l 

col lection method . However, instead of a total faecal col lection , an ind igest ib le 

marker is added to the d iet and the an imal is euthanased to col lect an i ntest inal 

d igesta sample .  When an an imal is slaughtered the mucosal cel l s  of the 

i ntestine are rapid ly shed i nto the digesta fol lowing death . This resu lts in an 

u nderestimation of protein  d igestion , however a lternative methods can m in im ise 

the problem (Low, 1 980) .  The animal can e ither be anaesthetised euthanased 

us ing a barbitu rate injection ( Low, 1 980) before taking the sample, which both 

s ign ificantly reduce mucosal cel l  shedd i ng .  However these methods may not 

be feasible when an imals are expensive, d ifficult to rep lace or are needed i n ,  

la rge numbers .  

1. 6. 3 Cannulations 

The cannu lation method uses a s imi lar p rinciple to that of the slaughter method , 

except that d igesta is col lected from a tube l i ke structure (cannu la)  that is 

attached to the i leum of the animal .  Digesta col lections can then be made by 

extracting samples through the cannu la .  Thomas ( 1 94 1 ) devised a fixed 

ca nnu la which cannot be pu l led out and a variation of this orig inal  design is sti l l  
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used i n  dogs today. Fig u re 1 .6 (below) i l l ustrates the components that make up  

the  cannula.  

F igure 1 .6 :  A schematic d iagram of a fixed fistu la tube (from Thomas ,  1 94 1  ) . 

---
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A. Sectional view of the parts of the cannula shown dismantled . The flange is  at 
the bottom and i s  shown in outl ine with the i n ner tubular portion screwed in place. 

B. The flange wrench assembled. 
C. Parts if the flange wrench shown d ismantled . 

Scott Jones et al. ( 1 97 1 ) mod ified the orig inal  can nula constructed by Thomas 

( 1 941 ) making it cheaper, easier to construct, insert and mainta in .  The cannu la 

is now a s ing le un it e l im inating the turn ing and thread ing mult ip le pieces of 

Thomas' orig i nal  design .  

Cannulation is  a viable technique for m easuring nutrient d igestion in  dogs, but 

careful mon itoring and mai ntenance of the cannu la  s ite is requ i red . Studies in 

pigs and dogs have ut i l i sed cannu las posit ioned at the termi nal i l eum to 

successfu l ly evaluate nutrient d igestion before the large intest ine, thus 
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removing the influence of m icrobes in  the h indgut (Zuo et al., 1 996; Walker et 

al., 1 994).  There are many types of cannu las currently avai lable,  the s imple T­

ca n nula is the most commonly used variant as it is re latively s imple to implant 

a nd has l i ttle effect on either d igestion or d igesta flow (H i l l  et al., 1 996). 

However, adoption of the can nulation method requ i res surgery and the use of 

i nd igestib le markers to account for incomplete col lection of the d igesta , un less a 

tota l col lection method is used . All of the diet needs to be consumed and the 

sample col lected needs to be large enough to min i mise errors (Butts et al., 

2002) .  

There are many factors associated with the cannu lation method that may lead 

to sample inconsistency, inc lud ing the t ime of sampl ing and composition of the 

d iet (Butts et al., 2002) .  If sampl ing takes place immed iately after feeding,  there 

may be inadequate amou nts of d igesta in the gastro-intestinal tract to col lect. 

The amount of chyme and consistency of the d igesta is also d i rectly l i nked to 

food type, with raw meat and lung prod ucing sl imy chyme,  making col lection of 

samples from the cannula d ifficult .  The use of starch prod ucts in  the feed can 

lead to increased flu id ity of the d igesta and make sample col lection easier 

(Brass & Schu nemann ,  1 989) .  Wa lker et al. ( 1 994)  showed that most of the 

d igesta flow occurs about 4-8 hours after feed ing ,  and samples col lected 

between morn ing and afternoon feeds showing less variab l i l ity between 

an i mals .  Most protocols red uce variab i l ity between samples by col lect ing over 

a three day period . 

I n  rats, d i urna l  rhythms and feeding patterns vary between ind ividuals,  which 

may influence d igesta flows and cause sample variation when the slaughter 

techn ique is used for d igesta collection (James et al., 2002). Feed i ng reg imes 

may reduce variabi l ity between  indiv iduals and frequent feeding rather than ad 

lib feed ing ,  may be the best solution for col lect ing representative samples 

(James et al., 2002). 

There are advantages and d isadvantages associated with the cannula 

col lection method . The major advantage of the method is that it does not result 

in the shedd i ng of epithel ia l  cel ls observed duri ng the slaughter method , leading 
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to a representative col lection of i leal d igesta . Major d isadvantages i n clude 

leakage of chyme from the cannu la that can cause skin u lceration (H i l l  et al. , 

1 996) and infection .  Cannulation is also an invasive procedure ,  which may 

result  in considera ble  and extended d iscomfort during and after surgery and 

throughout the experiment. Cannu lation may a lso not be a viable if the a n imal 

is fed a h igh fibre d iet ,  as this makes the cannu la  prone to blockage . 

lt may be preferab le to have a colony of long-term cannu lated an imals rather 

than to implant cann u las prior to each tria l . Th is  wi l l  ensure that the an ima ls  are 

not recovering from surgery and fighting infection during the tria l ,  wh ich may 

influence resu lts (H i l l  et al. , 1 996) .  

1 .6 .3 .1  T-Cannula 

The use of a T-can nu la is  the least invasive of the can nu lation methods. The 

techn ique diverts pa rt of the intestinal flow through the ca nnu la ,  with the d igesta 

flow through the can nula assumed to be representative of the total flow. 

Cannulating the term inal i leum of the growi ng pig with a s imple-T cannu la  has 

been shown to have l ittle effect on the am ino acid d igestib i l ity and absorption 

(Moughan & Smith , 1 987) .  However, it has been argued that T-cannu las are 

not su itable for use on growing animals, as these types of devices a re not 

ada pted to the g radual thicken ing of the abdominal wal l  duri ng g rowth . 

Decuypere et al. ( 1 977) addressed this problem by using a two piece d evice 

with an adjustable internal and external  stem ,  which al lowed adaptation to 

changes in thickness of the abdominal wal l .  

1 .6 .3 .2 Mobile Nylon Bag Technique 

This technique uses monofi lament nylon bags that are sealed on three sides. 

The bags contain  finely ground test feed samples that have been pre-d i gested 

us ing various chemicals s imulat ing d igestive p rocesses and then frozen ( Sauer 

et al. , 1 989). The pre-d igested bags a re usual ly inserted into a cannula 

attached to the duodenum and then col lected in  the faeces of the a n ima l .  
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Leibholz ( 1 991 ) suggested that the mobi le bag method is a useful method for 

determ in i ng digestib i l ity of feed i n  the smal l  i ntestine, but there are several 

factors that could affect the resu lts. The method of surgery ,  method of bag 

retrieva l ,  sample size and fineness of gri nd of food in the bag , and bag wash ing 

after retrieval may a l l  i nfluence the accu racy of the method (Yin et al. , 2002) .  

1.6.4 lleostamies 

An i leostomy is a surg ical ly formed openi ng i nto the i leum wh ich is broug ht out 

through the abdomi na l  wal l  creat ing a open ing cal led a stoma.  I leostomies are 

used to d ivert the faecal stream when the colon or rectum have been damaged 

and have to be removed (Carlsen a nd Bergan ,  1 999). The su rgical techn ique is 

used as treatment for various d iseases occurri ng in humans such as Crohns 

d isease.  Such surgery is also usefu l for d igestive stud ies , as it prod uces s im i lar  

resu lts to cannu lation of an imals .  

1.6.5 Indigestible markers 

Most d igestib i l ity methods use ind igestib le markers to re late the u nd igested 

nutrient content of the sample to the nutrient i ntake of the an imal (Butts et al. , 

2002) .  Markers are often used i n  d igest ib i l ity tria ls ,  when only a sample of 

d igesta is col lected , rather than total col lection . The amou nt of marker found i n  

the d igesta o r  faeces can be related back to the amount contained in  the feed , 

and therefore can be expressed i n  terms of the amount of food eaten (Rowan ,  

1 989) .  There are some problems related to the use of  markers . Unre l iable 

resu lts may be obtai ned if solu ble markers move with the l iqu id phase of the 

food , or  i nsolub le markers separate from the d igesta during stomach emptying ,  

or duri ng  movement through the gut .  Gastric emptyi ng of particular markers is 

greatly affected by the size and d ensity of particles . This suggests that spot 

sampl ing using can nu las with ind igestible markers may be inaccurate (H i l l  et al. , 

1 996). However Rohr et al. ( 1 984 ), found l ittle difference between the spot 

sampl ing and total col lection methods using Cr203 as an i nd igestible marker i n  

trials us ing cows . An ideal i nd igestible marker for use i n  d igestib i l ity studies 
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therefore is one that is "non-toxic, u naltered during its passage throug h  the gut, 

has no influence on physiolog ical processes in  the d igestive tract, i s  closely 

associated to the und igested nutrient in question or flows at an identical rate to 

the nutrient, and is total ly recovered in  excreta" (Sales and Janssens, 2003a).  

Table 1 .4 (below) shows a classification of markers accord ing to structu ral form . 

Table 1 .4 :  A classification of ind igestible markers used in  d igestib i l ity stud ies 
( F rom Kotb & Luckey, 1 972) .  

A. E lements 

1 .  I nert metals (46.47Sc (scand ium) ,  91Y (yttriu m ), 140La 

( lanthanum), 1 44
Ce (ceri u m ), Eu (europium), Dy (dyspros ium), 

95Zr (zi rconium) ,  1 06Ru ( ruthen ium)  1 98Au (gold)) 

2 .  Natural isotopes (4°K (potassium)) 

3 .  Artific ial isotopes C44Ce (ce riu m)) 

B .  Compounds 

1 .  I norganic 

a .  M etal oxides (Cr203(chromic oxide), Fe203 ( i ron 

oxide), Ti02 (titan ium oxide)) 

b.  Synthetic salts (BaS04 (barium sulphate) ,  CuSCN 

(copper cyanide)) 

2 .  Organic 

a. N atural dyes (carmine ,  chromogen)  

b.  Synthetic dyes (methylene b lue ,  crystal v iolet ,  bri l l iant 

b lue, basic fuchs i n ,  ani l ine b lue, anthraqu i none violet) 

c. Other organic compounds (cel lu lose , l i gn in ,  p lant 

sterols) 

C. Particulates 

1 .  Polymers (polyethylene g lycol , plastics, g lass, ru bber) 

2.  Cel ls (yeast and bacteria )  

3 .  Charcoa l 

4 .  Metal part iculates ( i .e . , s ized a lumin ium particulates) 

5. Other particu lates (seeds, cotton string) 
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Early  ind igestib le  marker stud ies used glass beads, charcoal and smal l  seeds. 

