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Summary. This study compares the origin and activities of glycolytic enzymes present in the
gut contents of some geophagous adult earthworms and demonstrates that all the species did
not develop mutualistic relationships with the ingested microorganisms to digest soil organic
matter. Although the glycolytic activities were rather weak in the earthworms studied, they
possess quite a complete enzymatic system that allows to degrade root and fungal substrates
available in soils. Millsonia anomala Omo. from Lamto (Cote d’Ivoire) and Hormogaster eli-
sae Alvarez from El Molar (Madrid) developed a strong mutualistic earthworm-microflora
digestion system for hydrolysing cellulose: cellulase produced by ingested microflora is able
to degrade cellulose to cellobiose, cellobiase released by the worm itself breaks down cello-
biose into D-glucose. Both enzymes found in intestinal contents of Pontoscolex corethrurus
Miill. from Palma Sola, Veracruz (Mexico) were produced by ingested soil microflora since
they were not found in gut tissue culture. On the contrary, Polypheretima elongata Pert. from
Sainte Anne (Martinique), Hyperiodrilus africanus Bedd. and Dichogaster terrae nigrae
Omo. et V1d. from Lamto (Céte d’Ivoire) possess a complete enzymatic system for hydroly-
sing cellulose. They could synthesize cellulolytic enzymes, i.e. cellulase and cellobiase by
themselves. In the course of their digestion, geophagous earthworms seem to display variable

" adaptative characters which are undoubtedly linked to the different ecological categories and

niches.

Key words: Earthworm, glycolytic digestive enzymes, in vitro intestinal tissue culture, in-
gested microflora

Fonds Documentaire ORSTOM
Cote: B¢ 2\ 113 gy 4

Strong relationships exist between invertebrates and microorganisms to make use of soil or-
ganic matter (Rouelle 1985; Lavelle 1995). Pedofauna exerts a great influence on microbial
populations. In most of the humid savannas, soil macrofauna is largely composed of geopha-
gous species (termites and earthworms) which feed on soil organic matter (Athias et al. 1975;
Lavelle et al. 1981). Endogeic earthworms have developed mutualistic relationships with in-

Introduction

~"gested microflora to digest this organic matter (Barois 1987; Lavelle et al. 1995). Their effi-
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ciency seems to be highly dependent on temperature (Barois 1992). It is proposed that the
mucus plays an active role in this mutualistic digestion system; earthworms enhance micro-
bial activities by providing an energy-rich and easily metabolizable intestinal mucus in their
gut (Barois & Lavelle 1986; Martin et al. 1987). In fact by ingesting soil with microflora, ge-
ophagous earthworms create suitable conditions for microbial activities in their gut by adding
considerable amounts of water (80 to 150 % of the dry weight of soil) and intestinal mucus
(5 t0 43%). This allows the ingested soil microflora to recover all its abilities to degrade the
complex substances of the soil organic matter and make it digestible (Lavelle & Gilot 1994).
Previous studies suggested that geophagous earthworms had poor enzymatic capabilities and
only fed on simple organic compounds (Lavelle 1983).

Previous study on glycolytic enzymatic activities present in the gut contents of geopha-
gous adult earthworms demonstrated that these worms possess a quite complete enzymatic
system (Zhang et al. 1993; Lattaud et al. 1997 a; Lattaud et al. 1997 b; Lattaud et al. 1998).
These enzymes allow them to degrade root and fungal substrates available in soils and it cor-
roborates that endogeic earthworms feed on litter debris and soils poor in organic matter. Gly-
colytic activities were evaluated both in the cultured gut wall tissues and in the culture media
in order to compare the origin and activities of these enzymes and to determine whether they
were released by the worms themselves or by the ingested microflora. It has been demonstra-
ted that Pontoscolex corethrurus (Miill. 1857) from Palma Sola, Veracruz (Mexico) and Mill-
sonia anomala (Omodeo & Vaillaud 1967) from Lamto (Céte d’Ivoire) require ingested
microflora in order to degrade some substrates, such as cellulose and mannan (Zhang et al.
1993; Lattaud et al. 1997 b), in contrast to Polypheretima elongata (Mich. 1892), from Sainte
Anne (Martinique) which can synthesize by itself all its extra and intracellular enzymes (Lat-
taud et al. 1997 a). However, among the cellulolytic activities studied in these three ear-
thworm species, only cellulases have been dealt with, without exploiting the cellobiasic ac-
tivities.

