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Summary. The tropical endogeic earthworms have developed strong mutualism with the
ingested microflora to digest soil organic matter. In order to determine the role of the intesti-
nal mucus in these mutualistic relationships, glycolytic enzymatic activities have been
assayed in the gut contents of adult Millsonia anomala from Lamto (C8te d’Ivoire). Twenty-
one tested substrates selected for their plant origin were broken down, which indicates that
this species may use root and fungal substrates available in soils. With the aim of comparing
the origins of these glycolytic enzymes found in the gut, the intestinal wall tissues were
cultured in vitro and enzymatic activities were measured in both cultured tissues and culture
media. M. anomala cannot produce cellulase and mannanase and use instead the digestive
enzymatic capabilities of the ingested microflora which synthesize extracellular glycolytic
enzymes. These enzyme capabilities are similar to those of Pontoscolex corethrurus, and
inferior to Polypheretima elongata that produces cellulase and mannanase.

Key words: Earthworm, glycolytic digestive enzymes, Millsonia anomala, in vitro intestinal
tissue culture, ingested microflora

Introduction

Endogeic geoph'\gous earthworms seem to develop mutualistic relationships with the inge-
sted microorganisms to digest soil organic matter (Lavelle et al. 1983; Lavelle 1986; Barois
1987; Martm et al. 1987: Martm 1989 Lavellé & Fragoso- 1992; Trloo et.al. 1992; Trlgo ‘& -
Lavelle 1993). Free soil microorganisms find favourable physico- chemxcal conditions for
their activities in the first part of the gut: neutral pH, high water content (100 to 150 % of the
dry mass of soil), high concentrations of intestinal mucus (5 to 43 % of the dry mass of in-
gested soil, depending on the species) and readily assimilable organic matter (Lavelle 1978;
Barois & Lavelle 1986; Barois 1992). The mucus is supposed to play a central role in this mu-
tualist digestion system; earthworms enhance microbial activities by providing in their gut an
energy-rich and easily metabolizable intestinal mucus (Martin et al. 1987). In the course of in-
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testinal transit this mucus rapidly disappears. It is no longer present in the middle part of
the gut. Part of it has been metabolized by microorganisms and another part has probably
been reabsorbed and recycled inside the earthworm. In the posterior part of the gut, micro-
organisms seem to have recovered all their metabolic capabilities, in particular by feeding
on mucus, and are able to digest soil organic matter. This effect is considered as a “priming
effect” sensu Jenkinson (1966) (Lavelle & Gilot 1994). Moreover, the efficiency of this
digestion system seems to be highly dependent on temperature (Barois 1987). When temper-
atare is decreased from 27°C to 15°C, the increase of microbial respiratory activity is
reduced to twice the control value and earthworms fail to grow. At 28 °C the microbial ac-
tivity in the gut content is 6 to 10 times higher than in the wet 2 mm ~— sieved soil taken as a
control (Lavelle et al. 1995).

In order to determine the role of the intestinal mucus in this mutualist earthworm microflora-
. .‘dlgestlve system, glycolytic enzymatic activities have been assayed in the gut of two tropical

species:-Pontoscolex corethrurits (Miill., 1857) froin Palma Sola, Veracruz (Mex1co) and Po-"+ "

Iypheretima elongata (Mich., 1892), from Sainte Anne (Martinique). It has been demonstra-
ted that these earthworms possess a rather complete, though weak, enzymatic system. The in
vitro tissue culture of gut wall showed that P. corethrurus requires ingested microflora in or-
der to degrade some substrates, such as cellulose and mannan (Zhang et al. 1993), in contrast
to P. elongata which can synthesize by itself all its extra and intracellular enzymes (Lattaud
et al. 1996). In this paper, further experiments were carried out on the enzymatic system of
another tropical geophagous earthworm, Millsonia anomala.

Materials and Methods

Adult earthworms and soil for laboratory culture were collected at Lamto (C6te d’Ivoire). In this exper-
imental station, where the climate is tropical humid, earthworm communities are dominated by M. an-
omala (Omodeo & Vaillaud 1967), a mesohumic endogeic Megascolecidae which comprises 50 to 80 %
of the overall worm biomass in the savannas and forests (Lavelle 1978). In the laboratory, these earth-
worms were maintained in a control chamber at 28 °C (31 g water per 100 g soil). First, glycolytic di-
gestive enzymatic activities were scanned in the gut (wall and contents) of M. anomala. These activities
were tested with twenty — one giycolytic substrates selected mainly for their plant origin. A large range
of synthetic heteroglycoside, oligosaccharide and polysaccharide substrates were tested. They have
been described previously (Zhang et al. 1993). The second step consisted in determining the origin of
the main enzymes secreted by in vitro tissue culture of gut walls: enzymatic activities were evaluated
both in the cultured tissues and in the culture medium.