However, g lass beads caused constipation,  charcoal slowed down rate of 

passage of d igesta and smal l  seeds did not meet al l  of the criter ia for a marker 

(Kotb & Luckey, 1 972) . The common ind igestib le markers used now i nclude 

titan i um d ioxide (Ti02), chrom ium oxide (Cr203), barium su lphate ( BaS04) and 

acid i nsoluable ash (AlA). The major problems associated with markers are not 

general ly related to use, but are concerned with the i r  analysis in  digesta 

samples afterwards.  A common d ifficulty is an uneven d i stribution of marker in  

the d igesta sam ple (Butts et al. , 2002). 

The most com mon ind igest ib le marker used i n  d igestibi l i ty stud ies in  dogs is  

Cr203.  However, faeca l recoveries of Cr203 show have been to vary greatly, 

even when col lections are made for four  days (H i l l  et al. , 1 996a ) .  Faecal Cr203 

leve ls  were lower than i lea l recoveries, suggesting some C r203 may have been 

reta i ned i n  the colon , and that Cr203 concentrations d id not reach eq u i l ibr ium 

levels during the faecal col lection period . I n  another study, comparison 

between total faecal col lect ion and the use of two i nd igestible markers (Cr203 

and A lA), showed that all three techniques were su itable for the determ i nation 

of apparent d igestib i l ity in dogs ,  with s im i lar  d igestib i l ity coefficients obtai ned 

us ing each method (Lobo et al. , 2001 ). However, there are health hazards 

associated with Cr203 use because of its carci nogenic properties. Ruminant 

stud ies have a lso suggested that Cr203 leaves the duodenum early with the 

flu i d  component and does not un iformly mix with the digesta . Therefore spot 

col lections may not be suitab le when us ing a simple T -cannu la to measure 

d igestib i l ity us ing Cr203 (H i l l  et al. , 1 996). For a marker to be effective , there 

needs to be complete recovery of the marker at the site of sampl i ng ,  and the 

marker needs to be un iformly m ixed with the d igesta . 

Tita n ium oxide (Ti02) is a wh ite pigment that is i nsoluble i n  water, hydrochloric 

acid , n itric acid , or d i luted sul phuric acid .  l t  has been used successful ly in 

poultry stud ies, with good recoveries reported in  d igesta samples, a nd is easier 

to a nalyse in the laboratory than Cr203 ( Naaja,  1 961  ) .  Kavanagh also showed 

good Ti02 recoveries in pig stu d ies. However, there is no scientific l iterature on 

the u se of Ti02 as an i nd igestib le  marker in  dogs. 
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Bari u m  Sulfate (BaS04) is a wh ite dense, odourless powder with no 

electrostatic properties. lt mixes very easi ly  in feed and therefore is easy to 

d istribute un iformly. However, reports suggest that it is not completely i nert i n  

pou ltry d igestib i l ity stud ies (Vohra ,  1 972) .  

Acid i nsoluble ash (AlA) is an  ind igestib le marker com posed of m ineral  

components which are main ly s i l ica. Ash is determined g ravimetrica l ly after 

d rying a nd thermal decomposit ion at 450-500°C. Johnson et al. ( 1 998) found 

that when dogs were fed maize or an imal meal contain ing AlA there was a 96% 

recovery rate of AlA. Lobo et al (2001 ) compared the AlA a nd total col lection 

methods and found the two methods produced s imi lar results when analysed for 

d ry matter, crude protein ,  energy and fat. Sales and Janssens (2003) reviewed 

the AlA method and concluded that several d ifferent species averaged a mean 

of 1 00% recovery. 

When C r203 , Ti02, AlA and tota l col lection  methods were compared in pigs, 

there was a poor recovery of C r203 in feed , but the energy and d ry matter 

d igestib i l ity estimates (based on the ana lysed Cr203 content of the feed) were 

s imi lar  to that of AlA marker or total col lection technique,  a lthough the recovery 

of Ti02 was d isappointing ( Kavanagh et al. 2001 ) . 

I nd igestib le markers can either be mixed into the d iet, or de l ivered to the an imal 

by oral dosing. Johnson et al. ( 1 998) fou nd that ind igestib le markers m ixed into 

the feed tended to g ive less erratic d igesta flow rates compared to oral dosing 

methods .  The marker appeared more even ly d istributed in the feed , whereas 

with o ra l  dosing the animal rece ived the marker in a s ing le bolus before the 

mea l .  

Of  the avai lable methods used to measure i lea l contents , the slaughter method 

is the most eth ical ly acceptable with a low welfare cost and m in imal d isturbance 

to the d igestive tract. However, it a l lows only one observation per an imal , 

a lthoug h it has been demonstrated to be a n  accurate method when using 

ind igestible markers (Butts et al. , 2002). 
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1 .6.5.1 Determination of Chromium Oxide (Cr203) 

The major problem i n  us ing Cr203 as an i ndigest ib le marker is poor repeatab i l ity 

and agreement between laboratories i n  the determination of Cr203. This leads 

to variable resu lts, i ncomplete and inconsistent recovery in  excreta and the 

suggestion that Cr203 should be replaced with a total col lection method (Sales 

& Janssens,  2003) .  However, if total col lection cannot be used , improvements 

to ind igestible marker methods need to be made. 

Th ree methods of Cr203 determ ination were compared by Fenton & Fenton  

( 1 979) .  The  most effective of the three was as  fol lows : 

1 .  Sa mples of feed or faeces were weighed into 30 ml beakers and ashed 

overnight in  a muffle furnace at 450 °C . 

2 .  When cool , 1 5  m l  of a d igestion mixture (sodium molybdate dehyd rate 

d issolved in 500 ml of a 1 50: 1 50:200 mixtu re of d isti l led water­

concentrated su lphuric acid-70 % perch lor ic acid ) was added to each 

sample 

3.  Th is was then heated on a hot plate (su rface temperature up to 300°C) 

u nti l it tu rned a yel lowish or redd ish colour. The sample was then heated 

for a further 1 0- 1 5 mins and then cooled . 

4 .  The sample was then quantitatively transferred to a 200 ml volumetric 

flask with d isti l led water and made to volume .  

5 .  Approximately 10  m l  of the d i l uted digesta was transferred to a tube and 

centrifuged for 5 m inutes at 700 g. The opt ical density of the d igesta is 

measured in a 1 cm cuvette against d isti l led water at 440 nm .  

6. Standard cu rves were prepared by weigh ing out 5 to 60 mg portions of 

pu re Cr203 and preparing them as described previously. B lank  

correction curves were prepared with faeces or  food with no Cr203. 

7. C r203 levels were determined us ing the fol lowing equations. 

Recovery = Chromic Oxide (%OM) effluent X OM effluenLX 1 00 
Chromic Oxide {%OM)  food x OM food 
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1.6.5.2 

Digestibi l i ty = (DM food - D M  EffluentL x 1 00 
DM food 

Determination of Titanium Dioxide (Ti02) 

Short et al., (1 996) describe a method used to determine the concentration of 

titan i um d ioxide i n  poultry d igesta . I n  this method only 0 . 1  g of freeze dried 

sample was requ i red , compared to previous methods which requ i red 0.5 g of 

sample (Naaja ,  1 961  ). Naaja (1 961 ) digested samples in a 30 % solution H202 

in  the presence of a copper cata lyst at 42 0°C and then added more H202 (30 

% ). The absorbance of the sample was measured at 408 nm in  a Beckman 

Model B spectrometer aga inst d isti l led water. However problems were 

encountered with this method when samples were taken from smal l  an imals 

such as chickens or rats, and only a sma l l  amount of sample was ava i lable for 

marker analysis. Si mply sca l ing down the amount of reagents and sample used 

did not produce accu rate or reproducible resu lts. 

The method of Short et al., (1 996) involved ash ing the sample and then 

d issolv ing it in 7.4 M sulphuric  acid (H2S04) and a 30 % solution of hyd rogen 

peroxide (H202). This resu lted in  a characteristic orange colou r, the intensity 

being dependent on the concentration of titan ium present. The absorbance of 

the sample and prepared standard solutions were analysed at a 4 1 0 nm 

wavelength us ing a UV spectrophotometer. A standard Ti02 solut ion (0.5 mgml 

- 1 ) was prepared by dissolv ing 250 g of Ti02 i n  1 OOmls of concentrated H2S04 

and heating to just below boi l i ng point .  This was then added to 200ml d isti l led 

water and 1 00 ml of concentrated H2S04, and d i l uted to 5000ml with water. 

There were 4 stages of val idation : 

1 .  Three cal ibration curves were set up  to measure a bsorbance at 0, 24, 

and 48 h 

2 .  The cal i b ration samples were prepared using the same procedure as the 

samples 

3. Three d iets conta in ing titan ium were analysed to measure the levels in  

the diet 

4.  Specia l  d iets were prepared conta in ing al l  of the dietary constituents 

except titan ium with or w ithout the m ineral/vitamin mix to determine if 
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there was any titan ium or other substance present which caused a 

reaction with H202. 

The val idation of the method showed that : 

1 .  P repared samples cou ld  be  kept for 48 h before measu ring i n  the 

spectrophotometer. 

2. Ti02 recovery was not affected significantly by ash ing  or filtering of the 

sample du ring preparation .  

3. Other components in  the d igesta sample d id not affect the absorbance 

4. Accurate and reproducible resu lts were obta ined when using poultry 

d igesta samples. 

1 .7 Summary 

Microbia l  activity i n  the large i ntestine can be calcu lated from the difference 

between the i lea l and faecal d igesti b i l ity coefficients. The d igesti b i l ity coefficient 

is dependent on the type and n u m ber of micro-organ isms, the type of feed and 

the ti me of residence of materia l  in the h indgut and therefore the transit t ime 

through the large i ntestine. This is  therefore a function of the an i mal and the 

d iet (Butts et al. ,  1 991 a). Dogs a nd cats have fast digesta transit t imes and 

short a l i mentary tracts, particu larly  the large i ntestine.  This suggests that the 

opportu n ity for the m icrobial degradation of d ietary nutrients may be l im i ted in  

these species . However, there is  l ittle pub l ished evidence to support this idea i n  

the dog . Much of the resu lts from d igestib i l ity studies in other  species such as 

pigs a re i nconsistent, and it is  d ifficult to extrapolate from the pig to the dog . 

There is  also l ittle  data in  the l iterature regard ing the efficacy of ind igestible 

markers in  dogs . The most com monly used ind igestible marker is Cr203, which 

is d ifficult to analyse in the laboratory, and alte rnatives such as Ti02 have not 

used i n  the species. Therefore fundamental d igestibi l ity studies need to be 

conducted to investigate the role of h indgut m icro-org anisms in n utrient 

metabolism in the dog. 
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C HAPTER 2 

STU D I E S  1 ,  2 & 3 :  INVESTIGATI ON OF I N DI G ESTI B LE 
MARKERS I N  DOGS 

2 . 1  I ntrod u ction 

Digest ib i l ity trials enable us to determine the amount of nutrients an an i mal is 

absorbing a nd uti l is ing from its feed. There are a nu mber of methods ava i lable 

for determin ing the d igestib i l ity of feed ,  the most common method being via the 

measurement of total feed intake and total col lection of faeces. However, in 

some situations ,  such as when using large animals, it is not practical to cond uct 

a tota l col lection tria l ,  and i nstead ind igestible markers are used i n  conju nction 

with grab-samp l ing or su b-sampl ing techn iques. 