The aim of our experiments was to identify glycolytic activities in the gut of other geo-
phagous earthworm species, Hyperiodrilus africanus, Dichogaster terrae nigrae and Hormo-
gaster elisae, but also to compare them to the glycolytic activities of the three earthworm spe-
cies studied previously, in particular in order to assess the origin and activities of cellulolytic
enzymes.

Materials and Methods

Adult earthworms H. africanus (Bedd., 1891) and D. terrae nigrae (Omo. et VId., 1967) from Lamto
(Cote d’Ivoire) and H. elisae (Alvarez, 1977) from El Molar (Madrid) were maintained in their original
soil in a control chamber at 28 °C (31 g water per 100 g dry soil).

Preparation of enzyme solutions

Glycolytic digestive enzymatic activities were tested with many heteroglycoside, oligosaccharide and
polysaccharide substrates selected mainly for their plant origin. These activities were scanned in the
first part of the gut of H. africanus, D. terrae nigrae and H. elisae including the pharynx, oesophagus,
crop and gizzard and in the second part comprising foregut, midgut and hindgut (wall plus contents).
These activities were also evaluated in cultured gut wall tissues and in the culture media. The experi-
mental design has been previously described (Lattaud 1997b). The solution obtained was used as the en-
Zyme source.

Enzyme activity assay

The methods for assaying glycolytic activities were described previously (Zhang et al. 1993). Oligo-
saccharidases were determined by the glucose oxidase method (Werner et al. 1970). Heterosidase and
polysaccharidase activities were assayed as outlined by Rouland (1986). Reducing sugars released by
hydrolysis were determined by the Somogyi-Nelson microdosage technique (Nelson 1944; Somogyi
1945). The protein content of the enzyme solution was assayed as outlined by Sedmark & Grossberg
(1977).
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Table 1. Glycolytic activities in the gut (wall plus contents) of Hyperiodrilus africanus, Dichogaster terrae nigrae and Hormogaster elisae as compared to those
previously studied in Pontoscolex corethrurus, Millsonia anomala and Polypheretima elongata (see to text for references). S.A. in the GUT: specific glycolytic
activity expressed as pg glucose mg-! protein mn-1; p, pharynx; o, oesophagus; c, crop; g, gizzard; n.d. not determined glycolytic activity; +, ++, +++, ++++, 0.1
to 3,3 t0 9, 9 to 30, 30 to 90 (and more) pg glucose mg-! protein mn-!

Pontoscolex corethrurus Millsonia anomala Hormogaster elisae
(Glossoscolecidae) (Megascolecidae) (Hormogastridae)
- S.A. in the GUT S.A. in the GUT S.A. in the GUT
pro+c+g foregut midgut hindgut pro+c+g foregut midgut hindgut pro+c+g foregut midgut hindgut
Oligosaccharides
Maltose . ++ +++ + + -t At At 0 4+ 4t 0
Cellobiose + + + + + ++ + + 0 ++ + 0
Heterosides
N-acetyl + e = = = + B N Fbt + FAtt bt ++
a-Glucoside + + + + + +++ 4+ + + + + +
Polysaccharides
Starch + +++ o+ ++ + + +4+ +++ ++ 4+ ++
Cellulose + + + + + + + 0 0 + 0 +
Mannan 0 ++ +++ + 0 ++ ++ + n.d. n.d. n.d. n.d.
Laminaran + A+t ++ -+ + 4+ o+ + + +++ +t+ ++
Hpyperiodrilus africanus Polypheretima elongata Dichogaster terrae nigrae
(Eudrilidae) (Megascolecidae) (Megascolecidae)
S.A. in the GUT) S.A. in the GUT S.A. in the GUT
pto+c+g foregut midgut hindgut pro+c+g foregut midgut hindgut pro+c+g foregut midgut hindgut
Oligosaccharides
Maltose ++ B E S S A+ e R s et B R S +++
~ Cellobiose 0 + ++ + + + + + + + 0 0
Heterosides
N-acetyl 0 Bl = 2 S + et -+ + ++ ++ ++
a-Glucoside + + + + + ++ ++ ++ + + + +
Polysaccharides
Starch +++ e S o S + e = N + +++ ++
» Cellulose 0 + ++ + + ++ ++ + 0 + + +
Mannan n.d. n.d. n.d. n.d. + + ++ + n.d. n.d. n.d. n.d.
Laminaran + + +++ + -+ bt A +++ + A+ +




