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ABSTRACT

The role of bacteria in the digestive tract of the abalone Haliotis midae was examined to
determine whether bacteria aid hydrolysis of polysaccharides present in seaweeds which
farmed abalone consume. The enteric bacteria were enumerated using culturable and total
(DAPI) counts. The numbers of culturable bacteria fell between 3.5x10° and 2.3x10® cfu/g
wet weight tissue. The DAPI counts were between 1.6x10° and 5.1x10°cells per gram of
tissue. The numbers of bacteria differed between the crop, stomach and intestine. Electron
microscopy showed that bacteria were present on the food and gut wall. No specialised
structures, to aid adhesion of bacteria, were apparent on the gut wall. The isolated bacteria
were identified to genws level using standard biochemical and morphological tests. The
common genera identified were Vibrio, Alcaligenes, Flavobacteria, Pseudomonas and
Aeromonas. The bacterial communities in each gut region varied, suggesting that both
resident and transient bacterial populations are present in H. midae. Alcaligenes occurred

mainly in the crop, while Vibrio species were predominant in the stomach and intestine.

The bacterial isolates were tested for their ability to hydrolyse the polysaccharides alginate,
laminarin, CMC, carrageenan and agarose. Bacteria able to utilise these polysaccharides
belonged to the genera Flavobacteria, Pseudomonas, Vibrio, Alcaligenes, Bacillus and
Enterobacteria. Many of the isolated bacteria were capable of utilising two or three of the

substrates tested.

Quantitative polysaccharase assays using the reducing sugar assays of Nelson (1944) and
Somogyi (1952) and Gardner et al. (1988) were employed. These assays showed that bacteria

from the crop exhibited the greatest degree of CMC and alginate hydrolysis. Bacteria from



the intestine exhibited the greatest carrageenan and agarose hydrolysis. The endogenous
enzymes produced by H. midae were examined using extracts of the hepatopancreas as it was
found to be bacteria free. It was found that abalone synthesize a CMCase, laminarinase,
alginase, carrageenanase and agarase. However, the synthesis of these enzymes was related
to the diet of the abalone. Abalone fed Ecklonia (which contains relatively high
cc;ncentrations of alginate and laminarin) exhibited significantly higher alginase and
laminarinase activity than abalone fed Gracilaria. Similarly, abalone fed Gracilaria (which
contains relatively high proportions of carrageenan and agar) produced significantly higher
carrageenanase and agarase activity. Furthermore, these enzyme activities were found to be
similar. to those extracted from gnotobiotic abalone (obtained using the antibiotics
chloramphenicol (250ug/ml), ampicillin (600ug/ml) and cefotaxime (250ug/ml)), indicating
that polysaccharide synthesis occurs in the hepatopancreas of H. midae. Polysaccharase
assays on gnotobiotic abalone were compared to assays on untreated abalone. Bacteria were
found to significantly enhance the polysaccharase activity of alginase, laminarinase and

agardase.
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Chapter 1: Introduction 2

Abalone are a highly priced food in many regions of the world. The abalone fishery in South
Africa, which began in 1949 and extended from Cape Columbine to Quoin point, near Cape
Agulhas (Tarr, 1992), utilises a single species, Haliotis midae. Prior to 1984, the total catch
of the fishery (about 600 MT per year) was exported to the East but, since then 10% is
reserved for local consumption. In 1992 the export value of abalone was about R16 million

(Tarr, 1992).

The South African fishery began to decline in the 1960’s due to overfishing and poor
fisheries management (Britz, 1990). Similarly, the global abalone fishery declined by 35%
from 1975 to 1989 (Britz, 1990) which resulted in an increase in the price of abalone as
fisheries could not meet the market demand. Typically, when a fishery declines, the

economic viability of farming the species is enhanced (Britz, 1990).

