pre- and postsynaptic events. Whether
one substance can have multiple, opera-
tionally distinct actions as transmitter,
modulator, or hormone, depending on
engagement of specific receptors, re-
mains to be determined. Our observa-
tions indicate only that one action of
[Leu®lenkephalin falls outside two other
previously described functional classes
of communication in nervous systems.
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Cellulose Digestion in the Midgut of the Fungus-Growing Termite

Macrotermes natalensis: The Role of Acquired Digestive Enzymes

Abstract. The midguts of adult workers of the higher termite species Macrotermes
natalensis contain the entire set of digestive enzymes required for the digestion of
native cellulose. The C-cellulases and the B-glucosidases are produced, at least in
part, by the termite’s own midgut epithelium and salivary glands. The C-cellulases,
on the other hand, are acquired by the termites when they feed on a fungus that
grows in their nests. We propose that the involvement of acquired digestive enzymes
could serve as the basis for a general strategy of resource utilization and further
suggest that the acquisition of digestive enzymes may be a widespread phenomenon

among mycophagous invertebrates.

The nutritive regime of termites is
based upon the exploitation of cellulosic
materials. In the lower termites (/) the
digestion of cellulose is brought about by
flagellate protozoa resident in the
paunch, an enlarged region of the gut
posterior to the midgut (2). The higher
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termites lack this assemblage of xylopha-
gous protozoa, and the mechanism by
which ingested cellulose is degraded re-
mains a matter of speculation. It has
been suggested that, in some species,
paunch bacteria have taken over the role
of the protozoa, but evidence in support
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of this notion is meager (3). ‘Cellulases’’
have been reported from the guts of sev-
eral higher termites, but in only one spe-
cies has the full set of enzymes required
to digest native cellulose been demon-
strated (4). It is also possible that some
species simply restrict their diets to
wood that has already experienced ex-
tensive fungal decay.

Termites of the higher termite sub-
family Macrotermitinae (5), common in
Africa and Asia, have long intrigued biol-
ogists because of their symbiotic associ-
ation with fungi that grow in their nests
on structures referred to as ‘‘fungus
combs.”” The combs, which are sponge-
like in appearance and corklike in tex-
ture, are derived from chewed but undi-
gested plant fragments (6-8). The surface
of the comb is covered with a sparse
growth of mycelium and numerous small
white spheres or nodules, 0.5 to 2 mm in
diameter (see Fig. 1). These nodules, or
synemata, are the conidia or conidio-
phores of a fungus, Termitomyces sp.,
believed to be restricted to Macrotermi-
tinae nests (9). The mycelium is a mix-
ture of Termitomyces sp. and various
xylariaceous species (10).

The termites eat both the comb materi-
al (/1) and the nodules (/2). It is not
known whether in nature they also eat
the various cellulosic materials they col-
lect (6), or whether these materials are
all first incorporated into the fungus
combs. The material from which the
comb is constructed contains plant frag-
ments with intact cells and cell walls,
while extensive deterioration of cellular
structure is evident in the contents of the
midgut, paunch, and rectum (8), suggest-
ing that the digestion of cell wall constit-
uents occurs in the termite’s gut. How-
ever, laboratory studies have shown that
the termites starve if provided only with
cellulosic materials, such as sound wood
or filter paper, whereas they survive for
extended periods of time if provided with
fragments of fungus comb, complete
with the nodules (13, 14).

Our investigation was directed at the
question of how the fungus-growing ter-
mites digest cellulose and what the basis
is for the dependence of the termites on
their symbiotic fungal partner.

The enzymatic degradation of cellu-
lose requires the concerted action of sev-
eral enzymes, the C,; enzymes (active
against crystalline cellulose), the C, en-
zymes (active against noncrystalline cel-
lulose and soluble derivatives or degra-
dation products of cellulose), and a 8-
glucosidase (active against cellobiose)
(15). We have found that the entire set of
enzymes required for cellulolysis is pres-
ent in the midguts of adult Macrotermes
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natalensis workers (Table 1), thus impli-
cating the midgut as a major site of cellu-
lose digestion in this species. Although
the enzymes are also present in the
paunch and rectum, the activities there
are much lower.

It is possible a priori to envision sever-
al plausible origins for the midgut cel-
lulolytic enzymes. One obvious possi-
bility is that they are secreted by the ter-
mite’s midgut epithelium or salivary
glands, and indeed we have found that

Table 1. Cellulolytic enzymes of M. natalensis workers and of their fungus gardens. Each value
represents the mean + the standard error for the number of determinations indicated in paren-
theses. A unit of activity [per termite or per milligram of fungus material (dry weight)] is the
amount of enzyme required to liberate 1 umole of reducing equivalents (for the C, and C,
enzymes) or p-nitrophenol (for the B-glucosidase) per minute under the conditions of the assay
23, 24).

Units of activity (x 10%)

Tissue

C* C.* B-Glucosidase*
Midgut (tissue + contents) 7.6 = 0.8(7) 319 £ 2.7(6) 23.1 £ 0.7 (3)
Paunch (tissue + contents) 0.6 = 0.2(5) 10.3 = 1.4(5) 0.6 0.2 (3)
Rectum (tissue + contents) 0.8 +0.3(03) 8.4 +28(3)
Midgut tissue 0.0 = 0.0(3) 5.5+24(03) 0.2 +£0.05(2)
Salivary glands 0.2 +0.1(5) 12.0 £ 2.3(7) 0.1 = 0.05(3)
Fungus nodules 8.8 +094) 26.6 = 7.6 (6) 3.1 x1.4 (2
Comb material 0.1 +£0.1(3) 0.6 = 0.5(3)

*0.1t0 0.2 X 1072 unit of C, or C, activity, and 0.01 to 0.02 x 1072 unit of B-glucosidase activity would have
been detected under the conditions of the assay.