Specific glycolytic activities in the gut (wall and contents) and in the cultured intestinal tissues were
expressed as ng glucose released per mg of protein per minute; the gut wall tissues of H. africanus, D.
terrae nigrae and H. elisae were cultured respectively in 2,9, 2 and 2,8 ml of medium and the glycoly-
tic activities were expressed as total activity (ug glucose mn-1).

Results

Specific glycolytic activities in the gut wall and gut contents

All the substrates tested were more or less broken down in the gut of the three geophagous
earthworms studied, as was previously show for P. corethrurus, M. anomala and P. elongata
(Zhang et al. 1993; Lattaud et al. 1997 a, b). Table 1 shows specific glycolytic activities in the
gut of H. africanus, D. terrae nigrae and H. elisae and compares them to those previously stu-
died in P. corethrurus, M. anomala and P. elongata. Only the substrates which were hydroli-
sed significantly are mentioned in this table. Glycolytic activities were low or not present in
the pharynx, oesophagus, crop and gizzard, except for H. africanus. On the whole, these ac-
tivities essentially located in the foregut, midgut and/or hindgut, were higher in the gut of M.
anomala, P. elongata, H. africanus and H. elisae than in the gut of P. corethrurus and D. ter-
rae nigrae.

Among the oligosaccharides assayed, maltose was the most readily hydrolised substrate. A
very high maltase specific activity was detected in the foregut, midgut and hindgut of P. elon-
gata, in the foregut and midgut of M. anomala and H. africanus but only in the foregut of H.
elisae and D. terrae nigrae. Cellobiase activity was present in the gut of all the studied spe-
cies although its activity was weak. N-acetylglucosamine was the best degraded heteroglyco-
side, with maximum activity located in the foregut and midgut of P. corethrurus, in the fore-
gut of M. anomala and H. elisae, in the midgut of H. africanus and in the hindgut of P. elon-
gata. Polysaccharidase activity in the gut was greatest on starch and essentially located in the
foregut, midgut and hindgut of P. elongata, in the midgut of H. africanus and the foregut of
H. elisae. The major activity on laminaran was observed in the foregut of P. elongata. The
other substrates were weakly degraded and it is important to take into account that cellulase
specific activity was present in the gut of all the earthworms.

Specific activities in tissue culture and total activities in the culture media

Tables 2 to 4 show specific glycolytic activities in tissue culture and total activities in the cul-
ture media of H. africanus, D. terrae nigrae and H. elisae and compare them to those pre-
viously studied in P. corethrurus, M. anomala and P. elongata.

Glycolytic enzymatic activities were low or not present in the pharynx, oesophagus, crop
and gizzard; therefore, only specific activities in the foregut, midgut and hindgut culture tis-
sues and culture media were evaluated. The major enzymes found in the gut of all the ear-
thworms were present in the cultured foregut, midgut and/or hindgut wall tissues and culture
media. Glycolytic enzymatic activities were higher in the culture tissues of M. anomala, P.
elongata, H. africanus and D. terrae nigrae than in the culture tissues of P. corethrurus and
H. elisae. These activities were higher in culture tissues than in the culture media. The highest
glycolytic activities were detected on the assayed substrates after 3, 5 or 6-7 days of culture.

In each earthworm species studied, the main oligosaccharidase specific activities were de-
tected on maltose. The highest maltase activity was detected in the foregut, midgut and hind-
gut of P, elongata, in the foregut and hindgut of M. anomala and the foregut of H. africanus.

