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ABSTRACT

A population of 79 babirusa distributed over 19 zoos in Europe and the
United States were the subject of a study of the foraging behaviour, food
selection, and digestion of the babirusa (Babyrousa babyrussa).

Stomachs of six adult babirusa and one twelve month old animal were
collected from zoological gardens. Gross anatomical and microscopic
examination revealed the large size of the stomach (approximately
3000cm? for adults) and the very large area covered by its cardiac glands
(more than 70% of the total stomach's mucosal surface area compared to
about 33% in the domestic pig (Sus scrofa)). Mucus was produced in the
cardiac glands and micro-organisms were found both in the mucus-gel
adhering to the stomach surface and within the stomach lumen. The pH
in the lumen of the cardiac gland area of the stomach was between 5.3 and
6.4 which is suitable for the survival of microorganisms. Gastric glands
were confined to a small region occupying the distal end of the corpus
ventriculi which was named the "gastric unit".

A comparative study of the digestibility of the dry matter, organic matter
and fibre in a basal barley-soya diet supplemented with different amounts
of dried grass was carried out with eight babirusa, eight Large White x
Landrace and eight Chinese Meishan pigs using the chromic oxide
indicator ratio technique. The digestibility of the Acid Detergent Fibre (=
cellulose + lignin) component of grass was less in the babirusa than in the
domestic pigs. However, babirusa were able to digest Neutral Detergent
Fibre (= hemicellulose + cellulose + lignin) and Organic Matter from the
total diet better than the domestic pigs.

The foraging and other behaviour of a male and female babirusa when
given access to a semi-natural enclosure was recorded using one-minute
time scans for six hours per day during five consecutive days. Foraging
mainly took the form of walking around with the nose close to or on the
ground surface while sniffing. Rooting only took place in that part of the
enclosure with very loose sand and was never observed in regions with
more compact soil. The two most important food items consumed by the
babirusa (in addition to the food that was offered to them by the zoo staff)
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were bramble leaves and cherry fruits. The animals also demonstrated
their ability to carefully select certain plant parts when eating herbs and
grasses.

The results of these three studies suggested that the babirusa was a non-
ruminant foregut fermenting frugivore/concentrate selector, specialised
in the fermentation of plant solubles and more easily digestible fibres and
was able to select those plants and plant parts which are more easily
digestible.

Information on the diet being fed to babirusa in the 19 zoos indicated that
fruits were the items most favoured in captivity. The animals also
readily consumed a wide variety of leaves, buds and twigs from branches.
The range between zoos in the amounts of total food, dry matter, crude
protein, fat, fibre and digestible energy being fed was extremely large.
Using prediction equations for domestic pig breeds the energy
requirements for the babirusa were estimated to be 11.3 MJ/day for males
and 8.5 MJ/day for females and the protein requirements were estimated
to be 88g CP/day for males and 59g CP/day for females.

These results together with other information gathered from the
literature support the view that the main items in the diet of wild
babirusa are likely to be fruits and leaves supplemented with smaller
amounts of herbs, grass, roots and animal matter.
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CHAPTER 1: GENERAL INTRODUCTION
1. The babirusa

Taxonomy and distribution

The babirusa (Babyrousa babyrussa)* is a unique member of the family of
the Suidae (pigs) (Artiodactyla - Mammalia) (Groves, 1980; Groves and
Grubb, 1993) (Fig. 1.1). They are the only members of the subfamily
Babyrousinae and belong to a single genus Babyrousa. The most
obviously peculiar features of this extraordinary pig are the oddly shaped
tusks of the males which can grow to enormous lengths (Fig. 1.2). The
alveoli of the maxillary canines are directed vertically upwards which is a
unique feature among mammals. As the canines grow upwards from
these alveoli they pierce through the skin of the upper jaw and curve
backwards over the front of the forehead. The canines of the mandible
also grow upwards in a curved fashion but run alongside the sides of the
snout. The canines of the female do not grow out as tusks although the
upper canines can sometimes be present, and are seen as white dots
piercing through the skin.

The babirusa is endemic to the Indonesian islands of Sulawesi, Buru and
the smaller Sula and Togian islands. The three living subspecies
recognised at present are confined to different islands (Fig. 1.3) (Groves,
1980; Groves and Grubb, 1993):

Babyrousa babyrussa babyrussa (Linnaeus, 1758):

Present on Buru and the islands of Mangole, Taliabu and formerly
Sulabesi of the Sula island group (Fig. 1.3). This smallest of the three
subspecies is characterised by its dense hair cover composed of both light,
golden hairs and dark, black hairs distributed in various patterns over the
body. Because of its hair cover this subspecies is often called the "golden”
or "hairy" babirusa. The males have shorter and more slender canines
than those of the other two subspecies.



Fig. 1.1  Group of young male babirusa in a water pool at Jakarta Zoo,
Indonesia.
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Fig. 1.2 Photograph of the skull of an adult male babirusa. Note the
large size of the canines and the vertically upward direction of
the alveolus of the maxillary canine.
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Babyrousa babyrussa togeanensis (Sody, 1949):

Present on the islands of Togian, Malenge, Batu Daka, Talatakoh, Batone
and formerly (?) Pangenpan of the Togian group (Groves and Grubb, 1993;
Vercammen, pers. comm.) (Fig. 1.3). This largest of the three subspecies
possesses a shorter and less dense hair cover which is paler on the
underparts. The canines are also fairly short and slender.

Babyrousa babyrussa celebensis (Deninger, 1910):

Present on the island of Sulawesi and the offshore island of Lembeh (Fig.
1.3). This subspecies is intermediate in size to the two former subspecies
but possesses the longest and most robust canines. Its body hair is usually
very short and sparse, giving the impression of the animal having a
naked skin (Fig. 1.1). This is the only subspecies currently held in
captivity and as a consequence is the best known. The babirusa studied
for this thesis were all of this subspecies.

A fourth subspecies Babyrousa babyrussa bolabatuensis Hooijer, 1950

was described from a Holocene skull found in the Bola batu caves of
southern Sulawesi (Hooijer, 1950). It is not known whether there are still
living representatives of this sub-fossil subspecies present in southern or
central Sulawesi (Groves and Grubb, 1993). Fossil (Pleistocene) material
from southern Sulawesi gave rise to the description of a fifth subspecies
Babyrousa babyrussa beruensis Hooijer, 1948 which is likely to have been
distinctly larger than any of the living subspecies (Hooijer, 1948; Groves,
1980; Groves and Grubb, 1993).

Evolution

The babirusa have experienced a long geographic isolation and
evolutionary divergence from the other pigs. Geological evidence
suggests that western Sulawesi has been separated from Borneo by the
Makassar strait at least from the Eocene onwards (about 55-40 million
years ago), although there is a chance that some land connection(s) across
the Makassar strait were present during the mid-Miocene (about 20
million years ago) (Audley-Charles, 1981). Whichever may be the case,
the present geological evidence indicates that the babirusa on Sulawesi
have known a long period of isolation. This concept fits well with the



3. n. cefevensis

o
2

"OGIANISUNDS. SN 5

= S 5.

logeanensis

/' |‘I\EXT‘NCT 2
\g
© OSULABESI

B. b. volabatuensis

(subfossil sites) \§ X

o} 100 200
. km

Jﬁ ° PROTECTED AREAS
3

1 GUNUNG AMBANG

2 DUMOGA-BONE

3 LORE LINDU

4 MORCWALI
s = 5 PERUHUMPENAI

B. b. celebensis = , S P OIONG

> o 7 DANAU TOWUT!

B.b : 8 GUNUNG WATUMOHAI
-7 fogeanensis 9 BUTON UTARA

Lhi B b. babyrussa

........ APPROXIMATE LIMITS OF PROTECTED AREAS

Fig. 1.3  Approximate distribution of the babirusa. From Macdonald
(1993).



results of a study on the phylogeny of the Suidae which was based on
paleontological and anatomical evidence (Thenius, 1970). Thenius
concluded that the Babyrousinae must have split away from the
European pig-parent group Palaeochoerus as early as the Oligocene (40-30
million years ago) and to have experienced a long evolutionary
divergence from the other pigs (Thenius, 1970). At what stage in their
evolution and at what time the babirusa first reached Sulawesi is not
known. Study of this question is further complicated by the relative lack
of fossil material; the only paleontological evidence from babirusa is of
relatively young (Pleistocene and Holocene) material from southern
Sulawesi (see above) (Hooijer, 1948, 1950). The theory of long
evolutionary divergence was supported by the characteristics of the
babirusa karyotype when compared with those of the genera Sus and
Phacochoerus. Five pairs of babirusa autosomes were found to have no
direct equivalents in domestic or wild Sus scrofa or in Phacochoerus and
another two chromosomes showed signs of having been involved in
Robertsonian translocations (Bosma, 1980; Bosma and de Haan, 1981;
Bosma et al., 1991).

Biological aspects

Adult male B.b. celebensis can grow to about 100kg in weight whereas
adult females tend to be 30% smaller and reach about 60-70kg
(Macdonald, 1991a). Recent video recordings of babirusa in northern
Sulawesi suggest that these animals live in small social groups of up to
eight individuals composed of mainly females with offspring of various
ages. Large adult males seem to be more often solitary (Patry and Capois,
1989; Patry, pers. comm.). No detailed information is presently known
about their social structure and territoriality in the wild.