The culture of abalone began in Japan in the 1960’°s with the aim of restocking the wild stock
(Britz, 1990). South Africans were reluctant to enter into the culture of abalone because H.
midae is a slow grower, taking 8 years to reach maturity and 12 years to reach the legal,
harvestable size. Interest in the culture of South African abalone began when Genade, Hirst
and Smit (1988) showed that H. midae could be successfully spawned in captivity. Coupled
to this was the development of a market for "cocktail" ( 50mm shell length) abalone in the
East and the demonstration that growth rates of H. midae were faster in captivity than in wild
populations (Cook, 1990). Britz (1994) reported that cultured abalone are rapidly becoming
respected as a reliable source of abalone all year round and cultured abalone can demand

very high prices on the international market.
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One problem that still faced aspirant abalone farmers in South Africa was the identification
of an optimal diet for farmed abalone. The seaweeds Plocamium, Laminaria and Ecklonia
are preferred by wild abalone (Barkai and Griffiths, 1987), but these seaweeds may not be
the best feeds in culture (Simons, 1990) as Ecklonia and Laminaria are low in protein,
containing 7.8 and 9.1% respectively (Simons, 1990). Therefore, there is little nitrogen
available to the abalone. Stepto (1993) showed that H. midae achieve faster growth rates on
a diet of Porphyra but this seaweed may not be sufficiently abundant as a food for abalone
farms. Even with the introduction of artificial foods Ecklonia would be the most cost

effective food.

Branch and Branch (1981) noted that bacteria were present on kelp fronds, and possibly these
bacteria precondition the kelp prior to consumption by a host. If this is so, then it is possible
that Ecklonia could become a more nutritive food source. Recent research has focused on
rotation diets using seaweeds and artificial feeds (Simpson, 1994). One area of research that
has been neglected is possible strategies that could increase enzyme activity in the gut. An

increase in enzyme activity would enhance digestion and could result in faster growth rates.

Abalone enzymes have been studied in the past (McLean, 1970; Knauer, Britz and Hecht,
in press), but not with the view to isolate enzymes to improve digestive efficiency or to
quantify a bacterial component of the enzyme activity. Previous studies have shown that
abalone produce enzymes that break down the polysaccharides found in kelp species which
abalone consume (Mclean, 1970; Knauer ef al., in press). Knauer ef al. (in press) reported
that the activity of specific enzymes in juvenile H. midae changed with a change in diet. This

study led to an interesting idea that synthesis of enzymes could be related to diet. However,
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as bacterial enzymes were not considered, it is possible that the change in enzyme activity
reported by Knauer er al. (in press) could have been the result of changes in bacterial
enzymes associated with the food. Therefore, a study which examines the influence of
bacteria in the abalone digestive system could provide information which would assist the

culture of abalone, especially if bacteria are implicated in polysaccharide digestion.

Previous studies on marine invertebrates have shown that enteric microflora can enhance the
growth rate of certain species (De Ridder, Jangoux and De Vos, 1985; Bonar, Weiner and
Colwell, 1986; Vitalis, Spence and Carefoot, 1988; Douillet, 1993). Ward and Cummins
(1979) reported that the growth rate of the chironomid, Paratenolipes albimonus was directly
related to the number of microbes in the gut. A number. of studies on oysters have also
shown the benefit of microbes in the gut. Larvae of the oyster Crassostrea virginica showed
increased survival with the presence of bacteria in the gut (Bonar et al., 1986), and specific
bacteria, designated CA2, enhanced the survival and growth of larvae of the oyster
Crassostrea gigas (Douillet, 1993). Specific bacteriolytic enzymes in the crystalline style of
comumercial mussels are capable of lysing the majority of free living bacteria in the water
column (Seiderer, Newell and Cook, 1982; Davis, 1985). Other studies have shown that
bacteria supply cellulases to digest cellulose present in the diet of these invertebrates
(Martinez, 1982; Musgrove, 1988). Dempsey and Kitting (1987) reported that bacteria
associated with the shrimp Penaeus aztecus assist digestion of the seagrass Thalassia. All
these studies are examples of how enteric bacteria have influenced the digestive capabilities
- and growth rate of the host invertebrates. As reported above, it has been suggested that
bacteria could help to predigest kelp, and as kelp is a major dietary component of abalone,

it is possible that enteric bacteria could enhance the growth rate of H. midae by enhancing
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the digestive capability of the animal.