I nd igestible markers are used to measure the d igestib i l ity of certa i n  feedstuffs . 

They are used to re late the proportion of und igested nutrients i n  digesta or 

faeces to the nutrient i ntake of the an imal .  There have been many tr ials 

conducted to examine the efficiency a nd su itab i l ity of d ifferent markers in 

d ifferent species. To date the most common markers used have been 

chromium oxide (Cr203) ( Fenton & Fenton , 1 979; Czarnocki et al., 1 96 1 ; 

Costigan & El l i s ,  1 987) and titan ium d ioxide (Ti02) (Sales & Janssens, 2003). 

Both markers have been used extens ively in pig and avian stud ies, although 

there has been a trend to  use Ti02 in  preference to Cr203, s imp ly  because of 

d ifficulties associated with the analytical determ ination of Cr203 concentrations 

in d igesta sam ples ( (Fenton & Fenton,  1 979)). 

To date the on ly marker used in dog stud ies has been Cr203 (H i l l  et al., 2000; 

Hi l l  et al., 1 996a). With l ittle ava i lab le l iterature about the suitab i l ity of other 

markers , Jagger et al. (1 992) compared the use of Ti02 a nd Cr203 as 

i nd igestible markers in p igs and concluded that Ti02 was more accurate . l t  is 

not known whether this is  the case in dogs, therefore th is study a ims to 

determine the d igestib i l ity of the same d i et using Ti02 or Cr203 as ind igesti ble 

markers. 
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Because of space constra i nts, the current trial design had two dogs kept i n  each 

pen and therefore coprophagy was a potential problem. Previous dog stud ies 

have shown that coprophagy can occur (Cronweii-Davis et al. , 1 995;  Beerda et 

al. ,  1 999, Wells et al. , 2003).  This behaviour is undesirable in  d igestib i l ity trials 

as it causes the "feed" to pass through the d igestive system twice thus resu lt ing 

i n  h igher d igesti b i l ities . For each pair of dogs, d ifferent markers had to be used 

for each dog so if coprophagy occured, it cou ld easily be identified . 

Autocoprophagy occu rs when a dog consumes it's own faeces . If 

autocoprophagy occu rred in the study the potentia l  recovery of the i nd igestible 

marker wou ld sti l l  be 1 00%.  If a dog in the current study was to d isplay 

a l locoprophagy (the consumption of its pen-mate's faeces), then it 's faeces 

would conta in traces of both indigest ib le markers, and its pen-mate's faeces 

wou ld show incomplete recovery of the i nd igestib le marker. 

A second potential source of error was if Ti02 i nterfered with the chemical  

analysis of Cr203 in  a sample of dog faeces and visa versa. This situation 

would compromise the assessment of the suitab i l ity of these i nd igestib le 

markers for use in dogs and also had to be i nvestigated. 

2 . 2  Materials and Methods 

The stud ies reported here were approved by, and conformed to , the 

req u i rements of the Massey Un iversity Animal Eth ics Committee (MUAEC 

protocol number  03/1 1 2 ; Anonymous, 2003) 

2. 2. 1 Study 1 :  Interference between Chromium oxide (Cr203) and Titanium 

dioxide (Ti02) analysis 

A sample of dog faeces from a spayed female dog aged 2 years old , and 

maintained on a commercial maintenance d iet (Tux, Nestle Purina,  Marton ,  NZ), 

was col lected over a two day period , freeze dried and ground throug h  a 1 m m  

s ieve. Two, 30 g samples of freeze d ried faeces were thorough ly  m ixed with 

1 .8 g of either Cr203 (Prolabo, Fontenay S/Bois,  France) or T i02 (BDH 

Laboratory Supp l ies, Poole ,  UK) .  The C r203 and Ti02 were s ieved before 
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addit ion to the faeces to ensure homogenous distribution .  These 5 .  7 % 

mixtures were comb ined with a further sample of freeze-dried faeces to obtain  

m ixtures with d ifferent  Cr203 and Ti02 contents rangi ng from 0.35 % - 2.83 %. 

The composition of  the d ifferent m ixtures prepared are l isted in Table 1 .  All 

samples were weighed to an accuracy of ± 0. 0001 g using a Mettle r  AE1 65 

balance (Mettler Toledo GmbH,  G reifensee, Switzerland) .  This procedure was 

repeated three times to g ive three repl icates per concentration.  

Table 2. 1 :  Preparation schedule for the d ifferent faecai-Cr203 and Ti02 
m ixtu res used in the marker interference study. 

Target concentration Cr203 (6 % )  Ti02 (6  % )  Faeces Total 

Cr203 + Ti02 (%) (g)  

2 .83 5 5 0 1 0  
1 .4 1  5 5 1 0  20 
0 .70 5 5 30 40 
0 . 35 5 5 70 80 

The a mount of Cr203 and Ti02 in each sample (3 repl icates per sam ple) was 

determi ned as descri bed in section 2.2.3 . 1 .  The percentage of marker (C r203 

and T i02) in each sam ple was determined both by calcu lation from the added 

amou nts as shown i n  Table 2. 1 and by chemica l  analysis. 

2. 2.2  Study 2:  Investigation o f  coprophagy in dogs 

Twelve female adult Harrier hounds aged between 2 and 7 years of age with 

body weights rang i ng from 1 6. 0  to 24. 0  kg (21 .2 ± 2. 1 kg mean ± S E M )  were 

obtained from the Manuwatu Hunt Club (Palmerston North , New Zealand) .  The 

dogs were housed in pa i rs, in 6 concrete floor pens each compris ing an indoor 

kennel  (2.4 m x 2.8 m )  (maximum height 1 .7 m) a nd an outdoor run (2.6 m x 2.8 

m) separated by a door .  The dogs were walked and health checks performed 

dai ly. The dogs were wormed (Drontal®; Bayer Health Care , Bayer Ag , 

Leverkusen, Germany) and received flea treatm ent (Frontl ine®; Merial NZ Ltd , 

Manukau,  NZ) before the commencement of the tr ials. 
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The trial ran for 1 1  days, with a n  in it ial 6 day adaptation period and a 5 day 

faecal col lection period . The dogs were fed twice a day at  08:00 and 1 6 :00 h 

accord ing to calcu lated metabol isable energy (ME)  requ i rements using the 

formu l a  ME= 1 32 x Weight (kg)0·75 (Burger, 1 993). The a mount of food fed at 

08:00 and 1 6:00h being 1 /3 and 2/3 of their daily food a l l ocation ,  respectively. 

Food refusals and food spi l lages were col lected and weighed dai ly. 

Dur ing the faecal collection periods of the study, faeces from each dog were 

col lected at hourly intervals between 08:00 and 1 7:00 h .  Faeces produced 

duri ng  the n ight ( 1 7 :00 to 08 : 00 hr) were col lected at 08 : 00h .  The col lected 

faeces were frozen each day and pooled for each dog at the end of the 5 day 

col lection period . The faeces of each dog with in the pen was easi ly 

d istingu ished by colour, with the dogs fed the Cr203 diet consistently prod ucing 

green colou red faeces, and the dogs fed the Ti02 d iet p roducing l ight brown 

coloured faeces . At the start of the study, each dog was a l located one of two 

d iets conta in ing either Cr203 or Ti02 added as an ind igestible marker. Both 

markers were i ncluded in the d iets at a level of 0 .3 % (g/g ) on an as-is basis. 

The basal d iet used had passed the m in imum feedi ng protocol of the 

Association of American Feed Control Offic ials (AAFCO) for a complete and 

balanced adult mai ntenance diet (AAFCO, 2000) and conta ined 2 1 .5 % crude 

prote i n ,  1 3 .0 % crude fat and 3 . 0  % fibre .  F resh water was ava i lable to the 

dogs at all t imes. 

2.2.3 Study 3: Cr203 and Ti02 as indigestible markers in dogs 

Twelve female adult Harrier hou nds aged between 2 and 7 years of age with 

body weights rang ing from 1 6 . 0  to 24 .0  kg (2 1 .2 ± 2 . 1  kg : mean ± SEM)  were 

obta i n ed from the Manuwatu H u nt Club (Palmerston North,  New Zealand) .  The 

dogs were housed in pa i rs ,  i n  the same faci l it ies and management was identical 

to the previous tria l .  Each dog in the pai r  received a d ifferent ind igestible 

marker to increase the amount of data for analysis also the colour d ifference of 

the faeces conta i n ing the markers min im ise any errors in faecal col lections. 
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The study was set u p  as a 2 x 2 factorial design .  At the start of the study, one 

dog in  each pen was a l located to one of fou r  d ietary treatments: 

Low Nutrient + Cr203 (0 .3 % g/g as is )  

Low Nutrient + Ti02 (0 .3 % g/g as- is)  

H igh Nutr ient + Cr203 (0.3 % g/g as is)  

H igh N utrient + Ti02 (0 .3 % g/g as-is) 

Both d iets had passed an AAFCO min imum feed ing protocol for a com plete a nd 

balanced adult maintenance diet (AAFCO, 2000) .  The high nutrient content d iet 

conta ined 28 % crude p rote in ,  1 8 .0  % crude fat and  4.0 % crude fibre . The low 

nutrient content d iet contained 1 6. 5  % crude protein ,  8 .5 % crude fat and 4 . 0  % 

crude fi b re .  Each dog received a l l  4 diets over fou r  1 1  day eva luation periods, 

with each period start ing immed iately after the end of the previous one. Tab le 

2 .2  shows the pattern of diet a l location to the d ogs over the four  eva luat ion 

periods.  Fresh water was avai lable to the dogs at a l l  ti mes. The amou nts of 

Cr203 a nd Ti02 in  samp les were determined as described i n  section 2 .2 .3 . 1 .  

Table 2 .2 :  Dietary and i ndigestib le marker a l location  to each dog in  study 3 .  

Pen Dog Evaluation Period 

2 3 4 

A Low Ti02 Low Cr203 H igh Ti02 High Cr203 

B Low Cr203 Low Ti02 H igh Cr203 High Ti02 

2 A High Ti02 High Cr203 Low Ti02 Low Cr203 

B High Cr203 High Ti02 Low Cr203 Low Ti02 

3 A Low Ti02 Low Cr203 High Ti02 High Cr203 

B Low Cr203 Low Ti02 H igh Cr203 High Ti02 

4 A High Ti02 High Cr203 Low Ti02 Low Cr203 

B High Cr203 High Ti02 Low Cr203 Low Ti02 

5 A Low Ti02 Low Cr203 High Ti02 High Cr203 

B Low Cr203 Low Ti02 High Cr203 High Ti02 

6 A High Ti02 High Cr203 Low Ti02 Low Cr203 

B High Cr203 High Ti02 Low Cr203 Low Ti02 
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2. 2. 3. 1 :  Chemical analysis 

The pooled faeces of each dog was defrosted and m ixed for 1 0 m i n  before a 

sub-sam ple was taken ,  frozen and freeze d ried . Each freeze dried faecal and 

d iet sample was g round through a 1 mm sieve before ana lysis for Ti02 and 

Cr203. The amou nt of Cr203 and Ti02 in each sample was determined in 

dupl icate using acid d igestion fol lowed by colormetric analysis for Ti02 (after 

Short et al. , 1 996 and Jagger et al. ,  1 992). Short et al. , ( 1 996) described a 

method to determ ine the Ti02 concentration in poultry d igesta . With this 

method the sample was ashed and d issolved in  7.4 M su lphuric acid (H2S04) 

and hyd rogen peroxide (H20) (30 % vol . )  added . This resu lts in  a d istinctive 

orange colour, with the intensity dependent on the concentration of titan ium.  