Compared to other pigs, the babirusa has an unusually small litter size
and a long gestation length. Normally 1-2 and sometimes 3 piglets are
produced after a gestation of about 155-158 days, which is six weeks longer
than that of the domestic pig (114 days) (Vercammen, 1991; Macdonald,
1993). Like warthog piglets (Phacochoerus spp.) and unlike the piglets of
all the other wild pigs, babirusa piglets are not striped but are uniformly
brown in colour (Macdonald, 1991a). Additional information on the



reproduction and reproductive behaviour of the babirusa lies outwith the
scope of this study and the reader is thus referred to the papers by Selmier
(1983), Bowles (1986), Macdonald (1991b), Plasa (1991), Vercammen (1991),
Leus et al. (1992) and Macdonald (1994) for further details.

From early times it has been noted that the babirusa was not able to root
in hard compact ground in the way that most other pigs can (Valentijn,
1726; Stehlin, 1900). This inability has been confirmed several times in
recent years (Selmier, 1978; Macdonald et al., 1989, 1993; Leus et al., 1992;
Leus, 1993) and has been associated with the animal's lack of a rostral
bone in the nose (Stehlin, 1900; Macdonald, 1993). Information on the
diet of babirusa in the wild is scarce and largely anecdotal, but
observations from the wild, together with those from captivity, suggest
that the babirusa, like other pigs, is omnivorous; it will consume a
variety of herbs, leaves, roots, fruits, invertebrates, small mammals and
birds. It was one of the aims of this study to examine the foraging
behaviour of and the diet fed to babirusa in captivity, and to investigate
further the nature of the possible diet of babirusa in the wild.

Babirusa demonstrate several differences from other pigs in a number of
aspects of their soft tissue anatomy such as their limb musculature
(Kneepkens et al., 1989; Macdonald and Kneepkens, 1994) and more
importantly for this study, the anatomy of their stomach. The fundus
region of the babirusa stomach is said to be much enlarged compared to
that of the other pigs and to be provided with a well-developed
diverticulum (Vrolik, 1843; Davis, 1940; Langer 1973a, 1988). As a
consequence of these differences, it has often been suggested in the
popular press that the babirusa could be a ruminating pig, a
misunderstanding for which there is no supporting evidence
(Macdonald, 1991b). However, the question remains, what is the function
of this enlarged stomach area? The functional aspects of its gross |
anatomy and histology, and the ability of the babirusa to digest fibre will
also form areas of investigation within this thesis. For more information
on the anatomy of the babirusa which lies outwith the scope of this study
the reader is referred to the papers by Davis (1940), Macdonald et al. (1984,
1985), Macdonald (1988), Kneepkens et al. (1989), Macdonald (1991b, 1994)
and Macdonald and Kneepkens (1994).



Habitat

The tropiéal forests of the Far East can be categorised into a number of
forest types according to the soil type, drainage conditions and altitude of
the terrain (van Steenis, 1950; Whitmore, 1975, 1984a, b). Most reports of
babirusa are from lowland forest areas, from 0-1000m altitude, but they
have also been recorded in hill forests (Bloembergen, 1940), forests on
limestone (Bloembergen, 1940), fresh water swamp forest and riverine
forest (Lesson and Garnot, 1826; Patry and Capois, 1989; Patry, 1990) and
peat swamp forest (Zwahlen, 1992). No detailed information is available
on which of those forest types are most favoured by the babirusa. Recent
investigations have indicated that babirusa tend to disappear from a
region as soon as the forest is cleared (Whitten et al, 1987). The
distribution map of the babirusa (Fig. 1.3) was therefore largely based on
the total forest cover map of the region recently published by Collins et al.
(1991) with additional information gathered from first hand accounts of
people who live in a number of the areas represented (Macdonald pers.
comm). Until further information has been gathered, it was assumed for
the purposes of this thesis that babirusa are present, at least to some
extent, in every forest type. The characteristics of the different forest types
will be discussed in more detail in chapter 6 where hypotheses are made
about the nature of potential ingredients in the diet of wild babirusa
according to the results of the studies presented in the other chapters.

Conservation and status in the wild

The only natural predators of the babirusa are pythons (Python
reticulatus and Python molurus) and the endemic Sulawesi civet
(Macrogalidea musschenbroeckii) which will sometimes predate on the
piglets (Wemmer and Watling, 1986; Whitten et al., 1987). The impact of
hunting and forest clearance by people constitute a much more serious
threat to the survival of the babirusa (Blouch, 1989; Macdonald, 1993).
These threats were recognised by the Indonesian government as early as
1931 when the babirusa was accorded full protection under Indonesian
law (Dammerman, 1950). At present, a number of protected areas in
Sulawesi have already been gazetted and a number of others are under
consideration (Macdonald, 1993). The babirusa is listed as "vulnerable" in



the IUCN Red Data Book (IUCN, 1978) and is included on appendix 1 of
CITES (Convention of International Trade in Endangered Species) which
means that neither the live animal nor any parts of it may be traded
without prior consent. Considering the smaller geographical distribution
of B.b. togeanensis and B.b. babyrussa the above mentioned threats are of
a much more acute nature for these subspecies. As a consequence they
were awarded the conservation status "seriously threatened" or
"endangered” in the recently published Status Survey and Conservation
Action Plan for Pigs Peccaries and Hippos (Oliver, 1993); B.b.celebensis
was awarded the status "known to be at risk" or "vulnerable". The only
subspecies currently kept in captivity, Babyrousa babyrussa celebensis, is
the subject of an international captive breeding program whereby the
details of all animals kept in zoological collections are recorded in an
international studbook (Plasa, 1991, 1992, 1993). Throughout the
remainder of the thesis, individual babirusa used for the studies will be
referred to by their studbook number.

2. Aims
The aims within this thesis are:

1. To investigate the gross and microscopic anatomy of the babirusa
stomach and to discuss the possible functional implications of these
anatomical characteristics.

2. To compare the digestion of dry matter, organic matter and fibre by the
babirusa with that of Sus scrofa as represented by two breeds of domestic

pig.

3. To investigate the manner of foraging, the nature of food items
selected and the general behaviour of the babirusa when given access to a
semi-natural enclosure, and to discuss these results in the light of the
hypothesis made in section 1 and the results obtained in section 2 of the
thesis.

4. To analyse the diet fed to babirusa in captivity with regard to the nature
of the ingredients, the amounts of each ingredient offered, the



preferences and dislikes of the animals for particular ingredients, and the
nutritional composition of the diet in terms of dry matter, crude protein,
fat, fibre and digestible energy. The nature of the ingredients offered and
the preferences and dislikes of the animals will be discussed in the light
of the results of aims 1-3. The nutritional composition of the diet fed to
the babirusa will be discussed with respect to the estimated crude protein
and energy requirements of the babirusa as calculated from prediction
equations used for commercial pig breeds. The feasibility of application
to the babirusa of a recently developed method for measuring crude
protein requirements of pigs by dietary self selection will be investigated.

5. To gather all available information on the diet of babirusa in its natural
habitat, to formulate hypotheses on the nature of potential ingredients in
the diet derived from results in preceding sections of the thesis, and from
these hypotheses present a detailed analysis of potential sources of food
available to babirusa in Sulawesi.

* The systematic classification and the scientific names for the pigs,
peccaries and hippos mentioned throughout the thesis will be those
presented in the Status Survey and Conservation Action Plan for Pigs,
Peccaries and Hippos (Oliver, 1993). The names of other animal species
will be those used by Corbett and Hill (1991). The names of European
plant species will be those published by Stace (1991). The sources of the
names of plants from Sulawesi will be indicated in the relevant sections
of the thesis.

10



CHAPTER 2: STOMACH ANATOMY OF THE BABIRUSA.

1. Introduction

The anatomy of the babirusa stomach was studied on three separate
occasions in the past (Vrolik, 1843; Davis, 1940; Langer, 1973a, 1988). All
other accounts in the literature are based on these ofiginal pieces of
research (Flower, 1872; National Research Council, 1983; Stevens, 1988). It
was obvious from these studies that the anatomy of the babirusa stomach
was substantially different from that of the other pigs. The intestines of
the babirusa were described by Mitchell (1916) who indicated that these
were very similar to those of Sus scrofa. The latter was confirmed by my
personal observations and it was therefore decided to concentrate on the
anatomy of the stomach for the purpose of this thesis.

Vrolik (1843) recognised two areas in the stomach, a cardiac part with a
well delineated "appendice en capuchon” (i.e. the corpus ventriculi and
the fundus ventriculi with its diverticulum ventriculi (Langer, 1988)) and
a pyloric part (i.e. the pars pylorica (Langer, 1988)). The babirusa stomach
was considered to be very complex and to represent a transitional form
between the simple stomach of Sus scrofa and the composite stomach of
the ruminants (Vrolik, 1843). Like Vrolik, Davis (1940) considered the
stomach of the babirusa to be much more complex than that of domestic
pig, the main differences being the enormous size of the diverticulum,
the clear external constrictions delineating the three main stomach parts
and the size and complexity of the cardia (i.e. the fundus ventriculi
(Langer, 1988)). Davis also followed Vrolik (1843) in considering the
babirusa stomach to be a transitional form between the simple stomach of
the pig and the composite stomach of the ruminant, and even recognised
all the chambers of the ruminant stomach, except the omasum, in the
stomach of the babirusa.

The most recent and most extensive study of the babirusa stomach was
carried out by Langer (1973a, 1988). Langer also stressed the large relative
size of the fundus and diverticulum and agreed that the stomach of the
babirusa was more complex than that of Sus scrofa but concluded that the |
comparison of the babirusa stomach to a ruminant stomach was not
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justified (Langer, 1973a, b, 1988). Nevertheless, the shape of the babirusa
stomach still catches the public imagination and even in recent times
several references have been made to the possibility of the babirusa being
a "kosher" pig (Anon, 1985, 1991). Babirusa have never been observed to
ruminate and are therefore certainly not "kosher" pigs (Macdonald,
1991b). The true function of the stomach and the digestive mechanism of
the babirusa, however, remains unknown.