Vitalis ef al. (1988) state that bacteria are generally important in invertebrates feeding on a
diet which is not optimally nutritious or which contains indigestible components like
cellulose. The diet of H. midae may not be optimally nutritious as the percentage of protein
in the diet is low. Therefore, it is likely that bacteria may be beneficial to the nutrition of the
abalone either in their ability to degrade recalcitrant polysaccharides or by themselves being

utilised as a food source.

The role of bacteria in invertebrate digestive systems is quite complex. There are four major
symbiotic relationships that could exist between bacteria and invertebrate hosts. These are:
commensalism, mutualism, predation and parasitism (Schlegel, 1990). Fach will be discussed

in turn,

Commensalism suggests that enteric bacteria in the digestive system play no role in the
digestive processes of the host animal. This argument has been supported by a number of
studies (Payne, Thorpe and Donaldson, 1972; Monk, 1977; Morton, 1978; Seiderer and
Newell, 1988). Harris (1993) found that bacteria associated with the hind gut of the prawn
Callianassa craussi had no effect on digestion in these prawns. Similarly, Barlocher, Newell
and Arsuffi (1989) showed that the periwinkle Litrorina did not require fungal enzymes to
digest food. These studies have shown that although bacteria are present in the gut, the
invertebrate digests its food. Therefore, the bacteria are simply hitching a ride through the

hosts digestive tract,
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The most common form of predation between invertebrates and microbes is the actual
digestion of bacteria by the host. Bacteria are utilised as a carbon source in the polychaete
Nereis (Cammen, 1980; Hanson and Tenore, 1981) and as a nitrogen source in many other
invertebrates (Lesser and Walker, 1977; Hanson and Tenore, 1981; Martin and Kukor, 1984;

Vitalis et al., 1988; Barlocher ef al., 1989).

In a mutualistic association, bacteria could precondition food, complement the invertebrate
enzymes or fix nitrogen from which the host would benefit. In return, the bacteria acquire
residence in a nutrient rich environment. Barlocher ef al. (1982) showed that fungal enzymes
help digest leaves that the shrimp Gammarus consumes. Musgrove (1988) reported that
microbial enzymes aid digestion of food in fresh water crayfish. Bacteria isolated from the
gut of echinoids can physically degrade seaweeds eaten by the sea urchin (Prim and
Lawrence, 1975). Perhaps the most elegant study reporting the activity of bacteria in
invertebrate digestive systems, was the study by Fong and Mann (1980) on the role of
bacteria in the sea urchin Stronglyocentrotus droebachiensis. They reported that the
microflora metabolise radiolabelled glucose, producing amino acids that were incorporated
into the sea urchin tissue. This study suggested that microbial protein may have more

nutritive value to invertebrates than kelp.

Guerinot and Patriquin (1981) showed that bacterial nitrogen fixation, in the sea urchin
Stronglyocentrotus droebachiensis, accounted for 8 to 15% of the urchin’s daily nitrogen
requirements. Similarly, bacteria in the shipworm, Teredo malleous, doubled the cellular
nitrogen available to the host (Carpenter and Culliney, 1975). Therefore, the growth of these

species is dependant on bacteria colonizing the gut.
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The fourth type of symbiosis is parasitism. This usually occurs in the form of pathogenesis
or utilisation of invertebrate nutrients by resident microflora to the extent that the host
suffers. Parasitism would decrease the growth rate of the host. Some Vibrio species have
been identified as pathogenic in shellfish (Elston and Lockwood, 1983; Cameron, Garland,
Lewis and Machin, 1988; Adams 1991). Vibrio alginolyticus is pathogenic in the abalone

Haliotis rufescens (Elston and Lockwood, 1983).

The majority of studies on marine invertebrate, microbe-host relations, have focused on
arthropods (Harris, 1993) and bivalves. The bivalves studied include the clam, Donax gouldi
(Beeson and Johnson, 1967), oysters (Crosby and Peele, 1987; Douillet, 1993), Scrobiculana
(Payne and Thorpe, 1993) and mussels (Seiderer ef al., 1982; Davis, 1985; Seiderer, Newell,
Schultz, Robb, Turley, 1987). The studies on the sea hare Aplysia (Vitalis er al., 1988) and
the periwinkle Littorina (Barlocher et al. 1989) are two of the few studies which reported on

microbes in gastropod digestive systems.