Al iquots of sample and prepared standard solutions were ana lysed us ing a UV 

spectrophotometer and absorbance measured at 4 1 0  nm. Jagger et al. ( 1 992) 

d igested samples in  20 ml conce ntrated H2S04 at 42 oc. A Kjetab catalyst 

tablet was added to each tube , and once the solution had tu rned an emerald 

green colour, d igestion was continued for another 30min .  The solut ion was 

then cooled and made up to 1 00 m l  with d isti l led water. After fi ltration ,  0 .2  ml of 

30 % H202 solution was added to 5 mls of each sample. The colour was then 

measured using a spectrometer and compared to a standard solution of 

titan ium sulphate (TiS04) .  

Chrom ium oxide was determined by emission spectrometry usi ng a mod ified 

proced u re from Lee et al. ( 1 986) .  This method was developed using 250 mg of 

rat faeces and Cr203 was oxid ised to Cr(V I )  by the addi t ion of H2S04. The 

solut ion was then made up to a volume of 1 00 ml  contain ing approximately 25 

1Jgmr1 of Cr(VI) .  The chromium in  the solution was then determined using an 

Appl ied Research Laboratories 34000 emission spectrometer system .  A two 

point ca l ibration procedure was used (0 and 1 0  1Jgmr1 Cr) with cad mium as an 

internal standard for checks on d rift and matrix effects . 

2. 2. 3. 2  Statistical Analysis 
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SAS statist ical package (SAS/STAT Version 8 ,  SAS Inst. , I nc . ,  Cary, NC, USA) 

was used in the data analysis of Ti02 and Cr203 recoveries , wh ich were 

subjected to analysis of variance with the model y = 1J + t imei + d ogj + t imei*dogj 

+ eij· Effects were considered sign ificant at a probabi l ity level of l ess than 5 % .  

2.3 Res u lts 

2.3. 1 Study 1:  Interference between Cr203 and Ti02 analysis 

Samples were analysed for Cr203 and Ti02 at the Nutrition Laboratory (Massey 

Un iversity, Palmerston North , New Zealand).  The analysed sample values 

were then compared with the actual a mounts of ind igestib le marker that were 

orig inal ly m ixed with the faeces .  The total recoveries of Ti02 and Cr203 from 

the faeces were 84 .06 % and 89 .33 % respectively. 

Figures 2 . 1  and 2.2 show the l i near re lationship between the analysed and the 

ca lcu lated values of the two ind igestible markers over a range of marker 

concentrations. There were no d ifferences between the analysed and 

calcu lated values for both Cr203 and Ti02 with R
2 

values of 0 .990 and 0 .994 

respectively. These results ind icate that the quantity of ind igestib le marker 

mixed with the sample was close to the quantity of ind igestible marker 

recovered by laboratory analysis, and suggests that there is no i nterference 

between C r203 and Ti02 when m ixed i n  the same sample. 
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Figure 2 . 1 :  The l i near correlation between the percentage Cr203 added to the 
faeces (+/- SEM)  vs the amount Cr203. analysed in the faeces (+/- SEM) .  
Y = 1 .0027x + 0 . 042; �=0.9988 
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F igure 2 .2 :  The l inear correlation between the percentage Ti02 added to the 
faeces (+/- S E M )  vs the amount Ti02. analysed in  the faeces (+/- S E M) .  
y = 1 .09 1 4x + 0 .0295; r=0.998 
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The average recovery of Cr203 and Ti02 at each marker concentration is shown 

in Table 2 .3 .  Chromium oxide had h igher  recoveries at a l l  concentrations, with 

the exception of the 0 .5  % marker conce ntration a nd the h ighest recoveries for 

both markers were at the extremes of the range.  However, there were no 

sign ificant d ifferences between the recoveries of Cr203 and Ti02 over the range 

of marker concentrations .  
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Table 2 .3 :  The percentage indigestible marker recoveries from faeces in  study 
1 .  

% I nclusion of Ind igest ib le Marker 
M arkers in Diet Recoveries 

Ti02 Cr203 

6 .00 % 87 .32 93.74 
3 .00 % 83 .38 89.40 
1 .50 % 77 .58 91 .37 

0 .50 % 83.09 74 .00 
0 .30 % 88.92 98. 1 2  

2.3. 2  Study 2: Inves tigation of coprophagy in dogs 

All dogs consumed a l l  the feed offered to them with no refusals .  The faeces of 

each dog with in  the pen was easi ly d istingu ished by colour, with the dogs fed 

the d iet conta i n ing C r203 consistently produci ng a d istinctive green coloured 

faeces,  and the dog s  fed the d iet conta in ing Ti02 producing l ight brown 

colou red faeces. 

The extent of coprophagy was determi ned by a nalysing the faeces samp les 

from each dog . Analysis consisted of determin ing the amou nt of correct m a rker 

(the marker fed to the dog i n  the d iet) and i ncorrect marker (the marker fed to 

the dog's pen-mate and picked up from the pen )  i n  the faeces of each dog . The 

resu lts of the analysis of faeces from each dog is shown in  figure 2 .3 .  
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Figure 2 .3 :  Recoveries of  ind ividual  ind igestible markers from the faeces of 
each dog 
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The faeces of 8 out of the 1 2  dogs i n  the tria l  conta ined detectable levels of 

i ncorrect marker. The mean (± SEM)  level of incorrect marker in  the faeces 

was 0.9 % (± 0 .3  %), and ranged from 0 to 1 .8 % between dogs (see F igure 

2 .4 ) . Coprophagy was defi ned to occu r in  the cu rrent study when >5 % of an  

i ncorrect marker was found in  the faeces . Resu lts from the study showed there 

was min imal  recovery of i ncorrect marker and no dogs had marker recoveries 

a bove this 5 % threshold l i ne .  This result  demonstrated that no sign ificant level 

of coprophagy occurred in these dogs. 
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Figure 2 .4 :  I nd igestible marker recoveries from the faeces of i nd ividual dogs. 
Coprophagy was assumed to occur when 5 % of the incorrect marker (the 
marker not fed in the diet of an indiv idual dog) is found in the faeces of the dog. 
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2.3.3 Study 3: Cr203 and Ti02 as indigestible markers in dogs 

All  dogs remained healthy duri ng the study ,  and consumed a l l  feed offered to 

them.  There were no instances of d iarrhoea or no significant coprophagy and 

faeces were fi rm a nd easi ly col lected . 

There were no s ign ificant d ifferences (p>0 .05) i n  the recoveries of the two 

i nd igestib le markers nor d ifferences i n  marker recoveries between the two d iets 

with high and low nutrient content. None of the ind igestible markers had a 

recovery of 1 00 %.  The average recovery of Cr203 from a h igh nutrient d iet 

(HC)  was 58 .55 % (± 7 .85 %) and low nutrient d iet (LC) 76.55 % (± 1 5.39 %) .  

The average recovery of Ti02 from a h igh n utrient d iet (HT) 80.62 % (± 1 9 . 1 9  

% )  and low nutrient  d iet (LT),  74.48 % (± 1 2 . 06 % )  and is shown i n  F igure 2 .5 .  
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Figure 2.5 :  Recovery of the ind igest ible markers C r203 (C) and Ti02 (T) from 
the faeces of dogs when fed i n  combination with a high nutrient (H)  and low 
nutrient (L) d iet. 
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2.4 Discussion 

2.4. 1 Study 1 :  Interference between Cr203 and Ti02 analysis 

The a im of th is study was to determ ine i f  there was an interaction between two 

different ind igestible markers in the d igesta of dogs. This i nformation was 

requ i red prior  to the start of the main study because the proposed tria l  design 

requ i red that two dogs, receiving the same d iet conta i ning d ifferent ind igest ib le 

markers, be kept i n  the same pen. If evidence emerged of any marker 

interaction th is would have necessitated a change in  the tria l  design with both 

dogs receiv ing the same marker in the d iet. The results ind icated that there 

was no interaction between the two i nd igest ib le markers, with the recoveries of 

both ind igesti b le markers approxi mately 80 % .  

There are a number of potential errors wh ich may explain why 1 00 % recoveries 

were not ach ieved in  this study. Human error can play a large part in producing 

i ncons istent d ata , with the potentia l  for the marker to be lost on cloth ing or 

equipment du ring mix ing . Non-u n iform m ix ing of the ind igestib le markers i nto 

the sample o r  food can lead to some spots of the sample conta i n i ng more or 

less ind igestib le  marker than the rest of the sample .  This non-un iform mix ing 

can lead to u nder or over-estimations of the amount of ind igestible marker 

present i n  the samples. Other errors may occur in weigh ing out and record ing 

the amou nt of dog faeces and ind igestible marker in the sample. F ina l ly ,  

analytica l  e rrors can occu r during the laboratory analysis of the samples . 

2.4.2: Study 2: Investiga tion of coprophagy in dogs 

Autocoprophagy is when an animal eats its own faeces, and a l locoprophagy is 

when an an i ma l  eats the faeces of a nother animal of the same species (Galef, 

1 979) .  Coprophagy has been docum ented in many rodents ,  lagomorphs 

(Langer, 2002) ,  pigs, horses, non-human primates (Soave & Brand ,  1 991 ) and 

dogs (Beaver ,  1 994; Wel ls  & Hepper 2 000; Wel ls ,  2003) .  l t  was therefore 

important to determine if the dogs used i n  the current study d isplayed th is 

behaviour. If coprophagy occu rred during the study this would cause 
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i naccuracies in  both the d igestib i l i ty assays and marker recovery analys is .  If 

the dogs d isplayed autocoprophagy, it would cause i naccuracies in the 

d igestib i l ity assays. "Feed" wou ld have passed through the gastro-intestinal 

system twice and thus been exposed to gastro-intestinal enzymes twice , and 

therefore may appear to have a h igher  d igestib i l ity as a result. However, in  the 

current study design autocoprophagy was not tested for, as it does not affect 

marker recoveries. Theoretica l ly ,  if autocoprophagy occurred the ind igestible 

marker wil l  sti l l  have a recovery of 1 00% , due to it sti l l  being i nd igestib le .  If a 

dog in the cu rrent study was to d isplay al locoprophagy, then the faeces would 

conta in traces of both i nd igestib le markers, whi le its pen mate 's faeces would 

not have 1 00 % recovery of the ind igestible marker. 