One of the problems often experienced when trying to interpret the
earlier descriptions of stomach anatomy is the lack of uniformity in the
nomenclature of the different anatomical parts of the stomach. With
respect to the babirusa, this problem was addressed by Langer (1973a,
1988); he provided a translation of the older anatomical terms used by
Vrolik (1849) and Davis (1940) into the modern Nomina Anatomica
Veterinaria terms in his 1988 work. The Nomina Anatomica Veterinaria
(NAV, 1983) is an internationally recognised list of anatomical terms for
the anatomy of domestic animals which also gives short descriptions of
the structure implied by each name.

In 1992 the first llustrated Veterinary Anatomy Nomenclature (IVAN)
was published (Schaller, 1992). However, two fundamental problems
remain in the IVAN with respect to the descriptions of the anatomical
parts of the stomach such as the fundus ventriculi, corpus ventriculi and
pars pylorica (Schaller, 1992). The first is that although the IVAN
provides clear and objective demarcation points between the different
stomach regions on the lesser curvature, those between the stomach
regions on the greater curvature are less well defined and leave room for
speculation. Secondly, the IVAN descriptions of the gross anatomical
stomach parts include reference to the type of mucosal lining.
Comparative studies have indicated that the internal lining of the
stomach is so variable among different species that for clarity of
description, it would be essential to make as many exceptions to the
definitions as there are variations (Edelman, 1889; Oppel, 1896; Bensely,
1902; Haane, 1905; Pernkopf and Lehner, 1939; Schultz 1962; Langer, 1973a;
Sheahan and Jervis, 1976; Langer, 1988). It appears that there is a need for
clear, objective and uniform definitions of the gross anatomical stomach
parts which are independent of their mucosal lining and which can be
used throughout the range of mammals.



The studies of the muscle coat of the vertebrate stomach by Pernkopf
(1930) provide a possible solution to the above problems. The muscle
coat of the mammalian stomach has, like the rest of the intestinal tract,
an outer longitudinal and an inner circular muscle layer (Brade, 1883;
Oppel; 1896; Pernkopf, 1930; Nickel et al., 1973). Unlike the rest of the
mammalian tract however, the mammalian stomach shows a third,
inner layer of oblique muscle fibres, the fibrae obliquae internae
(Pernkopf, 1930; Nickel et al., 1973; Schaller, 1992). Each of the stomach
parts (corpus ventriculi, fundus ventriculi and pars pylorica) is delineated
by a different combination of two of these three muscle layers (Pernkopf,
1930). This organisation of muscle layers not only follows a similar
pattern among those animals with a unilocular stomach but can also be
found in bilocular and even multilocular stomachs such as those of the
ruminants (Pernkopf, 1930). Furthermore, these descriptions of the
different stomach parts respect the borders on the lesser curvature given
by IVAN (Schaller, 1992) and provide objective and uniform demarcation
points for the stomach parts on the greater curvature. In the present
study, the babirusa stomach will be divided in its different gross
anatomical parts according to the course of the muscle layers. The
description of the spread of the different types of mucosal linings will
then be made with reference to these borders. This will eliminate the
existing inconsistencies between the external gross anatomical parts, the
course of the muscle layers and the internal lining of the stomach.

The only reference to the histology of the babirusa stomach is an
indication of the distribution of the different types of gastric glands over
the surface of the stomach (Langer, 1973a, 1988). No histological
description of the different gland types in the babirusa stomach is
available in the literature. In the present study the histological structure
of the different gland types in the babirusa stomach will be described and
histochemical techniques employed to identify the sites of mucus
production in these glands.

Finally, the results of both the gross anatomical and histological studies

will be discussed with regard to possible mechanism of digestion in the
babirusa.
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2. Materials and methods

Specimens

The stomachs of the following babirusa were used for this study
(studbook data from Plasa (1992, 1993)). The cause of death of the animals
was unrelated to the gastrointestinal system unless indicated otherwise.

Adult female: studbook number 0004

Born: Antwerp 05.04.1975

Died: Antwerp 11.11.1991

Stomach was modelled in plasticine to preserve the way it was positioned
in the abdomen of the animal. This plasticine model formed the basis for
the orientation of all the gross anatomical drawings. The stomach was
opened, emptied and fixed in 10% formalin about 90 min. after death.

One year old male: studbook number 0156

Born: Antwerp 18.07.1991

Died: Munchen 21.08.1992

Stomach was collected and fixed unopened in 10% formalin
approximately 12 hours after death. The animal had been stored in a
cold-room until that time.

Adult male: studbook number 0012

Born: Stuttgart 29.07.1976

Died: Frankfurt 17.09.1992

Stomach was collected and fixed approximately 90 minutes after death.
The stomach was opened and emptied completely (except for the
diverticulum which remained closed and filled) before it was fixed in
Klotz fixative.

Adult male: studbook number 0015

Born: Surabaya ca. 1975

Died: Rotterdam 29.10.1992

Stomach was fixed unopened in 10% formalin.
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Adult male: studbook number 0020

Born: Stuttgart 04.01.1979

Died: Leipzig 09.01.1993

Animal suffered from chronic diarrhoea over a period of about 6 weeks;
it died during the night and was autopsied the next day (Eulenberger,
pers. comm.). Stomach was fixed unopened in 10% formalin. The
autopsy revealed gastric mycosis (Eulenberger, pers. comm.). This
stomach was only used for gross anatomical purposes.

Adult male: studbook number 0030

Born: Frankfurt 26.02.1981

Died: Leipzig 17.03.1993

Animal was autopsied several hours after death. The stomach was fixed
unopened in 10% formalin.

Adult female: studbook number 0048

Birth date unknown, arrived from Jakarta in Antwerp 28.04.1984

Died: Antwerp 02.05.1993

Animal died from an abdominal malignant leiomysome cancer not
associated with the gastro-intestinal tract (De Meurichy, pers. comm.).
The stomach was collected and fixed opened and emptied between 60 and
90 minutes after death. The fixative used was Bouin's.

Stomachs were opened by cutting along the greater curvature leaving the
region of the diverticulum intact in order not to damage the spiral fold at
_its entrance. Whether or not stomachs were opened and emptied before
fixation was mainly governed by the time span between death of the
animal and collection of the stomach. In those cases where stomachs
could be collected during autopsies which were carried out immediately
after death, it was chosen to open up and empty the stomachs in order to
obtain histological samples of good quality. If stomachs could not be
collected soon after death, it was assumed that the histological structure
of the mucosa would already be damaged. It was therefore decided to fix
the organ when still filled with its contents so that the natural shape
would be more or less preserved. Table 2.1 indicates which specimens
were used for which aspects of the anatomical study
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Table 2.1 Use made of individual stomach specimens. The animals were
identified by their studbook number according to Plasa (1992, 1993). (+ =
used for that aspect of the study, - = not used for that aspect of the study)

Animal Topographical Muscle Surface Histology
number drawings layers area

0004 + -
0156 - +
0012 - -
0015 +

0020 + -
0030 +

0048 - - - +

+ + + + +
+ + +

Gross anatomy

The division of the stomach into its gross anatomical parts (fundus
ventriculi, diverticulum ventriculi, corpus ventriculi and pars pylorica)
was carried out according to the descriptions published by Pernkopf
(1930). Each of the stomach parts is delineated by a different combination
of two of the three muscle layers in the stomach wall.

The fundus ventriculi is built up of the external stratum longitudinale
(longitudinal muscle layer) and the internal fibrae obliquae internae
(internal oblique fibres) and stretches from the incisura cardiaca on the
lesser curvature to the place on the greater curvature where the circular
muscle layer of the corpus ventriculi starts. The corpus ventriculi is
mainly constructed out of the stratum circulare (circular muscle layer)
externally and the internal oblique fibres internally with some external
longitudinal fibres on its lesser and greater curvature. It extends on the
lesser curvature from the oesophagus to the incisura angularis and on
the greater curvature from the place where the circular muscle layer starts
(because that is the border with the fundus) to the place where the
internal oblique fibres stop. The pars pylorica is made up of the external
longitudinal and internal circular muscle layer and stretches from the
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incisura angularis on the lesser curvature to the place on the greater
curvature where the internal oblique fibres of the corpus ventriculi stop.
The orientation of the internal muscle layers across the stomach was
studied by removal of the tunica mucosa. The orientation of the outer
layers was often clear from external examination; the serosa was only
removed in doubtful regions.

Stomach luminal surface measurements were carried out on the mucosal
lining of the stomach, except for the unopened diverticulum the surface
area of which was estimated from the outside. Pieces of paper were fitted
against the internal surface of the stomach, care being taken to follow the
major sacculations and muscular folds. The method did not allow
incorporation of the smaller mucosal folds, especially in those stomachs
which were very contracted as a result of fixation after emptying of the
stomach contents. These pieces of paper were dried to constant weight in
a drying oven at 45°C together with 3 papers with a known surface area of
25cm? and 3 with a surface area of 100cm2. After drying, the papers were
weighed and the unknown surface areas were calculated from the weight
of the papers with known surface areas. The 3 papers of 100cm? had a
weight of 0.502 + 0.008g and those of 25cm?2 weighed 0.126 + 0.001g. These
results confirmed that the 100cm?2 papers were indeed four times heavier
than the 25cm?2 papers and that there were no large variations in the
paper thickness and quality. The value of 0.126 g per 25cm? was used for
the calculations of the unknown surfaces.