Preparation of enzyme solutions

Gut walls and contents: After dissection and washing in icy physiological Holtfreter solution (8.77 %o
NaCl, m/v) (Lattaud 1983), the gut was separated into two parts as in the study conducted previously
with P. corethrurus and P. elongata. The first part included the pharynx, oesophagus, crop and gizzard;
the second part was further divided into three equivalent portions referred to as foregut, midgut and
hindgut. Fragments of each part of the gut (comprising wall and contents) of seven earthworms were
then pooled, homogenized and dialysed as previously described (Zhang et al. 1993). The solution ob-
tained was used as the enzyme source.

In vitro culture of intestinal tissues: Before dissection, earthworms were put overnight on cellulose
wool soaked with Holtfreter physiological solution, then three or four hours in the same wool with a
fungicide (fungizone i.e. amphothéricin B). Seventeen earthworms were thus dissected by opening the
gut in the physiological solution, washed free from intestinal content, then foregut, midgut and hindgut
samples were taken. Each sample was divided into three portions according to the size of each one. The
culture was limited to the foregut, midgut and hindgut. Before culture, each previous explant was plac-
ed into a rinsing physiological solution with a bactericide (sodic benzylpenicilline) for a few minutes.
Concerning P. corethrurus, the culwure had been achieved on a medium including Holtfreter solution,
agar-agar, glucose, chicken embryo extracts, subtozan with a bactericide (sodic benzylpenicilline) and
a fungicide (Amphotericin B) (composition previously described, Lattaud 1983). As for culture of the
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gut wall tissues of P. elongata and M. anomala, we preferred to use a liquid medium whose propertxes
are known (pH, osmotic pressure, composition into inorganic salts, amino acids, vitamins, sugars i.e.
fructose, glucose, sucrose). Therefore, the explants derived from dissection were placed into 2,2 ml of
a liquid medium including: Grace’s insect medium®*, fetal bovine serum* (rich in amino acids), bi-
distilled water, subtozan with sodic benzylpenicilline and Amphotericin B. It is important to adjust the
osmotic pressure of the culture medium to that of the coelomic fluid of the earthworm. The gut wall
tissue culture was achieved in tissue culture dishes and the cover was sealed by a paraffin film. Boxes
were agitated for 3, 5 or 6-7 days in a control chamber at 28 °C; it was shown in P. corethrurus that the
enzymatic secretion of cultured tissues reached its maximum at 72 h. At the end of the culture, the
cultured intestinal tissues and the culture medium were frozen. Enzyme solution from tissues was pre-
pared as indicated for the gut-(wall and contents), particularly, the intestinal tissues were crushed in 3 ml
of ice-cold water; the culture medium was dialysed directly and the dialysate representing the enzymatic
solution was used for the determination of the enzymatic activities.

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 (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 (Sedmark & Grossberg 1977).

Specific glycolytic enzymatic activities in the gut and in the cultured intestinal tissues were expressed
as pg glucose released per mg of protein per minute; the explants were cultured in 2,2 ml of medium and
the glycolytic activities were expressed as total activity (ug glucose - mn-!).

Results

Specific glycolytic activities in the gut

Twenty-one substrates analysed were broken down by M. anomala. Similar to P. elongata and
P. corethrurus, M. anomala was mainly able to degrade root and fungal substrates. Glycolytic
enzymatic activities were almost non-existent in the first part of the gut comprising the
pharynx, oesophagus, crop and gizzard (Fig. 1 a—c).

Maltose, laminaribiose and saccharose were the best hydrolysed oligosaccharides (Fig. 1 a); a
very high activity was observed on maltose and localized mainly in the foregut and midgut.
The other substrates were weakly degraded. The N-acetylglucosamine was the most hydro-
lysed heteroglycoside, with maximum activity localized in the foregut; some weak specific
activities were detected on both o and p-glucosides, the B-mannoside, the -xyloside and on
both o and B-galactosides (Fig. 1b). All the polysaccharides tested were hydrolysed (Fig. 1 ¢).
Specific polysaccharidase activity of the gut, although greatest on laminaran, was also
weakly present on starch and CMC (carboxymethylcellulose); it was essentially located in the
foregut or midgut. It is worth noting that cellulose and mannan were weakly degraded. Other
substrates were rarely broken down.