Some weak specific activities were observed on cellobiose in the culture tissues and cul-
ture media of each earthworm species, except for P. corethrurus where cellobiase activities
were non-existent. The highest activities on heteroglycosides were detected on N-acetylglu-
cosamine, mainly in the foregut of P, elongata, in the hindgut of D. terrae nigrae and H. af-
ricanus. Among the polysaccharides assayed, starch was the most readily hydrolised sub-
strate. A very high amylase specific activity was detected in the foregut, midgut and hindgut
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Table 2. Glycolytic activities in cultured gut wall tissues of Hormogaster elisae and in culture media after 3 to 7 days of culture as compared to that in Millso-
nia anomala which has been studied previosly (see text for references). S.A. in TISSUE CULTURE: specific glycolytic activity expressed as g glucose mg-!
protein mn-1; T.A. in CULTURE MEDIA: total glycolytic activity expressed as g glucose mn-1; p, pharynx; o, oesophagus ¢, Crop; g, g1zzard n.d., not deter-
mined glycolytic activity; +, ++, +++, ++++, O. 1 to 3,3 t0 9, 9 to 30, 30 to 90 (and more) pg glucose mg-! protein mn-!

Millsonia anomala Hormogaster elisae
(Megascolecidae) (Hormogastridae)
S.A. in TISSUE T.A. in CULTURE S.A. in TISSUE T.A. in CULTURE
CULTURE MEDIA CULTURE - MEDIA
foregut midgut hindgut foregutr midgut hindgut  foregut midgut hindgut foregut midgut hindgut
Oligosaccharides
Maltose ++++ A +++ + 0 0 + + 0 + + 0
Cellobiose + + + + + + + 0 0 ++ 0 0
Heterosides
N-acetyl +ot ++ ++ + + + + + + + + +
a-Glucoside + + 0 + + 0 + + 0 + + 0
Polysaccharides
Starch + + + + + + + + + + + +
Cellulose 0 0 0 0 0 0 0 0 0 0 0 0
Mannan 0 0 0 0 0 0 nd n.d. n.d nd nd n.d
Laminaran ++ o + + + 0 + + + + + +




Table 3. Glycolytic activities in cultured gut wall tissues of Pontoscolex corethrurus and in culture me-
dia after 3 to 7 days of culture. For abbreviations and legend see Table 2

Pontoscolex corethrurus

(Glossoscolecidae)
S.A. in TISSUE T.A. in CULTURE
CULTURE MEDIA
foregut midgut hindgut foregut midgut hindgut
Oligosaccharides
Maltose +++ +++ ++ ++ ++ +
Cellobiose 0 0 0 0 0 0
Heterosides
N-acetyl -+ -+ ++ ++ ++ +
a-Glucoside + + + + + +
Polysaccharides
Starch +++ ++ ++ ++ + +
Cellulose 0 0 0 0 0 0
Mannan 0 0 0 0 0 0
Laminaran ++ +++ ++ ++ +4+ +

of P. elongata. Cellulase and mannanase specific activities, though weak, were present
on both media and cultured tissues of P. elongata, D. terrae nigrae and H. africanus and not
found on both cultured tissues and media of M. anomala, H. elisae and P. corethrurus. Man-
nanase specific activities were also not present on both media and cultured tissues of M. an-
omala and P. corethrurus; in fact, the available mannan quantity did not allow a determina-
tion of the mannanase activities in the culture tissues of D. terrae nigrae, H. africanus and H.
elisae.

Discussion

Geophagous earthworms are able to feed on litter debris and soils poor in organic matter (La-
velle 1983). Our study demonstrated that the endogeic earthworm species possess a rather
complete enzymatic system although the glycolytic activities were weak as compared to other
invertebates such as the snail Helix aspersa (Charrier & Rouland 1992) and fungus-growing
and xylophagous termites (Rouland 1991). Specific glycolytic activities detected in the gut
and in the cultured gut wall tissues were higher in M. anomala, P. elongata and H. africanus
than in P. corethrurus, D. terrae nigrae and H. elisae. Maltose, N-acetylglucosamine, starch
and laminaran were the substrates most efficiently broken down. These results suggest that
geophagous earthworms feed mainly on root and fungal substrates available in the soils and
this is in concordance with the decreasing fungus number during the intestinal transit (Barois
& Lavelle 1986).

The hypothesis of mutualism between endogeic earthworms and the ingested soil micro-
flora to digest organic matter has been established (Lavelle 1986; Barois 1987; Martin et al.
1987; Trigo et al. 1992; Lavelle et al. 1995). These mutualistic relationships have been re-
vealed for the first time with the endogeic earthworm species P. corethrurus (Barois & La-
velle 1986). The intestinal mucus produced by this species stimulates the microflora to deg-
rade the soil organic matter and make it digestible.