Histology

Samples were taken from the different regions of the stomach.
Photographs of the sample sites allowed retrospective identification of
the sites sampled at all times. All samples from stomach 0048 were fixed
in Bouin's fluid. Most samples from stomach 0004 were taken from the
fresh stomach and fixed in Bouin's fluid, some additional samples were
later taken from the formalin (10%) fixed stomach. Samples of stomach
0012 were taken after the stomach had been stored in Klotz fluid for one
day and were then fixed in Bouin's fluid. All samples from stomach 0156
were fixed in 10% formalin. All samples fixed in Bouin's fluid were kept
in the fluid for 24 hours only, after which they were stored in 70%
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alcohol. Paraffin sections of 6um thickness were stained with: Ehrlich's
haematoxylin and eosin (H&E), H&E/Periodic acid-Schiff (PAS)
technique, Alcian blue (pH 2.5) (AB), Alcian blue/PAS technique
(AB/PAS) and High iron diamine/Alcian blue (pH 2.5) method (HID/AB)
(Culling et al., 1985).

Throughout this study, various terms will be used with reference to
mucus. Mucus is the slimy product which is secreted by various cells
(Reid and Clamp, 1978). The various substances giving the mucus its
typical slimy characteristics are the mucosubstances (Reid and Clamp,
1978; Creeth, 1978). In the case of stomach mucus, these mucosubstances
are glycoproteins, also referred to as mucins (Creeth, 1978; Allen and
Garner, 1980; Allen et al.,1982). In order to detect all the sites of mucus
production in the glands of the stomach, it was necessary to apply
staining techniques for the different types of glycoproteins. The PAS
technique stains only neutral glycoproteins (deep red colour) (McManus
and Mowry, 1960; Drury and Wallington, 1976; Culling et al., 1985).
Alcian blue indicates with a blue colour the presence of sulphated and
non-sulphated acid glycoproteins (also called sulphomucins and
sialomucins respectively) (McManus and Mowry, 1960; Drury and
Wallington, 1976; Culling et al., 1985). The AB/PAS technique stains
neutral glycoproteins red, acid glycoproteins blue and a mixture of the
two types purple to dark blue (McManus and Mowry, 1960; Culling et al.,
1985). The HID/AB method allows differentiation between sulphated
and non-sulphated acid glycoproteins; the former are coloured grey-
purple-black and the latter blue (Spicer, 1965; Culling et al., 1985).

Mast cells also colour blue with AB and grey-purple black with HID
because of the presence of heparin, a sulphated and carboxylated
mucosubstance (Culling et al., 1985).

Nomenclature
The anatomical nomenclature used in the present study is that found in
the Illustrated Veterinary Anatomical Nomenclature which already

contains all the changes approved for the 4th edition of the Nomina
Anatomica Veterinaria (Schaller, 1992). The names of the gross
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anatomical parts of the babirusa stomach correspond with those proposed
in IVAN and the regions of the stomach identified by these terms are
indicated in the text.

3. Results

Gross anatomy

External gross anatomy

In general terms, the babirusa follows the basic plan of the porcine
stomach. It is a unilocular, pouched and composite stomach, meaning
that it consists of a single chamber provided with a diverticulum and
contains areas of both non-glandular and glandular mucosa (Langer,
1988). To the left of the oesophagus a blindsac is found, the fundus
ventriculi, separated from the oesophagus by the incisura cardiaca on the
lesser curvature. The fundus ventriculi possesses a blind pouch at its
extremity, the diverticulum ventriculi. On the lesser curvature, to the
right of the oesophagus, another notch can be found, the incisura
angularis, separating the central part of the stomach, the corpus
ventriculi, from the right part of the stomach, the pars pylorica, which
leads distally to the duodenum. As will become clear in the following
descriptions, however, the babirusa stomach is a more complex version
of this basic porcine stomach plan. For convenience, the corpus
ventriculi will be referred to as corpus, the fundus ventriculi as fundus
and the diverticulum ventriculi as diverticulum throughout the
remainder of the text.

Drawings of the adult babirusa stomach as it was positioned within the
abdomen of the animal can be found in Fig 2.1. The fundus was
positioned to the left of the corpus and extended dorsally into the
diverticulum. The diverticulum itself pointed caudally and to the right.
The pars pylorica of the stomach was relatively small, positioned to the
right of the corpus and pointed in cranial direction. The division of the
stomach into its gross anatomical parts along the greater curvature, as
indicated in the drawings, was carried out according to the course of the
muscle layers (see introduction). The muscle coat of the babirusa
stomach was described in detail by Langer (1973a) the results of which are
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Fig. 2.1 Adult babirusa stomach as it was positioned within the abdomen of the -
animal. The shadings indicate the delineations of the different external gross
anatomical regions of the stomach.

W Corpus ventriculi
=== Fundus ventriculi
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indicated in Fig. 2.2a. Personal observation largely confirmed the
distribution of these muscle layers but in addition suggested two changes
as indicated in Fig. 2.2b.

Both on the parietal and the visceral sides, the fibrae oblique internae
extended further towards the end of the stomach thereby including the
entire bend of the stomach towards the pylorus. This latter region
formed a clearly identifiable entity not described as such by Vrolik (1843),
Davis (1940) or Langer (1973a, 1978). The structure was wedge shaped and
positioned towards the end of the right half of the babirusa stomach. The
narrow end of the wedge was located at about the height of the incisura
angularis on the lesser curvature. The wide end of the wedge was found
on the greater curvature where the stomach bent in a caudal direction
(Fig. 2.3). The area was characterised by a smoothly stretched surface, a
non-folded convex border with the greater curvature and a clearly visible
and plentiful supply of blood vessels running from the greater curvature
towards the lesser curvature in the direction of the point of the wedge.
An obvious fan of collagen fibres was visible on its ventral surface
towards the lesser curvature. According to the degree of filling of the
stomach the impression was sometimes created of two external
constrictions on the greater curvature separating this region from the
remaining corpus of the stomach on the left side and the pyloric end on
the right side. However there were no internal muscular folds
corresponding to these external constrictions and it was likely that this
impression was created by differences in the characteristics of the stomach
wall. The remaining corpus of the stomach had a very thin and much
folded wall with haustra-like sacculations which contrasted well with the
thicker, smoothly stretched wall of the wedge-like structure. The
difference in wall structure between the two regions was certainly clear to
the touch, especially if the stomach was filled. Since the outer extent of
the fibrae obliquae internae on the greater curvature indicated the border
between corpus ventriculi and pars pylorica, the significance of the fibrae
obliquae internae completely incorporating the wedge shaped entity was
that this structure now definitely belongs to the corpus ventriculi and not
to the pars pylorica. This observation proved to be of significance when
the internal lining of the stomach was examined.
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Fig. 2.3 Detail of the visceral %}"loric part of the babirusa stomach.
(Drawn from the stomach of the 1 year old animal (studbook number 0156))

A: Pars pylorica o
B: Wedge shaped entity representing the right outer part of the corpus ventriculi
C: Remainder of the corpus ventriculi

1: Blood vessels

2: Fan of collagen fibres

3. Tenia-like folds in the corpus ventriculi

4. Haustra-like sacculations of the corpus ventriculi
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The second change to be made with regard to the course of the muscle
layers concerned the outer circular layer in the corpus ventriculi (Fig.
2.2b). According to Langer (1973a, 1988) this layer was only present for a
very short distance on the lesser curvature; the consequence of this
assertion was that the haustra-like sacculations of the corpus ventriculi
were made up of only one muscle layer, the fibrae obliquae internae, the
thickened fibres of which formed taenia-like folds. Personal observations
suggested that for the greater part of the corpus ventriculi, the outer
circular layer was present over a larger area of the corpus wall, its extent
only becoming less clear at the greater curvature. Only the outer left part
of the corpus seemed to be composed of only one muscle layer. This ran
in a circular fashion but could not be identified with certainty as being
either the true circular layer or alternatively the fibrae obliquae internae
running in a circular fashion. Since the end of the circular layer of the
corpus ventriculi on the greater curvature constituted the border between
the corpus and the fundus, the former observation would complicate the
positioning of this border. However, two further observations were
made in the region with a singular muscle layer. Firstly, an internal
muscular fold was present in this region; this appeared to be part of the
internal spiral fold at the entrance of the fundus ventriculi described by
Langer (1973a, 1988). Secondly, the outer longitudinal muscle layer,
which in the corpus region was only present as a narrow strip along the
greater curvature, passed onto the side walls of the stomach in this region
to form the outer muscle layer covering the fundus and diverticulum.
Both of these observations helped to locate the border between corpus
and fundus at the end of the small region with a single circular muscle
layer.

After the establishment of objective borders between the different parts of
the stomach it was possible to measure the surface areas of the mucosa
covering each of these parts. The results in Table 2.2 demonstrated that
the babirusa stomach was a voluminous organ which had a total luminal
surface area of around 3000cm? in the fully grown adult animal. The
total mucosal surface area of the one year old animal (0156) was about
half the size of that of the adult animals. Except for the proportionately
larger size of the diverticulum, the percentage of the total stomach
surface area taken up by the different stomach parts did not seem to be
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markedly different in the young animal. In all animals the corpus
formed the largest part of the stomach closely followed by the fundus.
The area covered by fundus and diverticulum together was almost the
same as that covered by the corpus alone. The pars pylorica covered less
than 10% of the stomach's mucosal surface area.