Coprophagy can occur in a number of situations and for a number of reasons. 

When an a n imal consumes a high fibre d iet, it i s  reta ined in the gastro- intestinal 

tract for an extended period and effectively causes the animal to sta rve . Even 

though it 's intest inal tract is "fu l l "  the animal  is unable to break down plant cel l  

wal ls .  Coprophagy enables the an ima l  to absorb extra nutrients from microbia l  

metabo l ism and deg radation of feed (Langer, 2002). l t  has a lso been 

suggested that coprophagy may occur because of an imbala nce in the d iet 

resu lting i n  a pancreatic enzyme deficiency, which leads the dog to eat its' 

faeces to ga in  more nutrients (Hart & Hart ,  1 985) .  Coprophagy may a lso be a 

behavioura l  ind icator of chronic stress in  dogs (Beerda et al. , 1 999) .  l t  is  also 

thought that coprophagy in  dogs may be a form of inappropriate operant 

cond itioni ng ,  in which the owner sees this i nappropriate behaviou r and the 

attention , even though it is negative attention , acts as a positive re inforcement 

(Hart & H a rt ,  1 985). O' Farrel l  ( 1 992) suggested that dogs instinctively prefer 

decaying food , particu larly if the dog i s  on a d iet that is rich in meat. 

The resu lts of the p i lot study indicated that no sign ificant coprophagy occurred 

in these dogs and therefore there was very l ittle risk associated with having two 

dogs in the same pen .  Crowei i-Davis et al. ( 1 995) also found that coprophagy 

was uncom mon during trials, even when dogs were fed caloric-restricted d iets. 

However, keeping two dogs in  a pen did increase the risk of dogs walking 

through faeces and contaminating the samples. 
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2.4.3 Study 3: Cr203 and Ti02 as indigestible markers in dogs 

I nd igestible markers a re important  tools in  d ig estib i l ity stud ies that use a sub­

sampl ing and grab  sampl ing methodology. They are added to feed to relate the 

nutrient content of a d igesta sample to the total dai ly nutrient i ntake (Butts et a/, 

2002) .  H istorica l ly ,  both Cr203 and Ti02 have been used as indigestible markers 

in monogastric species, althoug h  Cr203 has been harder to analyse i n  the 

laboratory than Ti02 (Fenton & Fenton,  1 979) .  Titan ium oxide has not been 

used previously as a n  ind igestib le marker in  dogs. 

The recoveries of both Cr203 and Ti02 from i nd ividual dogs ranged from 46 - 1 04 

% .  There did not seem to be any obvious patterns in the recovery of e ither 

i nd igest ib le marker. However, there was a tendency for h igher Ti02 recoveries 

from dogs fed a h igh  nutrient d iet compared to the other d ietary combi nations. 

However, there were no significa nt d ifferences in the recoveries of Cr2 03 or 

Ti02 either, with in the same d iet, or between  the two d iets . I n  this study, 

average Ti02 recoveries of 80% and 74% were found in the h igh  and low 

nutrient diets respectively. These values were not in agreement with previous 

unpub l ished data ( Hendriks, 2004), who fou nd Ti02 recoveries from total 

col lections to be approximately 200 %.  Therefore more work is requ i red to 

determine which va l ue  is correct and to determi ne the suitab i l ity of T i02 as an 

i nd igestible marker in  dog d igesti b i l ity studies.  

There are other factors such as sample col lection, lab analysis and d ietary 

adaptation which may have influenced the resu lts that were obtai ned . 

Laboratory analys is was conducted on a l l  sam ples in dupl icate .  Digestib i l ities 

calcu lated from total col lections from ind ividua l  dogs showed digestib i l ity of the 

h igh and low nutr ient diets ranged from 74 % to 96 %. S imi lar  resu lts have 

been reported for other dog tria ls (Murray et al., 1 998). This ind icates that  the 

raw d ata was col lected and recorded accu rately and there was m in imal  h uman 

error. 
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Prior to the start of the tria l ,  the dogs were mainta ined on a 1 00 % meat d iet. 

The meat-only d iet was g radual ly changed to a ground up d ry d iet over a period 

of 1 4  days. The d ogs consumed the d iet read i ly and appeared to have adapted 

to it , a lthough th is may not have necessari ly been the case . Stud ies have 

reported that faecal qual ity d iffers with d ifferent d iets (Ciapper et al. , 2001 ) .  

Therefore the gastro- intesti nal  system of the dogs may not have fu l ly adjusted 

to the d iet after 1 4  days in the present study ,  and this may have infl uenced the 

resu lts obta ined.  

53 



C HAPTE R  3 

STU DY 4 :  I NVESTIGATION O F  T H E  H I N D GUT OF T H E  DOG 

3 . 1  I ntrod u ction 

Compared to other monogastrics, such as the horse and rabbit , the dog has a 

short h indgut, relative to the rest of it's gastrointesti na l  tract. The h indgut of the 

d og conta ins a microbia l  popu lation l i ke other monogastrics, however the effect 

these microbes have on the d igestib i l ity of food is not known. Therefore ,  it is 

i mportant to determine if  th is microbial  population does  affect the d igestib i l ity of 

feed , as this may provide a s ign ificant source of error. The microbial  popu lation 

in other species metabol ises significant amounts of n utrients in  the d igesta as it 

passes through the h indgut ,  altering the chem ical composition of the d igesta 

and causing i naccuracies when calculat ing feed d igesti bi l it ies. 

Many tria ls have determ i ned that there are s ign ificant amou nts of d igestion 

occuring in  the h indgut of the p ig (Fi ickinger et al., 2000: Mason, 1 980) .  These 

stud ies suggest that the n utrients uti l ised by the microbes and the products of 

m icrobial  metabolism do not provide a nutritional benefit to the an ima l .  

However, i t  is not known i f  the  same i f  true for the dog . There have been a few 

tr ials conducted on h indgut tissue from the dog in vitro, which ind icate that this 

ti ssue absorbs amino acids and g lucose (Hend ricks & Sritharan ,  2002 , 

Robinson et al. , 1 973) .  Th is suggests that if there is  sign ificant breakdown of 

n utrients occurring in  the h i ndgut of the dog in vivo, and the products of those 

p rocesses may be absorbed and prove useful to the host an ima l .  

Therefore ,  i t  is very important for dog food formu lators and manufacturers to 

k now if there is nutrient d i gestion occurring in the h indgut of the dog. If i t  does 

occur, then the next step wi l l  be to d iscover if these n utrients are then ava i lab le 

to the dog . 
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3.2 Materia ls and Methods 

The study reported here was approved by the Campus Laboratory Animal Care 

Advisory Committee , Un iversity of I l l inois, U rbana-Champaign,  I l l ino is ,  USA. 

The study was condu cted on my behalf at the University of I l l i no is ,  the freeze 

d ried i lea l  and faecal samples were sent to Nutrition Laboratory, Massey 

Un iversity, Pa lmerston North , NZ, where chemica l  and statistical analyses were 

conducted . 

F ive purpose-bred adu lt female beagles with a n  average age of 3 ± 1 .5 years 

and weight of 25 .3 ± 4.6 kg were surg ica l ly prepared with i leal cannu las .  I leal 

cannu lation was conducted accord ing to the method of Wa lker et a/ ( 1 994 ) .  

The T-shaped cannu las were made from 1 .25 cm OD polyvinyl ch lor ide ( PVT).  

The surgical procedu re consisted of pre-med icating the dogs with atropi ne (0 .05 

mg/kg ) .  Genera l  a naesthesia was used and a semi closed system with 

halothane vaporised in oxygen used to ma inta in the anaesthetic. The flank 

area of each dog was then prepared aseptical ly and a 7-1 0 cm incis ion was 

made in the abdomi nal  cavity paral lel to the last rib .  The terminal  i leum was 

identified by first locating the caecum .  A 5 cm incision was made i n  the 

anti mesenteric border  of the i ntestine to permit the insertion of the cannu la .  

The portion of the cannula posit ioned inside the dog was curved and rou nded 

away from the intest ine to reduce i rritation . I nverting sutures (2-0 Vicry l  suture) 

were then used to close the incision in  the i ntesti ne. The mucosa was inverted 

carefu l ly to secure the intestine tig htly around the barrel of the cannula .  The 

barrel was exteriorised by an i ncis ion in  the right flank, cran ia l  to the o rig inal 

incision , and secured with an exterior nylon washer and plugged . Steri le 

physiological sal ine (39 °C) conta in ing 1 m i l l ion units of potass ium penic i l l i n ,  

was used to clean the  abdominal  cavity. The peritoneum and muscle fascia 

were then opposed i n  a continuous pattern us ing 2-0 vicryl suture and the skin 

closed with 2-0 nylon suture .  The length of the cannula was adjusted for each 

an imal  after post-su rg ical swel l ing had subsided . 

Dogs were housed i nd ividual ly i n  clean floor pens ( 1 .2 x 3 . 1  m)  in  a temperature 

controlled room at the animal faci l ity of the Edward R .  Madigan Laboratory on 
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the Un iversity of I l l i nois campus. The dogs were fed 5 commercial AAFCO 

approved d iets, Kibbles a nd Bits (K&B) (Del Monte Foods, San Francisco ,  CA, 

USA), Cycle (CYC) (Del Monte Foods, San Francisco, CA, USA), H i l ls Science 

d iet (HSD) (H i l ls Pet Nutrition, Topeka , KS , USA), Eukanuba (EUK) (The lams 

Company, Dayton ,  OH ,  USA) and Purina One (PU R)  (Nestle Pu rina , St  Lou is ,  

MO, USA) ,  with free access to water .  The nutr ient composition in Table 3 . 1 

(below) was determi ned at the Nutrition Laboratory, Massey U niversity, 

Palmerston North ,  NZ and the methodology is described in  the chemical  

analys is section below. 

Table 3 . 1 : N utrient composition of the five d iets used in the tria l .  

Diet 

Item K&B CYC HSD EUK PUR 

Dry Matter 84 92 .8 92.93 93.54 93.91 

% Dry matter basis 

Crude Prote in 24 .33 24 .63 26 .54 32.69 29.03 

Fat 7 . 1 3  9 .0 1  1 0 .92 1 8 . 1 4  1 2 .48 

Ash 8.48 6 .01  4 .77  7.95 6.97 

Carbohyd rates 60 . 06 60 .35 57.77 41 .22 5 1 .52 

Dogs were assig ned at random to one of the five treatment groups and received 

each of the d iets in a repl icated 5 x 5 Latin-square design with a 1 4-day feed ing 

period of each d iet. The dogs were offered their  da i ly feed requ i rement sp l i t  in to 

two equa l  portions which were fed at 0800 and 2000 h da i ly .  Each feed ing 

period was spl it i nto a 1 0 day adaptation and a 4 day i leal and faecal col lection 

period . C h romium oxide (Cr203) was used as an  i nd igestib le marker. On day 6 

through 1 4  of each period, dogs were dosed with 0 .5  g of Cr203 in  a gelati ne 

capsu le at 0800 and 2000 h ,  so tota l dai ly intake of the marker was 1 g .  