These results revealed that maltose, N-acetylglucosamine and lammaran were mamly hydro—
. 'lysed in the gut (wall and contents) ofM anomala. - oo e aE

Specific activities in tissue culture

Adequate amounts of cultured tissues and culture medium allow a quantitative determination
of the glycolytic enzymatic activities, as in the previous tissue cultures of P. elongata.
Activities of digestive enzymes in the first part of gut were nearly non-existent; therefore,
only specific activities in the foregut, midgut and hindgut were evaluated. The highest glyco-
lytic activities were detected on the assayed substrates after 3, 5 or 6-7 days of culture,
according to the substrates.

* Sigma Bio-Sciences
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Fig. 1a—c. Specific glycolytic activities in the gut (wall and contents) of Millsonia anomala. Mean of
two independent assays + standard error; for (a) oligosaccharides, (b) heteroglycosides and (c) poly-
saccharides

In intestinal tissue culture, the results obtained on oligosaccharides (Fig. 2 a—c) confirm those
concerning the enzymatic analysis of the gut: the main specific activity was detected on mal-
tose, saccharose, laminaribiose, with highest maltase activity. However, these activities,
mainly after 7 days of culture (Fig. 2¢), were on the whole higher than those observed in the
gut. The main maltase activity was detected after 6-7 days in the hindgut, whereas it was also
important in the foregut after 3 or 5 days. No saccharidase activity was detected after 3 or 5
days culture, this activity appearing only after 6-7 days and was highest in the hindgut.
Specific activity on laminaribiose was detected after 3 days of culture with highest activity in
the foregut; this activity was practically non-existent at 5 days and it was mostly in the mid-
gut after 7 days. Some weak specific activities were observed on cellobiose and gentiobiose
after 3 or 7 days. Assays on heteroglycosides (Fig. 2 d-f) confirm those carried out in the gut:
main specific activity was on N acetylglucosamine, but there was also a weak activity on both
o and {3-glucosides, $-mannoside, B-xyloside and on both o and B-galactosides. The major
activity on N-acetylglucosamine was observed after 5 days of culture and it was highest in the
foregut (Fig. 2 ¢). This activity was already present after 3 days, but it was lower than that ob-
served in the gut (wall and contents). The weak specific activities on other heteroglycosides
were detected between 3 and 6-7 days of culture, except for B-xyloside, whose activity was
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not detected after 6-7 days. All the polysaccharides tested were broken down, except cellu-
lose and mannan (Fig. 2 g—i). These results clearly show the difference between the culture
and the gut where all polysaccharide substrates analysed were hydrolysed. For tissue culture,
the main specific activities although rather high were present on starch, lichenin and lamina-
ran, which is comparable to the results obtained in the gut. The amylase activity appeared
after 3 days of culture (Fig. 2g) and reached its maximum in the foregut after 5 days
(Fig. 2h). No activity on laminarin and lichenin was detected after 3 days in the cultured
tissues; the activities on these substrates were detected only after 5 days of culture with a
maximum in the foregut or midgut. Other substrates, i.e. lucern galactomannan, pullulan,
CMC and xylan were rarely degraded regardless of the culture period.

Total activity in the culture medinm

The culture medium is full of exogenous proteins and a specific activity cannot be expressed;
thus the enzymatic activities were expressed in total activity (ug of reducing sugars - mn-1)
(see Table 1).

Among the oligosaccharidases studied, only high total activities on saccharose were detected
in the media after 67 days of culture. The activities on this oligosaccharide increased from
the foregut to the hindgut cultured tissues after 6-7 days reaching values similar to those de-
tected in the media of the three cultured parts of the gut. As for, total saccharidase activities
they were weak or non-existent after 3 and 5 days culture, both on the cultured tissues and
media. The total activities on maltose and laminaribiose detected in the media between 3 and
7 days remained weak, with values always greater in the foregut culture medium. Inversely,
these activities were always highest in the different cultured parts of the gut. Total cellobiase
and gentiobiase activities were weak on both the cultured tissues and media. The same held
true for heteroglycosides, although total activities on N-acetylglucosamine were important in
different cultured parts of the gut. Among the polysaccharidases studied, the total activities on
starch, laminaran, lucern galactomannan, pullulan, lichenin, CMC, and xylan, although weak,
were generally present on the media and the tissue enzymes. The total activities on cellulose
and mannan were non-existent on both media and cultured tissues.