In addition to the results in Table 2.2 the mucosal surface areas of
stomachs from two other adult babirusa were measured. The results
from these animals were quite different. The areas covered by the
different stomach parts in the animal 0012 were: fundus 224cm? (14%),
diverticulum 358cm? (22%), corpus 707cm?2 (44%), pylorus 322cm? (17%)
and total stomach area 1611cm? (100%); those for the animal 0004 were:
fundus+diverticulum: 474cm? (39%), corpus 518cm? (43%), pars pylorica
210cm?2 (18%), total stomach area 1202cm?2 (100%). Both these stomachs
had been fixed after removal of the digesta and the muscular wall had
therefore undergone extensive contraction. Because of the thinness of
both the tunica muscularis and tunica mucosa in the fundus,
diverticulum and corpus (up to the wedge-shaped entity), these regions
were especially susceptible to contraction during fixation, resulting in
extensive folding and a general decrease in measurable mucosal surface
area. The stomach of the animal 0012 was opened up entirely except for
the diverticulum which was fixed while full of digesta. As a consequence
this latter region of the stomach had retained its large size. The opened
stomach of the animal 0004 had contracted to such an extent that it was
no longer possible to detect the border of the diverticulum. The fundus
and diverticulum were therefore measured together. The pars pylorica
seemed to be less affected by shrinkage through fixation, the results for
this area in both stomachs being in the same range as those of the
stomachs in Table 2.2.

Because of the alteration in total stomach mucosal area, and the
differential degrees by which the different parts of the empty stomach
contracted during fixation the results from the opened stomachs were
excluded from further analyses.
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Internal surface differentiation

The muscular differentiation of the internal surface of the stomach was
described by Langer (1973a, 1988) and confirmed by personal observations.
The fibrae obliquae internae closest to the lesser curvature were strongly
developed and formed a loop around the cardiac opening, the crest of
which lay in the incisura cardiaca. The legs of this muscular loop were so
thick that they formed the bases of two mucosal folds running towards
the pars pylorica in the pars nonglandularis, equivalent to the more well
developed gastric groove of the ruminant. The floor of this groove was
formed by the circular muscle layer of the corpus region. At the base of
the diverticulum a spiral fold was formed by the internal oblique fibres
which ran counter clockwise into the diverticulum (Langer, 1988).
Another spiral fold formed by the internal oblique fibres could be found
at the border between the corpus and fundus spiralling into the fundus.

The present study indicated the following with regard to the distribution
of the different gland-types over the internal surface of the stomach (Fig.
2.4). Like all pigs, the babirusa showed a small area of nonglandular
squamous epithelium or pars nonglandularis on the lesser curvature.
This surrounded the oesophagus and extended for a small distance into
the fundus, but mainly stretched in the direction of the pars pylorica and
ended before the plica angularis. Nonglandular squamous epithelium
completely covered the two folds running towards the diverticulum
which formed the equivalent of the gastric groove.

The diverticulum, fundus and the largest part of the corpus, up to the
wedge-shaped structure discussed above, were covered by the glandulae
cardiacae or cardiac glands. The border between the pars nonglandularis
and the cardiac gland area was always abrupt. The glandulae gastricae or -
gastric glands were mainly confined to the wedge-shaped structure at the
end of the corpus. This structure will from now on be referred to in the
thesis as the "gastric unit". The terms gastric pouch or gastric chamber
were avoided because of the wide internal connections between the
gastric unit and both the remainder of the corpus and the pars pylorica.
The gastric gland area did not reach as far as the incisura angularis region
of the lesser curvature but was separated from it by a thin strap of cardiac
glands. The internal border between the gastric unit and the remainder
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Fig. 2.4 Adult babirusa stomach as it was positioned within the abdomen of the
animal. The shadings demonstrate the distributions of the different types of
mucosal lining within the stomach.

—— Stratified squamous epithelium
s~ Cardiac glands

; Gastric glands

111l Pyloric glands

O = Oesophagus

D = Duodenum
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Fig. 2.5 Detail of the pyloric part of the babirusa stomach. The ventral wall has
been removed from the pars pylorica and the gastric unit to demonstrate the
internal surface differentiations of the dorsal wall.

A: ylorica

B: Gastric unit = the wedge-shaped entity representing the distal part of the
corpus ventriculi

C inder of the corpus ventriculi (unopened)

1. Muocosal fold separating the gastric unit with gastric glands from the
remﬁinder of the corpus with cardiac glands

- 2. Plica ’

3. Shallow mucosal folds at the transition of the gastric unit into the pars pylorica
4. Torus pyloricus

5. Tunica mucosa

6. Tunica muscularis
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of the corpus region was formed by a fold composed of tunica mucosa and
tela submucosa (Fig. 2.5). The fold was very prominent on the dorsal wall
of the stomach but became less clear as it ran from the greater to the lesser
curvature on the dorsal wall. That side of the fold bordering on the
remainder of the corpus had a thin tunica mucosa which thickened as it
reached the top of the fold and ran over onto the side of the fold
bordering the gastric unit.

The tunica mucosa of the gastric unit thinned out as it reached the border
with the pars pylorica, whereas the tunica muscularis thickened. Both
tendencies continued in the first part of the pars pylorica. Some shallow
mucosal folds could be seen at the transition of the gastric unit into the
pars pylorica. The pars pylorica was lined with glandulae pyloricae or
pyloric glands. No clear demarcation line between pyloric and gastric
glands could be found. Both macroscopic and histological observations
indicated that both gland types gradually ran into each other (see
histological section). The pyloric glands bordered on the stratified
squamous epithelium region of the lesser curvature.

Table 2.3 shows the surface areas covered by each of the different gland
types in the babirusa stomachs investigated during the present study.
Most striking was the enormous size of the cardiac gland area, covering
more than 70% of the total stomach area, and the very small area (8%-
12%) covered by the gastric glands. The results for the 1-year-old animal
were not different from those of the full-grown animals.

Histology

As indicated above, one non-glandular and three types of glandular areas
(cardiac, gastric and pyloric gland areas) could be distinguished in the
babirusa stomach. The non-glandular area of the stomach was covered by
non-keratinised stratified squamous epithelium. From the luminal
surface to the outside of the stomach the following zones could be
identified in the stomach wall (names according to Banks (1986) and
IVAN (Schaller, 1992)). The most luminal zone of the stomach wall was
the tunica mucosa which itself comprised the lamina epithelialis
mucosae, the lamina propria mucosae and the lamina muscularis
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mucosae. The lamina epithelialis mucosa consisted of a simple

columnar epithelium which continued into the gastric pits. The bases of
the gastric pits were continuous with the exits of the stomach glands. The
gastric pits and the glands were embedded in the lamina propria mucosae
which sent connective tissue strands alongside individual glands. A thin
lamina muscularis mucosae, containing smooth muscle, was present in
all regions except the pyloric gland region where it formed a relatively
thick layer. At its base, the tunica mucosa bordered the tunica submucosa
which contained predominantly connective tissue, blood vessels and
adipose cells.

The next major layer in the stomach wall was the main muscle coat of
the stomach or tunica muscularis. The tunica muscularis was composed
of two layers, usually a thicker inner layer and a thinner outer layer.
Considering the relatively complicated arrangement of the different
muscle layers in the fundus and the corpus of the babirusa stomach, a
clear inner circular and outer longitudinal layer could not always be
observed in these stomach parts, the layers sometimes showing different
orientations. However, clearly arranged inner circular and outer
longitudinal muscle layers were present in the very thick tunica
muscularis of the pars pylorica. The final, outer layer of the stomach was
formed by the tunica serosa which was composed of a thin layer of
connective tissue and a final lining of mesothelium.

In what follows, the lamina epithelialis mucosae and the lamina propria
mucosae of the different glandular areas are discussed in more detail.

Cardiac gland area: Fig. 2.6 and Fig. 2.7

The stomach surface was lined by a simple columnar epithelium which
became more cuboidal as it moved into the gastric pits or foveolae
gastricae. The gastric pits could be quite long and regularly occupied 1/3
to 1/2 of the depth of the combined gastric pit and glands. The density
and degree of coiling and branching of the glands seemed to be somewhat
variable among individuals, but in general the glands were tubular,
branched and coiled at their bases. At regular intervals, several glands
ended in a single depression of the surface of the lamina propria
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Fig. 2.6  Tunica mucosa of the cardiac gland region of the babirusa
stomach. (AB/PAS)

Fragments of adherent mucus gel

Gastric pit epithelial cells which stained purple with AB/PAS and

appear black on the photograph.

N: Cells in the neck region of the cardiac glands which stained red with
AB/PAS and appear grey on the photograph.

B: Cells in the basal region of the cardiac glands which stained red W1th
AB/PAS and appear grey on the photograph.

L: Connective tissue of the lamina propria mucosae containing

numerous lymphocytes
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mucosae, the sulci gastrici or gastric grooves, which separated areae
gastricae or gastric fields from one another. At the surface, the nuclei of
the epithelial cells were oval in shape and positioned at up to one third of
the cell-length from the basal membrane. As the epithelium continued
down into the gastric pits the nuclei became rounder and displaced
towards the basal membrane. The luminal side of the surface cells was
sometimes covered with a dark stained layer of material. When stained
with H&E/PAS, the epithelial cells towards the bottom of the gastric pits
showed a small, PAS positive area in their cell apex. As the epithelium
moved up to the top of the gastric pits, this stained area became larger,
more intensely stained, and filled the apical region of the cells up to the
luminal border but left the area around the nucleus unstained. The
stained apical area reached its maximum size in the cells at the top of the
gastric pits and in the surface epithelial cells, but a clear unstained zone
always remained between the nucleus and the stained apical area.