The present study examined the role of bacteria in the hydrolysis of complex polysaccharides
present in the gut of H. midae. The study quantified the numbers of bacteria in the digestive
system to elucidate whether there are sufficient bacteria in H. midae to aid digestion. Bacteria
isolated from the digestive tract were tested for their ability to degrade polysaccharides
present in seaweeds consumed by abalone. Thereafter, bacterial hydrolysis of seaweed
polysaccharides in the abalone gut was quantified in situ. The answers to these studies would
make it possible to determine whether bacteria could be utilised in the diet of commercial

abalone to enhance the growth rate of this animal.
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2.1 INTRODUCTION

Studies which attempt to elucidate the role of bacteria in a host animal need to determine
whether enteric bacteria are present in sufficient quantities to influence the host’s digestion.
If the numbers of bacteria are similar to those isolated from the ocean it could be an
indication that the bacteria in the gut are simply acquired from the ocean and are passing
through with the food. Normally the isolated bacteria are identified to genus, in order to
determine whether the "right" bacteria are present. In general, enteric bacteria isolated from
marine invertebrates include: Vibrio, Alcaligenes, Pseudomonas and Flavobacteria (Unkles,
1977, Dempsey and Kitting, 1987; Harris, Seiderer and Lucas, 1991). The answers to these

two questions could indicate whether it is worthwhile to pursue the study under investigation.

Most studies on marine invertebrates have involved enumerating and identifying the enteric
bacteria present in these invertebrate digestive systems (Colwell and Liston, 1960; Unkles,
1977; Fong and Mann, 1980; Deming and Colwell, 1982; Garland, Nash and McMeekin,
1982; Vitalis et al., 1988, Harris, 1993). Some studies have investigated the difference in
the number and genera of bacteria in the gut compared to those associated with the food or
the surrounding water (Payne et al., 1972; Garland et al., 1982; Dempsey and Kitting, 1987,
El-Shanshoury, Mona, Shoukr and El-Bossery, 1994). These studies have shown that the
numbers of bacteria in the digestive tract are greater than those in the water or associated
with the food in the environment. This is not surprising as the gut presents a nutrient rich
medium to the bacteria whereas the oceans are oligotrophic. In general, the quantity of
bacteria enumerated from the gut of marine invertebrates were similar. These numbers
frequently fell between 1x10° and 1x10° bacteria per unit measured (Colwell and Liston,

1960; Unkles, 1977; Fong and Mann, 1980; Deming and Colwell, 1982; Vitalis er al.,



Chapter 2: Characterisation of bacteria 10

1988). Unfortunately, the units used in different studies have varied which makes it difficult

to make more direct comparisons.

The genera of bacteria isolated from the gut are generally similar to those associated with the
food that the host consumes (Dempsey and Kitting, 1987; Payne and Thorpe, 1993; El-
Shanshoury et al., 1994) suggesting that marine invertebrates obtain enteric bacterial
communities from the food which they consume. Studies on juvenile Haliotis ruber show that
the bacteria isolated from this species were similar to those on crustose red algae which the
abalone consume (Garland er al., 1982). The bacteria Moraxella constituted 66% of the

community on the alga and 71% of the community in 13 week old abalone.

Aside from enumerating and identifying bacteria, electron microscopy has frequently been
employed to determine whether enteric bacteria are associated with structures on the gut wall
of the invertebrate studied (Harris er al., 1991; Harris, 1993). Harris (1993) suggested that
bacteria associated with villi in the gut are more likely to be resident in the gut and hence
beneficial to the host. However, the lack of these structures cannot rule out the possibility

that enteric bacteria are mutualistic.

The aim of the present study is to elucidate the role of bacteria in the gut of the abalone H.
midae. The role of bacteria in abalone has never been studied, making it necessary to begin
with the basics in understanding microbe-host relations. Therefore, it is necessary to start by
enumerating and identifying the bacteria present in the gut of H. midae. This chapter

examines these two questions in the context of whether the enteric bacteria are present in
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numbers which could influence the nutrition of the host and whether the "right" bacteria are

present to have any influence.



















































































































































































































