Discussion

The tropical earthworms are able to feed on soils poor in organic matter, which allows them
to enlarge their ecological niche (Lavelle 1983). Several authors assume that earthworms are
able to produce enzymes to digest soil organic matter (Devigne and Jeuniaux 1961; Parle
1963; Urbasek and Pilzl 1991). But there is also strong evidence that digestion by some earth-
worms may be performed by microorganisms in their gut. Based on this, the hypothesis of a
mutualistic digestion system between endogeic earthworms and the ingested soil microflora
is possible. The worm produces assimilable carbon (intestinal mucus), which stimulates the
microflora to degrade the soil organic matter and make it digestible.

.The Lumbricidae of the temperate areas present various. dlgestlve enzymatic activities, partic- --

“ularly the amylasé; cellulase, lichenase, chitinase, protease and lipase activities (Tracey 1951;
Laverack 1963). However, quantitative studies have been limited to cellulase and
chitinase (Tracey 1951; Devigne & Jeuniaux 1961; Parle 1963; Loquet & Vinceslas 1987;
Urbasek 1990) and data about the digestion of cellulose in the gut of earthworms were in
many cases contradictory. The authors cannot assume the origin of the cellulase produced by
tissues of the gut walls and/or by microorganisms (Loquet & Vinceslas 1987). Urbasek
(1990) concluded that all epigeic and endogeic earthworms species examined can break down
the cellulose and only Lumbricus mbel[us was dependent on symbiotic cellulolytic micro-
flora. On the other hand, the cellulase activities detected in the gut walls were more important
in the epigeic than in the endogeic earthworms, except epigeic L. rubellus, which had a very
low enzymatic activity.
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Fig. 2a-i. Specific glycolytic activities in cultured tissues of the gut wall of Millsonia anomala after distinct culture periods. Mean of two
independent assays + standard error. Specific activities on oligosaccharides: 3 days (a), 5 days (b) and 67 days (c), on heteroglycosides: 3 days
(d), S days (e) and 6-7 days (f), on polysaccharides: 3 days (g), 5 days (h) and 6-7 days (i)
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Table 1. Total glycolytic activity (expressed in pug glucose - mn-!) in culture media of the gut wall of Millsonia anomala after culture periods (3, 5 or 6-7 days).
Mean of two independent assays =+ standard error

Culture mediums 3 days of culture period 5 days of culture period 6:7 days of culture period

Foregut Midgut Hindgut Foregut Midgut Hindgut Foregut Midgut Hindgut
Oligosaccharides
Saccharose 0o - 0,12+0,02 [,55+0,54 0 0 0 26,i9£097 27,94+1,24 26,62+0,77
Maltose 4,07+120 1,12+0,21 1,20+0,20 1,24+ 0,54 0 0 0,04 0,00 0
Cellobiose 1,01 £0,31  1,39+0,62 1,05+0,04 0,04 0 0 0,70+ 0,06 031+0,07 0,08+0,02
Laminaribiose 2,75+035 1,55+03t 1,16+0,39 0,02 0,160,010 0 0,04+0,01 0,19+0,03 0,04
Gentiobiose 0,58+0,35 0,62+023 0,66+0,03 0 0 0 0,16+0,01 0,160,011 0,19+0,01
Heteroglycosides .
8-Glucoside 0,60+030 034x0,16 035:0,17 0,17+0,01 0 0,017 0,11+0,01 0,03 0,06 + 0,02
B-Glucoside 0,24+0,14 0,10+0,01 0,17+0,06 066+0,02 0,10£0,04 0,34+0,03 0,10+ 0,01 0,00 0,15+ 0,01
N-Acetyl 233+0,54 1,03+0,58 1,58+0,62 2,69£0,05 0,63£0,01 240x0,05 0,02+0,01 0,05+0,01 0,06x0,01
B-mannoside 0,74+ 0,07 021+0,09 0,24+0,07 096+020 0 0,012 0,01 0,02 0
B-Xyloside 024+0,02 0,10£0,01 0,12+0,02 0,73+0,09 0 0,025 0,34+ 0,01 0,00 0
B-Galactoside 0,56 +0,05 0,20+0,06 0,34+0,01 024+0,14 0 0,09 + 0,01 0,03 0,00 0
d-Galactoside 0,52+0,01 0,23+0,15 030+0,15 0,16+0,03 0 0,63 = 0,07 0, 11 0,01 0,10+0,03 0,19+£0,02
Polysaccharides ’
Starch 0 0,12+£0,02 1,55+0,54 ,05+0,07 2031022 0 096+0,02 025+0,03 0,06+0,02
Cellulose 0 0 0 0 0 0 0 0 0
Laminaran 1,43x£0,39 0 0 0,16 0,01 0,67+0,04 0,20+0,01 0,10 0,02 0
Mannan 0 0 0 0 0 0 (U 0 0
Lucern Galact. 0,01 0 0 1,04+0,18 0 0,11 +0,01 0,110,001 044013 0,37+0,18
Pullulan 0 0,13+£0,01 0 0,08+0,01 O 0,24 + 0,06 0,67+0,14 056+0,07 049+0,06
Lichenin 0,820,011 064006 0 2,03+0,04 7,04+060 2,82x0,14 097+0,16 057+0,16 0,57+0,16
CMC 14,65+ 0,08 10,18x0,13 12,61 0,31 928131 897x045 9,74+0,48 748+1,19 8,08+1,08 7,09+0,75
Xylan 0 0 0 0 0,54+0,07 O 0,76+0,06 0,55+0,07 0,58x0,02