The apical region which stained red with PAS, as well as the darkly
stained layer of material covering the luminal surface of the stomach,
were stained bright blue with AB, the stained area becoming larger from
the deeper areas of the gastric pits towards the surface. With AB/PAS, the
layer of material covering the luminal surface of the stomach and the
apical region of the surface and gastric pit epithelial cells were coloured
intensely dark purple-blue (Fig. 2.6). Travelling from the surface to the
bottom of the gastric pit, the coloured area in the apex of the cells became
smaller, less blue and more purple, violet and eventually PAS-red in
colour. In those gastric pits with a wide lumen, an intensely PAS-red
coloured substance could sometimes be observed in the centre of the
lumen, contrasting sharply with the dark purple colour of the apex of the
epithelial cells lining the lumen. HID/AB caused the layer of material
covering the luminal surface of the stomach and the apical region of the
surface- and gastric pit epithelial cells to be stained grey-purple with a
somewhat AB-blue haze (Fig. 2.7). Travelling from the surface to the
bottom of the gastric pit, the grey-purple coloured area in the apex of the
cells became smaller. The small stained area in the apex of the cells

nearer the bottom of the gastric pits tended to be predominantly blue in
colour.
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Fig. 2.7  Tunica mucosa of the cardiac gland region of the babirusa
stomach. (HID/AB)

M: Fragments of adherent mucus gel

P:  Gastric pit epithelial cells. Those closest to the stomach surface
stained grey-purple with HID/AB (black on the photograph) whereas
those deeper in the pits tended to be predominantly blue in colour
(grey on the photograph).

N: Cells in the neck region of the cardiac glands which remained
unstained with HID/AB.

B: Cells in the basal region of the cardiac glands which remained
unstained with HID/AB.

m: Mastcell stained grey-purple with HID/AB (black on the
photograph).
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The cells of the neck and base of the glands, were cuboidal or somewhat
columnar or pyramidal in shape with a large rounded nucleus positioned
at their base. The cells remained completely unstained by AB but showed
a PAS positive reaction in their apex, although the staining was much
weaker than that in the surface and gastric pit epithelial cells. With
AB/PAS only the latter PAS positive reaction was present in these cells
(Fig. 2.5). No staining occurred in these cells with HID/AB (Fig. 2.6).

The remainder of the lamina propria mucosae, surrounding the cardiac
glands, contained a great many lymphocytes. Both Alcian blue, Alcian
blue/PAS and HID/ AB stains indicated the presence of mast cells
(coloured bright blue in the two former cases and purple-grey-black in the
latter) which were especially numerous in the inner region of the lamina
propria mucosae surrounding the bases of the cardiac glands. Smaller
numbers were also present alongside the gastric pits and in the lamina
muscularis mucosae and the tunica submucosa.

Gastric glands: Fig. 2.8

The lamina propria in this region was thicker than that of the cardiac and
pyloric gland region. The gastric pits however were shorter than in the
two latter regions extending only about 1/5 of the combined depth of the
gastric pits and glands. The glands themselves were densely packed, were
long straight tubular glands which were rarely branched and only showed
coiling at their base. Gastric grooves and gastric fields were formed in the
same way as in the cardiac gland region. The luminal stomach surface
was covered in a single layer of tall columnar epithelium with nuclei
positioned in the base of the cell. Travelling from the top of the gastric
pits to their base, the epithelial cells became less tall. When stained with
H&E/PAS, the surface and gastric pit epithelial cells reacted strongly PAS
positive in their supranuclear region, leaving only a thin band of clear
unstained material between the nucleus and the stained top of the cell.
This PAS positive staining remained prominent throughout the gastric
pit, from its surface to its base (Fig. 2.8).

In the neck region of the glands the parietal cells were most numerous
but their numbers gradually decreased towards the base of the gland. At
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Fig. 2.8  Tunica mucosa of the gastric gland region of the babirusa
stomach. (AB/PAS)

Fragments of adherent mucus gel.

Gastric pit epithelial cells which stained purple with AB/PAS and

appear black on the photograph.

N: Mucous neck cells which stained light red with AB/PAS and appear
grey on the photograph.

B:  Mucous cells in the base of the glands which stained bright red with
AB/PAS and appear black on the photograph. They sometimes
occupied the entire base of the glands.

Arrow: Gastric groove.
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the same time, the number of chief cells (zymogen cells) increased so that
in the base of the glands the chief cells were most numerous. When
stained with H&E/PAS, cells with a PAS positive supranuclear cytoplasm
were present at several places along the entire length of the gland, from
neck to base, surrounded with unstained chief and parietal cells. In some
places these cells occupied almost the entire base of the gland (Fig. 2.8).
When stained with AB only a few cells of the surface and gastric pit
epithelium stained positively. None of the other cell types, except for the
mast cells in the connective tissue reacted AB positive. With AB/PAS,
the dark purple-blue colour could only be detected in a few cells of the
surface and gastric pit epithelium. For the remainder, the reaction was as
with PAS, except for the blue staining of the mast cells in the connective
tissue. HID/AB caused a few cells of the surface and gastric pit
epithelium to be stained blue and an even smaller number of cells in the
same region to be stained purple-grey. The only other positive staining
reaction with HID/AB was obtained in the mast cells which stained dark

purple-grey.

Because of the much thicker stacking of the gastric glands compared to
both the cardiac or pyloric glands, the amount of connective tissue of the
lamina propria mucosae running up between the individual glands was
much less. Somewhat thicker strands of connective tissue could be
observed clumping several individual glands together but the lobules
were not as pronounced as in the pyloric glands. The lymphocytes were
much fewer in number the mast cells showed the same distribution as in
the cardiac gland area.

Pyloric glands: Fig. 2.9

The lamina propria mucosae was thicker in the pyloric region than in the
cardiac gland region but thinner than in the gastric gland region. The
gastric pits in the pylorus were much longer than those of the cardiac
glands or gastric glands. The pyloric glands themselves were short,
tubular, branched and coiled at their base. At regular distances, several
glands ended in a single depression on the surface of the lamina propria
mucosae, the gastric grooves. Within the gastric fields, the pyloric glands
were organised in distinct lobules; groups of pyloric glands separated
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Fig. 2.9  Tunica mucosa of the pyloric gland region of the babirusa
stomach. (AB/PAS)

M: Fragments of adherent mucus gel with necrotic epithelial cells.

P:  Gastric pit epithelial cells which stained purple with AB/PAS and
appear black on the photograph.

B:  Basal region of the glands showing cells which stained purple with
AB/PAS (*) and those which stained red with AB/PAS (+)

Lo: Lobule of pyloric glands surrounded by connective tissue.

Arrow: Gastric groove
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from other groups by thicker strands of connective tissue running up
from the base of the lamina propria mucosae. The shape of the surface
and gastric pit epithelial cells, as well as the shape and orientation of the
nucleus in the cells, was similar to those in the cardiac glands. As in the
cardiac glands, the surface and gastric pit epithelial cells of the pylorus
showed a PAS positive area in their apex. In contrast to the cardiac glands
however, the stained area did not become smaller as the bottom of the
gastric pit was reached, but stayed prominent throughout. All the pyloric
gland cells reacted intensely PAS positive, often leaving no obvious
unstained region around the nucleus but filling the entire top of the cell
right up to the nucleus. When stained with AB, all surface- and gastric
pit epithelial cells showed a positive reaction in those regions of their
cells which were PAS positive. In the glands, AB cells occurred
interspersed with cells coloured only faintly blue or completely
unstained. When stained with AB/PAS, all the surface and gastric pit
epithelial cells and some gland cells stained intensely purple-blue. Others
only stained PAS positive after AB/PAS treatment (Fig. 2.9). With
HID/AB all the surface- and gastric pit epithelial cells and some of the
gland cells stained grey-purple. Most of the remaining gland cells stained
AB-blue only and a few cells remained unstained.

Lymphocytes were present in the connective tissue of the lamina propria
mucosae surrounding the pyloric glands but in smaller numbers than in
the cardiac gland area. AB, AB/PAS and HID/AB stains indicated the
presence of mast cells (coloured bright blue in the two former cases and
purple-grey-black in the latter) which were mostly located in the basal
region of the lamina propria mucosae, the lamina muscularis mucosae
and the tunica submucosa.

The transition from the stratified squamous epithelium to the glandular
epithelium was always abrupt whereas the transition from one glandular
type to the other was always a gradual one. The transition of the cardiac
glands into the gastric glands took place at the mucosal fold bordering the
gastric unit in that region. The tunica mucosa became thicker and more
and more parietal and chief cells appeared as the fold was traversed from
the cardiac to the gastric side. The place of transition from gastric to
pyloric glands was not as clearly visible macroscopically. Microscopically
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the transition was marked by an increase in the thickness of the tunica
muscularis, a reduction in the thickness of the tunica mucosa, an increase
in the gastric pit depth and a reduction in the number of parietal and
chief cells until the glands were composed of pyloric gland cells only.

4, Discussion

In gross anatomical terms, the babirusa stomach differs from that of Sus
scrofa mainly by its large fundus and diverticulum, the presence of a
gastric unit at the distal end of the corpus and the enormous area covered
by cardiac glands as opposed to gastric and pyloric glands.

The large fundus and diverticulum were remarked upon by Davis (1940)
and Langer (1973a, 1988). However, the constriction on the greater
curvature between these two stomach parts, which was said by Davis
(1940) and Langer (1973a, 1978) to be externally visible, was not easy to
identify on all stomachs. Depending on the degree of filling of the
stomach, quite a number of folds and constrictions could be seen in this
area. It was not always clear from the exterior which of these folds
corresponded to the border between the two gastric regions. Inspection of
the muscle layers and an internal investigation of the transverse fold
forming the spiral at the entrance of the fundus (Langer, 1988) were
needed to clarify the situation.