During the col lection phase, i lea l  effluent and faeces were collected for 4 days. 

I leal  effluent was col lected 3 t imes dai ly ,  with an interval of 4 hr  between 

collect ions. I nd iv idual i leal col lections were 1 hr  i n  duration . Sampl ing times on 

the subsequent 3 days were advanced 1 hr from the previous day's col lect ion 

t ime. For example ,  on day 1 ,  sampl ing took place at 0800 ,  1 200 and 1 600 hr 

and on d ay 2,  samples were col lected at 0900 , 1 300 and 1 700 hr. I leal samples 

were obtai ned by attach ing a Whirlpak bag (Pioneer Conta iner,  Cedarburg , Wl ,  
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USA) to the cannula barrel and clamping with a rubber band . Before 

attachment of the bag , the interior of the cannula was scraped cleaned with a 

spatula a nd any d igesta d islodged was d iscarded . During col lection of the i leal 

effluent, dogs were encouraged to move around freely. E l izabeth ian col lars 

were fitted to some dogs to deter them from pu l l ing out col lection bags from the 

cannula .  Total faecal col lections from the floor of the pens were made during 

the col lection phase of each period . The faeces from each dog were we ighed , 

composited and frozen at -4 °C i n  the i r  i nd iv idual bags . At the end of the 

experiment,  a l l  i leal  effluent samples were composited for each dog for each 

d iet period , and then refrozen at -4 °C. I leal effluent was then freeze d ried in a 

Tri-Ph i l izer MP m icroprocessor-control led lyoph i l izer (FTS Systems, Stone 

Ridge, NY,  USA). Faeces were dr ied at 55 °C in a force-ai r  oven. After d rying , 

both faeces and i lea l  samples were grou nd through a 1 mm screen using a u ltra 

centrifuga l  mi l l  (Model ZM 1 00 ,  Retsch GmbH & Co . ,  KG Rhein ische , Haan,  

Germa ny) .  

The fol lowing formu las are used to calcu late the digestib i l i ty of the nutrient of 

i nterest from samples col lected during the tria l :  

Nutrient flow 

= nutrient concentration in i lea l  d igesta x 

Faecal d igestib i l ity of nutrient 
= nutrient consu med - nutrient excreted 

nutrient consumed 

Apparent i leal d igest ib i l ity of nutrient 
= nutrient consu med-i leal nutrient flow 

nutrie nt consumed 

3.2. 1 Chemical A nalysis 

d iet i nd igesti ble marker 

i leal i nd igestib le marker 

The concentration of protein i n  the samples was determined by using the 

method (#968 .06) out l ined by the Association of Officia l  Agricu ltu ra l  Chemists 

(AOAC). N itrogen (N2) was carried by carbon d ioxide (C02) to a n itrometer. 
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The C02 was a bsorbed by potassium hydroxide (KOH)  and the residua l  volume 

of N2 was measured and converted to the equ ivalent protein  by a numerical 

factor (6.25) .  

The concentrat ion of fat i n  the samples was determ ined by using the method 

(#954.02 )  outl i ned by the AOAC. A 2 g sample was weighed , g round and 

placed into a M ojonnier fat-extraction tube , 2 ml of a lcohol was added and the 

tube shaken.  1 Om l  of hydrochloric acid (HCI)  was then added and the tube was 

placed in a water bath at 70-80 cc for 30-40 min ,  and shaken frequently. lt was 

then cooled to room temperature and a lcohol was added to the constricted part 

of the Mojonnier tube. 25 m l  of ether was added and a stopper placed on the 

tube , which was then vigorously shaken for 1 m in .  A few ml of red ist i l led 

petroleum ether ( bp <60 cc) was then used to wash the solvent and fat from the 

stopper back into the extraction tu be. The tube was left to stand u nti l upper 

l iqu id was practical ly clear. This upper fraction was then carefu l ly pou red 

thorough a filter into a beaker conta in ing severa l g lass beads. Th is procedure 

was repeated twice each t ime using 1 5  m l  of ether to wash the tube,  stopper 

and funnel . The solut ion was shaken for 1 min after each fi ltrat ion step. The 

solution was then evaporated slowly in  a steam bath , left for a fu rther 1 5  min 

after al l  l iqu id had evaporated, and then cooled to room temperatu re . The d ried 

fat was re-d issolved in  fou r  equal port ions and fi ltered ,  evaporated on a steam 

bath and then p laced in  a 1 00 cc oven for 90 min. The fat sample was then 

cooled to room temperatu re in a desiccator and weighed immed iately. 

Fat analysis of meat prod ucts was determi ned by using the method (#99 1 .36) 

out l i ned by the AOAC. This was a two step treatment where so lub le material 

was extracted from dried test samples of meat and meat products using a 

solution of petroleum ether .  The solvent was recovered by condensation , and 

the extracted solub le material left beh ind .  The amount of fat (crude) is 

determined by weight after d rying .  

Dry matter was determined by using the methods (#930 . 1 5  a n d  925 . 1  0) o f  the 

AOAC. 2 g of the sample was weig hed into a l ow covered d i sh  and the 

contents evenly d istributed by shaking.  The d ishes were then placed into a 
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convection oven preheated to 1 35 ± 2 oc,  with the covers removed , and left for 

2 h ± 5 min .  Covers were then placed onto the d ishes and the dishes removed 

to a desiccator to cool .  They were then we ighed and the loss in we ight on 

d rying (LOO) was calcu lated as an estimate of water content. 

% (w/w) LOO = %(w/w) moistu re = 1 00 x wt loss on d rying, (g) 
wt test portion, (g ) 

% d ry matter = 1 00 - %LOO 

The moistu re content of meat products was determined using the method 

(#950 .46) of the AOAC . An uncovered AI d ish conta in ing a 2 g test sam ple was 

placed in an a i r  mechan ical convection oven at 1 00-1 02 oc for 1 6- 1 8 h ,  cooled 

in  a desiccator and weighed . 

Ash d igesti b i l it ies were determ i ned by using the method (#942 .05) of the AOAC . 

Th is involved weigh ing out 2 g of sample in to a porcelain crucib le and placing 

th is i n  a preheated fu rnace to 600 oc for 2 h .  After 2 h ,  the cru cib le was 

removed to a desiccator, cooled and we ighed . The ash was calcu lated using 

the fol lowing formu la :  

%(w/w) ash = weight of test portion (g) - weight loss on ash ing (g) x 1 00 
weight of test port ion (g) 

Crude fibre (flou r) was determined by using the method (#962 .09) of the AOAC . 

The crude fibre was establ i shed from the loss on ign ition of the d ried residue 

remain ing after the d igestion of the sample by 1 .25 % (w/v) H2S04 a nd 1 .25 % 

(w/v) NaOH solut ions under specific conditions .  

Crude fibre (an ima l  feed) was determined by us ing the method (#978 . 1  0 )  of the 

AOAC. This is essential ly s imi lar to the p revious method , but the sample 

solution was exposed to a min imum vacu u m  to regulate filtration ,  and heated to 

prevent gel l ing or precipitation of any saturated solutions . 
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3.2.2 Statistical Analysis 

The statistical p rogram SAS volume 8 (SAS/STAT Version 8 ,  SAS I nst . ,  I nc . , 

Cary, N C ,  USA) was used for statistical analysis. Latin square analysis 

was used to determine d ifference with in dogs, period , treatment and i leal  

and faecal d igestib i l it ies. Simple T-Test was used to determine  if there 

were d ifferences between i leal and faecal digestib i l it ies. S ign ificance 

was attr ibuted if p<0 .05.  The l i near model used to analyse the data was 

Yiik = 1J + d ogi + periodi + treatmentk + eiik · 

3 . 3  Resu lts 

3. 3. 1 Chemical composition 

Al l  five d iets used in  the study were AAFCO approved for maintenance of adu lt 

dogs. The chemical composition of the d iets are g iven in  Table 3 . 1 . The d ry 

matter in  the d iets ranged from 84 .00 % for K&B to 93 .3 1 %  for PUR ,  and crude 

p rotein ranged from 24 .33 % for K&B to 32 .69% for EUK.  The fat content of the 

d iets ranged from 7 . 1 3  % for K&B to 1 8 . 1 4  % for EUK, wh i le  ash concentrations 

ranged from 4 .77 % for HSD to 8.48 % for K&B. 

3. 3. 2  Apparent Digestibilities 

Apparent d igestib i l ity data are given i n  Tab le 3 .2 .  General ly for al l  d iets, the 

a pparent i leal d igestib i l it ies of dry matter, prote in ,  fat and carbohydrates were 

lower than the faecal d igest ib i l it ies. For d ry matter d igestib i l ity (of both i leal and 

faecal samples) ,  three of the d iets were grouped together at between 77-79 % 

(PUR,  HSD and CYC),  EUK was 1 0  % lower at 68 % and K&B had lowest 

d igestib i l ity at 58 %.  Essential ly the same pattern exists for organic matter and 

crude protein  d igestib i l it ies. Orig inal  nutrient analysis of EUK (see Table 3 . 1 )  

s howed it to have the h ighest amount of crude protei n  (on a d ry matter basis) ,  

however, CYC d iet had the h ighest i leal  crude protein d igestib i l ity whi le P U R  

had the h ighest faecal crude protein  d igestib i l ity. 
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O rig inal nutrient analysis of K&B (see Table 3 . 1 ) showed it to have the h ighest 

amount of carbohydrate (calculated by difference on a d ry matter basis), 

however, PUR had the h ighest carbohydrate d igestib i l ity at 95 % and CYC, 

E U K ,  and HSD are grou ped together at 85-89 % and K&B has the lowest 

carbohyd rate d igestib i l ity at 78 %.  

O rig inal  apparent fat analysis showed EUK to have the h ighest fat content 

fol lowed by P U R, HSD CYC then K&B. Th is pattern was identical to orig inal  

ana lysis and a pparent fat d igestib i l i ty of a l l  diets was consistently h igh in both 

faeca l and i lea l  d igesti b i l it ies for a l l  d iets (>90 %). 