Although several authors have concluded that the earthworms of the temperate areas
secrete numerous enzymes to digest soil organic matter (Urbasek & Pilzl 1991), they have not
been able to determine the origin of the cellulase produced by tissues of the gut walls and / or
by micro-organisms (Loquet & Vinceslas 1987). Nevertheless it has been demonstrated that
all epigeic and endogeic earthworm species could break down cellulose and only Lumbricus
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Table 4. Glycolytic activities in cultured gut wall tissues of Dichogaster terrae nigrae and Hyperiodrilus africanus and in culture media after 3 to 7 days of
culture as compared to that in Polypheretima elongata which has been studied previously (see text for references). For abbreviations and legend see Table 2

Polypheretima elongata

Dichogaster terrae nigrae

Hyperiodrilus africanus

(Megascolecidae) (Megascolecidae) (Eudrilidae)
S.A.inTISSUE  T.A.in CULTURE S.A. inTISSUE  T.A.in CULTURE S.A.in TISSUE  T.A.in CULTURE
CULTURE MEDIA CULTURE MEDIA CULTURE - MEDIA
fore- mid- hind-  fore- mid- hind-  fore- mid- hind-  fore- mid- hind-  fore- mid- hind-  fore- mid- hind-
gut gut gut gut gut gut gut gut gut gut gut gut gut gut gut gut gut gut
Oligosaccharides
Maltose B i o o e e S e i + + + + ++ 4+ ++++ 0 + + 0 ++
Cellobiose +++ A+t + ++ o+ + + + 0 + + 0 0 + + 0 + 0
Heterosides )

. N-acetyl debtt At A +++ + +++ A+t A+ O + 0 +4+ AFt AR +. 0+
a-Glucoside +++ ++  ++ + 0 0 + + ++ + + + + + ++ + + +
Polysaccharides
Starch Fedt Attt R+ 0 + + + + ++ A+ + + ++ 4+ ++ A+
Cellulose + + + + + 0 + + 0 + + + 0 + 0 0 + 0
Mannan + + + + + + nd. nd nd nd nd nd nd. nd nd nd. nd nd
Laminaran + + + 0 0 0 + + 0 ++ A+ + + + et + + +




rubellus was dependent on symbiotic cellulolytic microflora (Urbasek 1990). Recent experi-
ments on cellulolytic activities in the gut of Eisenia fetida andrei clearly demonstrated that
this earthworm species possesses a complete enzymatic system for hydrolysing cellulose
(Vinceslas 1998). It is able to release by itself cellulase whereas a cellullase specific activity
was detected in the cultured foregut, midgut and hindgut wall tissues and culture media. On
the contrary, cellobiase was secreted by ingested soil microflora. Our experiments on geo-
phagous earthworms reveal that the enzymatic system for degrading cellulose was species de-
pendent, with in some cases synergy between microflora and earthworm. For example, M. an-
omala and H. elisae developed a strong mutualistic relationship with the ingested soil micro-
organisms for hydrolysing cellulose: cellulase produced by ingested microflora is able to de-
grade cellulose to cellobiose and cellobiase released by the earthworm itself breaks down
cellobiose into D-glucose (Lattaud et al. 1997 b). Absence of cellulase and cellobiase activi-
ties in gut wall tissues and culture media of P. corethrurus indicates that these cellulolytic en-
zymatic activities found in the gut are of microbial origin. P. elongata, D. terrae nigrae and
H. africanus produced by themselves the glycolytic enzymes and possessed a complete en-
zymatic system to hydrolyse cellulose, particularly cellulase and cellobiase. These glycolytic
enzymes were secreted by cultured gut wall tissues in culture media, which indicates that they
are extra-cellular enzymes. Some enzymes were released in the medium only after a latent pe-
riod of culture and their secretion was perhaps induced. It is worth noting that P. elongata can
synthesize by itself mannanase, contrary to P, corethrurus and M. anomala which require the
microflora of the soil ingested to hydrolyse mannan. A

This study allowed us to infer that endogeic earthworms seem to display rather variable
diets and adaptative characters which are undoubtedly linked to specific ecological niches.
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