The percentages of stomach mucosal surface covered by the fundus and
diverticulum found in the present study corresponded well with those
reported by Langer (1973a) for an animal said to be an adult (fundus: 37%,
diverticulum: 5.7%) and a ten-week old animal (fundus: 37.6%,
diverticulum 5.0%). However, the absolute numbers of 299.1cm2 for the
fundus and 46.3cm? for the diverticulum which he reported for the adult
stomach were very much smaller than those found in the present study
(around 1000cm? for the fundus and 200cm? for the diverticulum in the
adult animals). Shrinkage due to fixation could not account for such a
large difference. Likewise, methodological dissimilarities between the
studies in the way the mucosal surface areas were determined (external
estimates (Langer, 1973a) versus mucosal surface area measurement
(present study)) could not explain the scale of the differences found.
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Investigations in the Berlin museum pointed out that one of the babirusa
specimens carried a label indicating that its stomach and intestines had
been removed for study by Langer. This particular specimen had a crown
rump length of 46cm. The date of birth on the label was 16.11.01. The
only other date provided by the label was 19.01.12. According to the time
difference between the two dates on the label, just over ten years, the
animal in question seemed to be an adult. However, it was not clear that
the second date was necessarily the date of death of the animal
(Macdonald, pers. comm.). Several adult animals of similar age were
measured in Antwerp Zoo and were found to have body lengths of
between 115 and 141cm. It is unlikely, therefore that the animal in Berlin
museum could be as old as the subtraction of the two dates on the label
suggested. It is likely that the animal was much younger, which would
explain the smallness of the size of its stomach.

The relative sizes of the different stomach parts in the young animal
were very similar to those in the adult animals except for the
proportionately larger size of the diverticulum. It is not yet known
whether this reflects changes in the relative proportions of the stomach
parfs from birth to adult size. The larger diverticulum might be of
importance immunologically considering the large amount of solitary
lymph nodules present in the diverticulum of pigs (Barthol, 1914; Roy,
1973).

A recent review of the available information on the stomach anatomy of
wild pigs other than Sus scrofa indicated that they were very similar in
their anatomy to that of the domestic pig (Macdonald, 1991). No
comparable surface area measurements for fundus and diverticulum
could be found but descriptions and drawings of the stomachs of the
other wild pigs suggest that babirusa is the only member of the Suidae
showing such an enlargement in fundus and diverticulum (Owen, 1851;
Stewart, 1860; Flower, 1872; Garson, 1883; Langer, 1973a, 1988; Macdonald,
1991).

The confinement of the gastric glands to an easily recognisable unit at the
end of the corpus was not described as such by either Vrolik (1849), Davis
(1940) or Langer (1973a, 1988) which created doubt about the gross
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Fig. 210 Delineation of the different external gross anatomical regions
in the babirusa stomach according to Langer (1988).
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anatomical position of this gastric unit; was it part of the corpus or a
portion of the pars pyloricus? Vrolik (1849), Davis (1940) and Langer
(1973a) recognised an external constriction on the greater curvature
which marked the distal end of the corpus on the greater curvature.
Langer (1973a) indicated that this constriction was formed by the most
distal fibrae obliquae internae. However, the figures illustrating the
external stomach parts (Langer, 1988) and the layout of the muscle layers
(Langer, 1973a, 1978) did not correspond to one another (Fig. 2.10 and Fig.
2.2a). In the first, the pars pyloricus was indicated in such a way that it
included a large part of the fibrae obliquae internae of the corpus.
Investigations of the muscle layers in the present study indicated that the
gastric unit was fully included in the course of the internal oblique fibres
of the corpus and was therefore part of that structure. The sometimes-
apparent external constrictions demarcating the gastric unit did not
correspond to internal muscular folds and were probably caused by the
differences in thickness and composition of the stomach wall between the
gastric unit, the remainder of the corpus and the pars pylorica.

Vrolik (1849) and Davis (1940) described the mucosal lining in the first
part of the pars pylorica as having a reticulated appearance, whereas this
was not recognised by Langer (1973a, 1988). It is possible that Vrolik and
Davis referred to the surface structure of the gastric unit, which in the
present study showed a thick tunica mucosae with well developed gastric
fields and grooves. With a bit of imagination, these might possibly be
described as having a honeycomb appearance. Davis (1940) also saw other
resemblances between the babirusa stomach and that of a ruminant. By
considering the reticulated part of the pars pylorica to be the equivalent of
the reticulum, he conceived the idea that the end part of the pars pylorica
formed the abomasum. The diverticulum, fundus and corpus were thus
seen to be the equivalent to the various blindsacs of the rumen. The
results of the present study indicated, however, that:

1) all the internal connections between the various stomach parts were
very wide and that they could therefore not be regarded as separate
chambers

2) the mucosal surface of the gastric unit of the babirusa was not
comparable to the keratinised epithelium covered honeycomb folds of
the reticulum in the ruminant and
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3) apart from the small area of squamous epithelium around the opening
of the oesophagus into the stomach, the entire internal lining of the
stomach was of a glandular nature.

All of these factors are in agreement with Langer's opinion that the
comparison of the babirusa stomach to a typical ruminant stomach was
not justified (Langer, 1988). The typical ruminant stomach is
multilocular with narrow connections between the different chambers; it
has a reticulum with true primary folds formed by the lamina propria
mucosae and the lamina muscularis mucosae in a honeycomb
arrangement. Only the last chamber of the ruminant stomach, the
abomasum, is of a glandular nature; the omasum, reticulum and rumen
are covered by keratinised squamous epithelium (Cordier, 1894; Banks,
1986; Langer, 1988).

The distribution of the stratified squamous epithelium and the different
gland types over the internal stomach surface as described in the current
study corresponded largely with the drawings published by Langer (1973a,
1988). However, a combination of the diagrams Fig. 2.4 and Fig. 2.10
suggests that in the babirusa the gastric glands are completely
incorporated within the pars pylorica. The results of the present study
indicated that this was not the case; the gastric glands were confined to
the gastric unit and were therefore part of the corpus ventriculi. Because
of the less than optimal condition of the stomachs studied by Langer
(1973a, 1978), he was unable to establish accurately the borders of the
pyloric, gastric and cardiac glands at the height of the incisura angularis
on the lesser curvature. Research material available to the present study
enabled me to indicate that the gastric glands did not reach as far as the
lesser curvature, but were separated from it by a narrow strip of cardiac
glands. The pyloric glands did border on the stratified squamous
epithelium of the lesser curvature.

Although the fundus and diverticulum of the babirusa were of a large
size, it may be more important for an understanding of the function of
the stomach to consider not just the area covered by the fundus, but the
total area of the stomach covered with cardiac glands, which included
most of the area of the corpus. For adult animals, the total area covered

44



by fundus and diverticulum in unopened stomachs amounted to about
1000cm? (or about 34% of the total surface area) whereas that covered by
the entire cardiac gland area comprised over 2000cm?2 (or about 77%). The
area of stomach reported by Langer (1988) to be covered by cardiac glands
amounted to 52cm? another indication that the absolute numbers were
too small to represent the stomach of an adult animal.

This large area in the babirusa stomach covered by cardiac glands (about
77%) as opposed to gastric glands (about 12%) and pyloric glands (about
7%) is in sharp contrast with the situation in Sus scrofa where the cardiac
glands occupy around 33% of the total glandular stomach area, the gastric
glands 33% or somewhat more and the pyloric glands 33% or somewhat
less (Greenwood, 1882; Haane, 1905; Barthol, 1914; Nickel et al., 1973;
Langer, 1988). The area covered by stratified squamous epithelium in the
babirusa was small (about 5%), and was similar to that in the domestic pig
(6%) (Langer, 1988).

The general structure of the stratified squamous epithelium and the
different gland types in the babirusa stomach as shown by light
microscopy was very similar to that in Sus scrofa (Heidenhain, 1870;
Greenwood, 1882; Brade, 1883; Ellenberger and Hofmeister, 1885; Oppel,
1896; Haane, 1905; Bensley, 1910; Barthol, 1914; Trautmann, 1926; Sloss,
1954; Schulz, 1962; Bal and Ghoshal, 1972; Georgieva and Gerov, 1975;
Schwab, 1986). The available evidence indicated that the special nature of
the babirusa stomach seemed to lie more with the different proportions
of the glandular areas rather than with their individual structure.

The different staining methods for mucosubstances indicated the
presence of mucus in the surface and gastric pit epithelium of the entire
glandular stomach area, the cardiac glands, the pyloric glands and a
number of cells throughout the length of the gastric glands of the
babirusa stomach. The cardiac glands of the pig were first recognised and
described by Greenwood (1882) who also reported the presence of mucous
substance in the cells of these cardiac glands. There followed a discussion
about the mucous character of these glands (Ellenberger and Hofmeister,
1885; Edelmann, 1889; Bensley, 1902; Haane,1905, Bensley, 1910; Barthol,
1914, Trautmann, 1926; Bensley, 1928) but more modern histochemical
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techniques, such as those employed in the present study, have confirmed
the production of mucosubstances by the cardiac glands of the pig (Schulz,
1962) and several other mammals (Spicer, 1965; Sheahan and Jervis, 1976;
Katsuyama and Spicer, 1978; Dougbag and Berg, 1980). The mucous
character of the surface and gastric pit epithelial cells as well as the pyloric
glands was established early (Greenwood, 1882; Brade, 1883; Ellenberger
and Hofmeister, 1885; Bensley, 1902, 1910, 1928; Haane, 1905; Barthol, 1914,
Trautmann, 1926) and has likewise been confirmed in recent times for
the pig (Bal and Ghosnal, 1972; Georgieva and Gerov, 1975) and other
mammals (Spicer, 1965; Sheahan and Jervis, 1976; Katsuyama and Spicer,
1978; Dougbag and Berg, 1981a, b; Suganuma et al., 1981; Asari, 1985; Ota et
al., 1991). It was Bensley (1896, 1898) who first recognised two types of
"chief cells" in the gastric glands the "neck chief cells" and "body chief
cells", the first differing from the latter by their mucous nature. The
production of mucosubstances by the mucous neck cells was also
demonstrated by more modern techniques and it was found that mucous
neck cells of gastric glands commonly stain PAS positive only (Spicer,
1965; Georgieva and Gerov, 1975; Sheahan and Jervis, 1976; Katsuyama
and Spicer, 1978; Dougbag and Berg, 1981a; Suganuma et al., 1981; Asari,
1985; Ota et al., 1991).