Of al l  the d iets , K&B appeared to be the poorest qual ity. lt had the lowest 

prote in and fat content, a lso had the lowest overa l l  d igestib i l ity. However, the 

faecal digestib i l ity for K&B was sign ificantly h igher (P>0.05) than the i leal  

d igestib i l ity for al l  nutrients except for fat and ash . 
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Table 3 .2 :  Apparent i leal and faecal d igest ib i l i ties and SEM of 5 d iets in  dogs. 
a & b i nd icate s ign ificant d ifference across rows (P<0.05) 
x & Y i nd icate s ign ificant d ifferences between i leal and faecal digestib i l ity for each 
nutr ient (P<0.05) using a s imple T-Test 
The standard error of the means (SEM)  of each nutrient are in brackets 

Apparent 

Item Digestibility CYC E U K  HSD K&B P U R  

Dry Matter ! I leal 76.93b 68 .43ab 78.50b 58.37ax 79. 1 3b 

SEM 3 .98 7.50 2 .87 8.07 4 . 1 8  
Faecal 79.93 77.37 83 .3 74.86y 80.5 

SEM 1 .55 2.96 1 . 1 5  2 . 1 5  1 .06 

Crude Protein I Ileal 80.1  ob 68 .62ab 78.81 b 60.47ax 79.71 b 

SEM 2.49 8.74 2 .91 9.62 4. 1 2  
Faecal 79. 98 80. 34 82.3 74.42y 82.55 

SEM 1 .24 1 .95 1 .86 1 .88 1 .22 

Organic 
! Ileal 80.54b 74 .64b 81 .75b 64 .3 1 ax 84 . 1 6b 

Matter 

SEM 3 .40 6 .36 2 .47 6 .71  3.22 
Faecal 83.63 82 .68 86.42 79. 1 9y 86 .34 

SEM 1 .45 2.77 1 .02 2 .0 1  0 .78 

Fat ! I leal 94 .59 98.02 97.39 92 .93 97.73 
SEM 3. 1 4  0 .56 0.47 2 .70 0 .33 

Faecal 88.96 89.41  93 .84 90 .67 95.33 
SEM 6.03 8.06 0 .45 0 .56 0 .39 

Ash Ill ea I 1 8 .78 -5.4 1 2 .04 - 1 2 . 1 5  1 0 .72 
SEM 1 3 .42 21 .34 1 1 .02 24 .79 1 7 .4 1 

Faecal 20.74 1 4 .65 20.04 24 . 3 1  1 .54 
SEM 3.91  5.96 4 .21  5 . 1 2  5 .34 

Carbohydrate ! I leal 86.78bx 89.71 bx 87.47bx 78 .66ax 95.57b 

SEM 3.05 2.96 1 .83 3 . 1 3  1 . 1 1  
Faecal 92.29y 98.25y 93.56y 90 .75y 99.73 

SEM 0.81 0 .33 0.60 1 .80 0 .75 

Consistent d ry matter faeca l d igest ib i l it ies were observed across a l l  5 diets . 

The i leal d igest ib i l i ties were more variab le as ind icated by the larger error bars .  

The greatest d ifferences i n  d ry matter d igestibi l ity between i leal and faecal 

sam ples occurred in the K&B a nd E U K  d iets, there was a lso a large amount of 

variation in the i leal samples .  However, the only d iet where there were 
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sign ificant (P<0.05) d ifferences between i leal and faecal sam ples was K&B d iet. 

The i leal d igestib i l ity was significantly (P<0 .05) lower (58.37 ± 8 .07 %) than the 

faecal d igestibi l ity (7 4 .86 ± 2 . 1 5 % ) .  The orig inal  nutritional analysis showed 

that K&B conta ined the lowest d ry matter value,  and i t  was also the least 

d igestible of a l l  the d iets . EUK conta i ned the second h ighest or ig inal  d ry matter 

value ,  yet had one of the lowest apparent d igestib i l it ies. Both K&B and EUK 

had s im i lar  faecal d igestibi l ities (K&B : 74 .86 %;  EUK :  77.37 % ) ,  however, EUK 

had a h igher i leal d igestib i l ity (68.43 % )  than K&B (58.37 %) .  

There were also s ign ificant (P<0.05) d ifferences in  i leal dry matter d igest ib i l it ies 

between the d iets , with CYC, HSD a nd PUR s ign ificantly h igher  (P<0.05)  than 

K&B. The i leal d ry matter d igesti b i l ity of EUK was numerically lower (68.43 %) 

than the CYC (76.93 %), HSD (78 .50 %) and PUR (79. 1 3% )  d iets but not 

s ign ificantly d ifferent. There were no d ifferences between d iets in faecal d ry 

matter d igestib i l it ies. 

There were also consistent crude prote in faeca l d igestib i l it ies across al l d iets. 

The i lea l  protein  d igest ib i l it ies were again  more variable as i nd icated by the 

larger error bars .  The largest d ifferences between the i leal and faecal samples 

were from the K&B and EUK d iets , whereas previously only the K&B d iet 

showed a significant difference (P<0 .05) between i leal and faecal crude protein 

d igestib i l ity . These data ind icate that the d iet that contained the hig hest amount 

of crude protein (EUK)  was not the most d igestib le at the i leal or faeca l level .  

Orig ina l  a nalysis showed that the CYC d iet had the least amount of crude 

protein  on a dry matter basis (24.63 %) and E U K  contained the h ighest (32 .69 

%) .  However, both d iets had very s im i lar  faecal d igestib i l it ies (CYC: 79.98 %; 

EUK:  80 .34) and EUK had a lower (68 .62 ± 8 .74 %) but more variable i leal 

d igestib i l ity than CYC (80 . 1  0 ± 2 .49 % ). 

The pattern for crude protein  d igestib i l ity between diets was very s imi lar  to d ry 

matter d igestib i l it ies . There were sign ificant (P<0.05) differences i n  i leal crude 

protein  d igestibi l it ies between the d iets, with CYC, H S D  and P U R  a l l  

s ign ificantly h igher (P<0.05) than K&B. The i leal crude protein d igestib i l i ty of 

EUK was numerical ly lower (68 .62 % )  than the CYC (80 . 1 0  %) ,  HSD (78 .8 1  %) 
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a nd PUR (79 .7 1  %) d iets but not s ign ificantly d ifferent. There were no 

d ifferences between diets for faecal crude protein  d igestib i l it ies. 

There were a lso consistent organic matter faecal d igestib i l it ies across al l d iets. 

The i leal d igestib i l ities were more variab le as i nd icated by the larger error bars ,  

w hich was aga in  s imi lar to  the previous d ry matter and crude protein  d igestib i l ity 

d ata . EUK (74.64 %) and K&B (64 .31  % )  had lower i leal d igestib i l it ies than the 

other d iets (CYC ; 80 .54 %;  HSD: 8 1 .75 %;  PUR :  84 . 1 6  %) .  The largest 

d ifference between faeca l a nd i leal organ ic matter d igestib i l i ty was observed i n  

t h e  K&B d iet ( 1 4 .88 % )  a n d  the smal lest d ifference i n  the P U R  (2 . 1 8  % ) .  Th is 

fol lows the pattern for crude protein d igestib i l ities. Th is  difference between i lea l  

a nd faeca l organic matter d igestib i l ity for the K&B d iet was s ignificant (P<0.05) .  

There were also s ignificant (P<0.05) differences in i leal organic matter 

d igestib i l ity between the d iets, with CYC , HSD,  P U R  and EUK a l l  s ign ificantly 

h igher (P<0 .05) than K&B (see Table 3 .2) .  There were no significant 

d ifferences in faecal organ ic  matter d igestib i l ity between the d iets. 

There were no sign ificant ( P<0.05) d ifference in i lea l  or faeca l fat digest ib i l ity 

between the d iets. This consistent level of faecal a nd i leal fat d igestib i l it ies 

across al l d iets is in contrast to the other  nutrients measured , and demonstrate 

much less of a d iet effect. Fat was the only nutrient that has a h igher i lea l  

d igesti b i l ity values than faecal , ind icat ing that the majority of digestion occurred 

i n  the sma l l  i ntestine of the dog before reach i ng the h indgut. Original analysis 

of the d iets shows that E U K  had the h ig hest fat leve l ( 1 8 . 1 4  %) and K&B had 

the lowest (7 . 1 3  %) .  This relationsh ip  is maintained in the study and both i lea l  

a nd faecal fat d igestib i l ity is  the h ighest for EUK (98 .02 % and 89.41 % 

respectively) and lowest for K&B (92.93 % and 90.67 % respectively). 

The percentage ash digestib i l ity across the diets had very high variation making 

a ny mean ingfu l i nterpretation of the data impossib le .  

There were also consistent  carbohyd rate faecal d igestib i l it ies across a l l  d iets . 

The i lea l carbohydrate d igestib i l it ies were more variable as i nd icated by the 

larger erro r  bars,  which was again s imi lar to the p revious d ry matter, crude 

protein and organic matter d igestib i l ity data . 
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There was significantly h igher (P>0.05) carbohydrate digestib i l ity in  faecal 

rather than i leal samp les for al l  d iets except P U R. PUR had the h ighest 

carbohydrate digest ib i l ity at the i leal (95.57 %) and faecal (99 .73 %) leve l ,  but  

the d ifference was not s ign ificant. K&B had the lowest carbohyd rate 

digestib i l i ty, with i leal d igestib i l ity of 77.66 and faecal d igestib i l ity of 90 .75 .  

There were also s ign ificant d ifferences ( P<0 . 05) in  i lea l  carbohyd rate 

digestib i l ity between the diets, with CYC, HSD,  PUR and EUK sig nificantly 

higher ( P<0.05) than K&B (see Table 3 .2) .  There were no s ign ifica nt 

d ifferences between d iets for faecal carbohydrate d igestib i l it ies. 

3.4 Discussion 

The resu lts from this study ind icated that there was no sign ificant period or dog 

effect (p>0.05) .  Therefore i nd ivid ual  dogs and the sequence in  which the d iets 

were tested had no influ ence on the results of the study. 

There have been many stud ies conducted in the pig that suggested that the 

microbial popu lation in the h indgut of the an ima l  d igest nutrients from the food 

and alters the nutrient content of the faeces (La lace et al. , 1 985: Wunsche et 

al. , 1 991 : Yin et al. , 2000) .  The colon is a smal ler o rgan relative to body s ize in 

cats and dogs and as such may play less of a role then in  the pig (Burger, 

1 993). However, the current study demonstrated sign ificant d ifferences in  

nutrient d igestib i l ity between samples col lected from the terminal i leum and 

voided faeces in  up to four  of the d iets . Th is  suggests that in  the dog , as i n  the 

pig , the microbial popu lation in the h indgut of the an imal  ut i l i ses u ndigested 

food and alters the nutrient content of the faeces. 

The can nula col lect ion method can cause inaccu ra cies in  d igesta measu rement 

(Butts et al. , 2002). A cannula alters the gastroi ntestinal tract and may change 

d igest ib i l ity and absorption of nutrients resu lti ng  in i naccurate data. The 

i nsertion of the cannu la requ i res su rgery duri ng which the dog is anesthetised 

which i nduces additional  levels of stress to the dog and there is an added risk of 

infection at the cannu la site .  The types of cannu la used in these trials were 
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simple "T" cannu la ,  which is the s implest type of cannula and resu lts in  the least 

amount of d isturbance to the gastro intestinal t ract. The dogs used in the trial 

were part of a colony of an imals which had long term cannu las fitted wel l  before 

the tria l  started. Th is min imised and risk of post operative infection and other 

surgery re lated compl ications and reduced the r isk of the su rg ical procedure 

affect ing results .  Data obtained from i leal samples in  the cu rrent study were 

genera l ly  more variab le than the faecal data wh ich may ind icate inaccuracy 

associated with col lection method . 