Our previous study of the glycolytic activities of the endogeic tropical earthworms revealed
that they possessed a rather complete enzymatic system aithough the glycolytic enzymatic
activities were rather weak as compared with other invertebrates such as the snail Helix
aspersa (Charrier & Rouland 1992), fungus-growing and xylophagous termites. This low
content in osidases was also present in the soil feeding termites (Rouland 1986). However
these weak activities were consistent with the fact that endogeic earthworms feed on litter
debris and soils poor in organic matter. We showed that the glycolytic activities remain
higher in P. elongata than in P. corethrurus (Lattaud 1996). These results demonstrated that
glycolytic activities in M. anomala as in P. elongata are more important than in P. core-
thrurus. All the substrates tested were broken down, which indicates that these three species
may use root and fungal substrates available in soils. However, this study of the specific
glycolytic activities in the gut of M. anomala revealed that among all the substrates tested the
N-acetylglucosamine, laminaran and laminaribiose were the best degraded, which indicates
that this earthworm more than P, elongata is able to hydrolyse polysaccharides which consti-
tute the fungal cell wall. Therefore, M. anomala is likely to feed on fungi. In the gut of M.
anomala the amylase and maltase activities were lower than in P. elongata, which demon-
strates that this earthworm can degrade mainly starch, a root substrate, up to glucose.

The in vitro intestinal tissue culture of M. anomala confirms the results obtained for enzyma-
tic analysis of the gut: main specific activity on maltose, N-acetylglucosamine and laminaran
after 5 or 6-7 days of culture. Specific activities on saccharose, laminaran and lichenin were
not observed after 3 days of culture and it is worth noting that these activities only appeared
after 5 days for laminaran, lichenin and 6-7 days for saccharose; probably some enzymes
were secreted in the culture me¢dium by the tissues after a latent period and their secretion was
perhaps induced. The specific enzymatic activities on N-acetylglucosamine, laminaran and
maltose (except for hindgut after 6-7 days of culture) were higher in the gut than in the
cultured tissues, but after 3 and 6-7 days the specific activities on starch and laminaribiose
were more important in the tissues than in the gut. The specific activities on cellulose and
mannan were observed in the gut of M. anomala, but they were weak, whereas these activi-
ties were non-existent in tissues and their culture medium. Thus, this earthworm, like P, core-
thrurus, relied on ingested microflora to exploit some insoluble substrates. The total activities
on oligosaccharides, heteroglycosides and polysaccharides were detected even weakly in all
the culture media: in M. anomala, oligosaccharidases, heterosidases and polysaccharidases
are extracellular enzymes and only high total activities on saccharose were detected in the
media after 6-7 days of culture. It has been demonstrated that P. elongata secreted extra-
cellular oligosaccharidases and heterosidases. Among polysaccharidases, only amylases, cel-
lulases and mannanases were extracellular enzymes secreted in the culture media, while
laminarinases, licheninases and pullulanases were never detected in the culture media.

The in vitro gut wall tissue culture of the endogeic tropical earthworms showed that M. ano-
mala like P. corethrurus made use of ingested bacteria in order to degrade cellulose and
mannan of the soil, while P. elongata could synthesize by itself its extra and intracellular en-
zymes. This study allowed us to infer that endogeic earthworms seem to display variable diets
and the differences between these earthworms were not linked to specific ecological niches.
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