In the babirusa, PAS positive cells were not confined to the neck of the
gland but were present over the entire length of the gland from neck to
base. Greenwood (1882), Bensley (1902, 1928) and Ito (1987) mention the
possibility of the presence of mucous neck cells throughout the entire
length of the gastric gland of the pig to the extent that some glands are
only composed of mucous neck cells and parietal cells to the exclusion of
chief cells. The PAS positive cells observed in the babirusa gastric glands
are therefore likely to represent mucous neck cells as is the case in the
domestic pig.

Studies on a variety of mammals indicated that there are large differences
in the occurrence and distribution of neutral mucins, sialomucins and
sulphomucins within the same gland type among different, and even
closely related species (Spicer, 1965; Sheahan and Jervis, 1976; Suganuma,
1981; Asari et al., 1985). The scarcity of studies employing these
histochemical techniques for the detection of neutralmucins, sialmucins
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and sulphomucins in the pig stomach was therefore surprising. Bal and
Ghoshal (1972) and Georgieva and Gerov (1975) tested for neutral
mucosubstances with the PAS technique in the pyloric and gastric glands
respectively. The distribution of the neutral mucosubstances in these
areas was the same as that observed in the babirusa stomach. The only
other available study tested the cardiac glands of the pig for neutral
mucosubstances with PAS and for acid mucosubstances with various
techniques which differed from those used in the present study (Schulz,
1962). The results of this study were similar to the results for the babirusa
in that only the epithelial cells contained a mixture of the
mucosubstances whereas the cardiac gland cells themselves only
produced neutral mucosubstances. No other information is available on
the distribution of the three types of mucosubstances in each of the
different gland types of the pig stomach. The babirusa therefore
represents the first member of the Suidae in which a study of this kind
has been carried out.

The special histological feature of the babirusa stomach was established to
be the large area of cardiac glands. The histochemical methods used in
this study indicated that the surface and gastric pit epithelial cells, as well
as all the gland cells, produce mucus. The babirusa therefore has a very
large stomach surface area where specifically different types of
mucosubstances are produced. This naturally leads to questions about the
function or functions of this large amount of mucus with respect to the
digestive mechanisms of the babirusa.

The mucus present in the stomach can be said to occur in two forms; a
water-insoluble mucus gel adhering to the surface of the mucosal lining,
and a water soluble mucus which mixes with the gastric juice and the
contents of the gastric lumen (Allen, 1989; Allen and Carroll, 1985). Most
of the studies on the structure, function and composition of mucus in the
stomach have so far concentrated on the mucus-gel adhering to the
stomach surface, especially in the gastric gland region of the stomach
(Allen and Garner, 1980, Allen, et al., 1982; Rees and Turnberg, 1982;
Allen et al., 1986; Allen et al., 1987; Allen, 1989; Crampton, 1988). The
function most frequently ascribed to the adherent mucus gel is that of
protection against the endogenous secretions of acid and pepsin (Allen
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and Garner, 1980; Allen et al., 1982; Rees and Turnberg, 1982; Allen et al.,
1986; Allen et al., 1987; Crampton, 1988). The mucus gel provides a stable,
unstirred layer which prevents the HCOj3™ secreted by the epithelial cells
from dispersing quickly into the lumen where a large amount of acid is
present. Thus, the H* ions are being neutralised as they diffuse into the
mucous gel. A pH gradient is established across the mucus layer so that
the epithelial cells always have an almost pH-neutral environment. At
the same time, the mucus gel provides a diffusion barrier against the
high molecular weight pepsin molecules so that the secretion of mucus
by the epithelial cells stays in balance with the mucolysis by pepsin on the
outer border of the gel. This protective role of the mucus gel is likely to
be of special importance in those regions of the babirusa stomach which
are in direct contact with acid and pepsin activity i.e. the gastric and
pyloric gland area and that area of the corpus which borders on the gastric
unit.

Studies on other tissues and species (e.g. the small intestine of the mouse
(Mus musculus ) (Rozee et al., 1982) have indicated that an adherent
mucus gel often forms the equivalent of a biofilm with an
autochthonous bacterial population on the luminal surface of the organ
(Allen, 1989; Costerton et al., 1987). The presence of micro-organisms in
the stomach of the pig is well known (Smith and Jones, 1963; Fuller et al.,
1978; Kidder and Manners, 1978; Stewart and Chesson, 1993).
Nevertheless, the only study concerned with the detection of micro-
organism on the surface of the pig stomach concentrated solely on the
squamous epithelial region (Fuller et al., 1978). The study of this
particular region was probably encouraged by the detection of microbial
populations attached to the glycocalyx of the squamous epithelium of the
rumen (McCowan et al., 1978).

Micro-organisms inhabiting the mucus gel of the stomach surface have
been ascribed several functions including the provision of an ecological
barrier against external bacterial pathogens and the digestion of dead
epithelial cells (Costerton et al., 1987). The most frequently discussed
function, however, is the digestion of plant components which can not be
digested by the enzymes produced by the host itself. The physiology of
bacterial fermentation has been most extensively studied in the ruminant
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(e.g. Moir 1965, 1968; McDonald et al., 1981). Bacterial fermentation
involves the breakdown of plant structural polysaccharides by means of
bacterial enzymes which cannot be produced by the host itself. The
fermentation products are mostly volatile fatty acids, bacterial protein,
vitamins and gases. Volatile fatty acids are absorbed into the bloodstream
through the gastrointestinal lining and form an important energy source
for the host animal. The gastrointestinal bacteria are not able to absorb
most amino acids and are dependant on ammonia as their nitrogen
source. For this purpose, urea created during the degradation of protein
is not excreted in the urine but is largely recycled. Urea is transported in
the blood to the rumen and flows into the rumen along a gradient where
it gets converted to ammonia which can be utilised by the bacteria.

Organisms at the surface of the stomach are likely to assist in the
digestion of ingested material since the peristaltic movements of the
stomach provide a ready supply of fresh food (Costerton et al., 1987;
McCowan, 1978). Micro-organisms attached to the rumen epithelium are
also known to consume the oxygen that would otherwise diffuse into the
rumen from the tissues, thereby providing the necessary environment
for the obligate anaerobic bacteria in the lumen of the stomach (Costerton
et al., 1987). They have also been shown to produce urease, the enzyme
that converts urea into ammonia, which cannot be produced by the
stomach'’s epithelial cells (Costerton et al., 1987).

Most of the mucus gel lining the stomach tends to disappear with routine
fixation methods such as those used in the present study (Rozee et al.,
1982; Ota and Katsuyama, 1992). However, a number of stomach samples
from animal 0048, which were rapidly preserved in Bouin's fixative, did
retain fragments of the surface mucus-gel. When coloured with Gram
stain, a dense population of Gram positive bacteria could be seen in the
mucus-gel adhering to the surface of the cardiac gland area. A
considerable number were also present in the gel of the gastric gland area
but the numbers seemed to be fewer in the area of pyloric glands. Only a
few micro-organisms could be seen on the surface of the stratified
squamous epithelium. Further studies are needed to identify the species
of the micro-organisms in the different stomach regions and to estimate
their number.
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Additional preliminary observations on both untreated and sugar-
enriched gastric fluids from another babirusa (animal 0012) confirmed the
presence of numerous Gram positive bacteria in the lumen of the fundus
and proximal corpus. Micro-organisms were also present in the distal
part of the corpus and in the pylorus but again seemed to be much fewer
in number. No protozoa were observed. Because of the relatively long
time span between sampling and processing, and the aerobic conditions
employed, the quantification and identification of the micro-organisms
was not attempted as it was unlikely to yield data representative of the
situation in the living animal. Nevertheless, these preliminary
observations confirm the presence of micro-organisms adhering to the
mucus-gel and inhabiting the fluid in the lumen of the babirusa stomach.

It is likely that these organisms engaged in microbial fermentation.
Microbial fermentation in enlarged stomach areas is generally associated
with the ruminants. Babirusa have never been observed to ruminate,
but forestomach fermentation is certainly not limited to the group of
ruminantia. Six criteria for ruminant-like digestion have been proposed
(Moir 1965; Langer, 1975, 1979):

1. Gastric chambers to store the digesta and slow down its rate of passage
through the stomach.

2. Micro-organisms to help to digest food.

3. Microbial fermentation products which are absorbed through the
stomach wall.

4. The host makes use of the vitamins produced by the microbes.

5. With the help of microbes, non protein nitrogen can be used by the
host.

6. In the young animal an effective ventricular sulcus is necessary.

The applicability of these criteria to the situation in the babirusa is
discussed below.

Although the babirusa has an enlarged cardiac glahd area (>70% of the
total stomach surface area), the internal connection between this area and
the gastric unit remains very wide. Many animals with a ruminant-like
digestion show a system of folds and/or blindsacs in the stomach which
help to slow down the passage of digesta and increase time available for
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fermentation. This is well illustrated by the two closest family relatives
of the pigs, the peccaries (Tayassuidae) and the hippos (Hippopotamidae).
The stomach of the peccary is characterised by two blindsacs emptying
into a central gastric pouch (not to be confused with the gastric unit in the
babirusa) via a blindsac junction (Cuvier, 1835; Edelmann, 1889; Pernkopf
and Lehner, 1939; Langer, 1973a, 1978, 1979). The blindsacs together with
the gastric pouch form the forestomach which then empties into the
glandular stomach. The basal region of the gastric pouch and some areas
of the blindsacs are covered with cardiac glands whereas the remaining
regions in the structures are covered with stratified squamous
epithelium. In the hippopotamus, the forestomach is compos