When g rab sampl i ng or su b-sampl ing,  it is important that the d igesta and 

ind igest ib le marker be uniformly mixed . I naccu rate measure ment of the i leal 

levels of the marker may occu r from hu man error in sample col lection , or from 

non-un iform mix ing of marker in  the d igesta sampled .  Digestib i l ity trials that re ly 

on ind igestible markers as a method for calculations assu me that the marker is 

un iformly mixed in  the d iet. 

One of the major criteria of an i nd igestible marker is that it has the same flow 

rate as the d igesta . The marker was not m ixed into feed in the present study 

and i nstead was fed as a capsu le with meals .  This may have resu lted in the 

non-un iform mixing of the marker i n  these dogs. lt is thought that the m ixing 

motion of the d igestive tract (stomach , as wel l  as the gastro-intesti nal tract) 

thoroughly mixes together the ind igestib le marker and the feed . Any d i u rnal 

variations in  digesti b i l ity were corrected for by moving the i leal col lections back 

one hour to the previous day (James et al. , 2002). 

The variabi l i ty in  i leal d igestib i l ity values for d ry matter, crude prote in ,  organic 

matter a nd carbohydrate in the current study were h igher than the 

corresponding faecal d igestib i l ity values suggesting that the measurement of 

the nutr ients i n  the faecal samples were more consistent. However, some of 

the nutr ients measu red for i leal and faecal d igestib i l it ies were s imi lar ,  and both 

total col lection and i leal sampl ing v ia a can nu la should be considered accurate. 

The cheapest d iet used in the cu rrent study was K&B.  Th is  d iet consistently 

had the lowest d igestib i l ity for all nutrients at both the i leal and faecal leve l ,  with 
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the exception of faecal fat d igest ib i l ity. These results confirm that this budget 

d iet was of lower nutritional qual ity and n ot as d igestible. The most expensive 

d iet used in the study was EUK, which was not however the most d igestible 

d iet. PUR was consistently the most d igestible d iet of the 5 diets tested at both 

the i leal and faecal leve l .  

General ly, faecal nutrient d igestib i l it ies in  th is study were consistent and less 

variable than i l eal d igestib i l i t ies, with the one exception , fat faecal d igestib i l i ty of 

K&B d iet. There are advantages and d isadvantages to the i nd igestible marker 

and total col lection methods.  The tota l collection method is much easier and 

cheaper to perform and the resu lts from this study ind icate that total faecal 

collection prod uces consistent d igestib i l ity data . Ind igestible markers are used 

to g ive the n utrient d igestib i l ity data from l i m ited amounts of d igesta and 

therefore are more su ited to i leal col lections .  However both methods ( i lea l  vs 

faeca l )  are req u i red to i nvestigate the role  of microbial population i n  the h indgut 

and very few stud ies in  dogs have compa red differences between the two. This 

study has shown that nutrients, such as proteins and carbohyd rates, show 

consistently h igher d igestib i l ity at the faecal level (compared to the i leal leve l ) ,  

wh ich suggests that there is at least some fermentation of nutrients occu rring by 

h indgut microbes in the dog (H i l l  et al. 200 ;  Mu i r  et al. 1 996: Mu rray et al. 1 999: 

Murray et al. 1 998). 
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C HAPTE R 4 

G E N E RAL D I S C USSION 

D igest ib i l ity is  the amount of  nutrients that an an imal is able to receive or  d igest 

and absorb from the d iet fed to it. lt is u sed to work out what level of nutrients 

the animal req u i res in its d iet and is an important measure in  nutrit ional stud ies. 

D igest ib i l ity tria ls  are conducted i n  order to find how digestib le a feed or feed 

ing redient is. They are important tools wh ich help nutrition ists produce feed that 

is efficiently d igested , and which min im ises waste and maximises profit. 

The total col lection method is very effect ive, however it is more t ime consu ming 

than the i lea l col lection method and it is very important to col lect a l l  the faeces. 

During Study 2 ,  there were instances where dogs walked through faeces , 

producing errors in  col lection where not a l l  faeces were col lected . Care was 

taken to col lect a l l  the non compromised samples and to note which samples 

were compromi sed . These compromised samples were not pooled with the rest 

of the faeces from that dog for the col lection period .  There was also the 

i ncreased risk of human error in dark pens where faeces were not observed and 

therefore not col lected . Care was taken to ensu re that no faeces were washed 

down the d ra in  whi le clean ing the pens d u ring the col lection period . 

Dog trials to d ate have tested the effectiveness of feed ingred ients and have 

looked for more cost effective ways to formulate feed . These stud ies have used 

the i leal cannu lation method , using s imple t-cannulas at the term i nal i leum site 

i n  the dog . T hese tria ls a lso used i nd igestible markers to relate the nutrient 

content of a d igesta sample to the total dai ly nutrient i ntake. As mentioned 

previously Cr203 is the most common marker used in dogs . l t  meets al l  the 

criteria for an ideal marker. l t  is non-toxic ,  unaltered during its passage through 

the gut, has no  influence on physiolog ica l  processes in  the d igestive tract, is 

closely associated to the u nd igested n utrient i n  question or flows at an identical 

rate to the n utrient, and total ly recovered in  excreta (Sales and Janssens, 

2003a) .  However it is d ifficult to obta in repeatable and accurate measurements 
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from samples in  the laboratory. If another  more su itab le marker cou ld be found 

and verified for use in  dogs,  it wou ld result  in more accurate d igest ib i l ity stud ies. 

The current study invest igated the use of Cr203 and Ti02 as ind igest ib le 

markers in the dog , the studies showed that there was no d ifference i n  the 

recoveries of each of two m ixed ind igestible markers ,  when they were added to 

a faecal sam ple (Study 1 ) ,  o r  when fed i n  conjunction with d iets (Study 2 & 3) .  

However, the use of Cr203 and Ti02 as i nd igest ib le markers in  the current 

showed that recoveries of T i02 are as good as if not better than Cr203 (see 

F igure 2 .5) .  Recoveries of Ti02 were between 74 - 80%, whereas the 

recoveries of Cr203 were more variable and ranged from 58 - 76%. These 

figures are encourag ing,  however recoveries of close to 1 00% were not 

observed and further investigation is st i l l  req ui red to confi rm and i mprove these 

resu lts and develop other  potential ind igestib le markers.  Digest ib i l ity stud ies 

i nvolving dogs have successfu l ly used Cr203 as a marker in  dogs (Zuo et al. , 

1 996: Murray et al. , 1 998: Murray et a l . ,  1 999: Mu i r  et al. , 1 996: Johnson et a l . ,  

1 998). H i l l  e t  al. (2000) fou nd high recoveries of 9 3  % when using textu rised 

vegetable protein d iets . As cu rrently there is no avai lable l i terature on the 

su itabi l ity of Ti02 as an i n d igestible marker in dogs ,  comparisons can only be 

made to s im i lar work by researchers using other  species. Successfu l 

d igestib i l ity studies us ing Ti02 have been conducted in  pou ltry (Sales & 

Janssens, 2003a: Short et al. , 1 996). Short et al. ( 1 996) fou nd recoveries of 

Ti02 to be 98 .7 ,  99.5 and 99 .7 % when it was fed at 750 , 500 and 250 g/kg of 

wheat in the d iet respectively. The comparison of Ti02 and Cr203 as 

i nd igestible markers in  p igs has been conducted by J agger et al. ( 1 992), where 

they used two d ifferent concentrations of each marker. Their fi nd ings agree 

with th is study,  that of the two markers , Ti02 has h igher  recoveries than Cr203. 

As pet owners are becoming more aware of proper n utrition for the i r  pets , it has 

become increasingly important for pet food manufactures to ensure that the 

compan ion an ima l  food is of the highest q ual i ty and meets the nutritional 

requ i rements of the anima l .  The stud ies presented in this thesis show that 

when dogs are fed commercial d iets, microbes do alter the chemical 

composition of the some of the nutrients in  some of the d iets at a sign ificant 
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level (P>0 .05). The final study i n  the thesis showed that the lowest cost d iet 

had the lowest nutritional content. The d igestib i l ity of this Kibb les and B its (K&B) 

d iet was significantly (P<0 .05) lower that a l l  other  d iets tested . K&B also had a 

significantly higher d igestib i l it ies at the faecal level than i leal level for d ry matter, 

crude protein ,  organ ic matter and carbohydrate (P<0.05). This ind icates that in  

this low q ual ity d iet, more nutrients were present in  the d igesta after the i leum 

and were avai lable to the microbia l  population in  the h indgut .  This led to an 

increase i n  nutrient d igestib i l ity measured in  faecal samples . However, the 

most expensive diet with the h ighest nutritional content (Eukanuba ;  EUK) ,  was 

not the m ost d igesti b le at the i leal o r  faecal leve l .  Instead ,  Purina One (PUR)  

which was intermed iate in nutrient content and price was general ly the most 

d igestib le d iet, and d id not show a s ign ificant d ifference (P>0.05) between i leal 

and faecal d igestib i l ity. PUR was the only d iet that did not have sign ificant 

d ifferences (P>0.05)  between i lea l  and faecal nutrient d igesti b i l ity suggesting 

that all n utrient d igestion occurred in the small i ntestine and l i ttle was ava i lable 

to the m icrobes in  the h indgut. Many stud ies have investigated the digestib i l ity 

of feed at the i leum and over the whole G l  tract, but have not d i rectly compare 

them to work out h i ndgut contribution of d igestion (Burhalter  et al. , 200 1 : 

Clapper et al. , 200 1 : Mu i r  et al. , 1 996). However, Hendriks and Sritharan 

(2002) d id  measure amino acid and protein  d igestib i l ity at the termi nal i leum 

and over total tract of the dog when fed commercial dry dog food . They found 

there to be sign ificant d ifferences in dry matter, organic matter, crude protein 

and certa in  ind ividua l  amino acids .  The data from Hendriks and Sritharan 

(2002 ) agrees with the data presented in  th is study for the K&B diet. 

The m icrobial population may play a more important role in d igestion when the 

dog is fed a d iet with h igher fibre content or a combination of d ifferent nutrients 

(Strick l ing et al. , 2000:  Bednar et al., 200 1 : H i l l  et al., 200 1 : Swanson et al., 

2001 ). F u rther work conducted i nto the extent that feed ingred ients (Simpson et 

al. , 2002: Clapper et al. , 2001 : Bed nar et al. , 200 1 : Burkhalter et a/, 2001 ), or 

d ietary su pplements (Swanson et al. , 2002: Swanson et al. , 2002a: Swanson et 

al. , 2002b )  alter the m icrobial popu lation and u lt imately i nfluence the chemical 

composit ion of the d igesta in the dog may al low us to fu l ly determine 

functional ity of the organ.  
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I n  conclus ion ,  this thesis presents the first data showing the successful use of 

titan ium d ioxide as a n  indigestible marker in  dogs. However, further research 

needs to be conducted into the use of, and method of del ivery of d ifferent 

ind igest ib le  markers . Further investigation is a lso requ ired i nto the effect of 

different n utrients on m icrobial contributions to nutrient d igestib i l ity i n  dogs, 

which may influence d igestion in  the terminal i leum and h indgut .  
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