Table 2. Midgut C, and C; activities in M. natalensis workers maintained on deficient diets for
72 hours. The termites were kept at 22° to 26°C in plastic boxes containing moist soil from their
nest. A normal diet consisted of fungus comb which had an abundant coverage of nodules. The
starved group received nothing. Another group received barren comb from which the nodules
had been removed, and another simply a collection of nodules. Nodules were consumed by
those termites provided with them. At the end of the test period, the midguts of the normal
group and those supplied with barren comb
contained solid material with an appearance

Activity (percentage

similar to that in termites collected directly Diet of normal)

from a nest. The guts of the starved group -
were filled with a clear fluid, and those of the C Cs
group supplied only with nodules contained a g2 ved 45 89
clear fluid Wit!‘l occasional suspendc?d soild  Barren comb 54 85
fragments, which appeared to be pieces of Nodules 106 147

nodules.

homogenates of both of these tissues do
exhibit significant C, activity, and low
but significant B-glucosidase activity
(Table 1). However, the absence of any
detectable C, activity in the midgut tis-
sue, and its presence at levels of dubious
significance in the salivary glands (Table
1), leaves unexplained the high levels of
C, activity in the midgut. A second pos-
sibility is that enzymes produced by bac-
teria in the paunch are transferred to the
midgut. However, the very low level of
C, activity in the paunch and the fact that
the enteric valve prevents the reflux of
material from the paunch forward into
the midgut (/6) argue against this possi-
bility. Finally, the very low level of C,
activity in the rectum makes the acquisi-
tion of the midgut C, enzymes through
coprophagy (/7) highly doubtful.

These circumstances led us to consid-
er the possibility that the termites might
acquire their C, enzymes when they con-
sume their fungus, and indeed we found
that an extract of the fungus nodules, but
not of the comb material, exhibits high
C, activity in addition to high C, activity
and B-glucosidase activity (Table 1).

The likely identity of the midgut and
nodule C, enzymes was indicated by a
comparison of their isoelectric points
(pl) (I8). Both midgut and nodule ex-
tracts contain two C, enzymes. The ma-
jor enzyme from both sources was dis-
tributed over several gel segments which
encompassed a pH range of 3.60 to 4.05.
The activity maximum for the major en-
zyme from both sources occurred in a gel
segment encompassing a pH range of
3.90 to 4.05. The minor enzyme in both
midgut and nodule homogenates has a pl
in the range 4.20 to 4.35.

Further experiments confirmed our
hypothesis that the fungus nodules are
the source of the midgut C, enzymes.
Newly moulted adult workers that had
not yet fed (/9) had only 14 percent of
the C, activity of normal workers, while
the C,. activity was 64 percent of the nor-
mal level, a result consistent with the
suggestion that C, enzymes are acquired
by feeding, whereas C, enzymes are de-
rived from both internal and external
sources.

In another set of experiments, termites
were prevented from consuming nod-
ules, either by providing them with no

Fig. 1. Adult workers of M. natalensis on a
fragment of their fungus garden. The small
white nodules are the conidia or conid-
iophores of the symbiotic fungus Termi-
tomyces sp. The termites consume both the
nodules and the supporting comb material.
The scale bar represents 1 cm. [Photograph
by R. Crewe, Department of Zoology, Uni-
versity of the Witwatersrand]
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food at all, or else by providing them
with comb from which the nodules had
been removed; it was noted that midgut
C, activity declined with time while
midgut C, activity did not (Table 2). In
contrast, both C; and C, activity re-
mained high when the termites were pro-
vided with nodules taken from the comb.
Indeed, with respect to midgut C, and C,,
activity levels, termites supplied with
barren comb are hardly different from
those that had been starved, whereas
those provided solely with fungus nod-
ules have enzyme levels even higher
than the normal group.

Our research has established that the
fungus gardens make a major contribu-
tion to the nutrition of the Macrotermi-
tinae (20). The fungus nodules contribute
a critical enzyme required for the diges-
tion of cellulose. Only after this enzyme
is acquired by ingestion of the fungus
nodules do the termites possess the ap-
propriate biochemical machinery to di-
gest sound wood or other cellulosic ma-
terials that have not undergone prior mi-
crobial decay. This conclusion clarifies
the previously puzzling observation of
Sands (I/4) that Odontotermes badius
workers, which survive well in culture if
provided with fungus garden, rapidly
starve if provided with a garden that has
been sterilized. Sterilization would dena-
ture the nodule enzymes which must
continue to function in the termite’s gut
if cellulose digestion is to occur. Sand’s
observation is inconsistent with the
widely held, but unsubstantiated view
that the fungus comb is simply a site
where cellulose is partially digested prior
to being consumed by the termites, since
sterilization would not alter the degree to
which cellulose digestion had already oc-
curred, and hence would not render the
comb valueless as a nutrient source (21).

We suspect that a strategy of resource
utilization, based on the acquisition from
external sources of digestive enzymes
that expand the range of natural sub-
strates suitable for exploitation as nutri-
ent sources, may be a general one (22).
We suggest that there exist two distinct
strategies by which an organism can ex-
ploit a potential nutrient source that its
own digestive machinery is unable to
process efficiently: (i) by maintaining a
culture of endosymbionts capable of di-
gesting the potential resource or (ii) by
acquiring the requisite enzymes by con-
suming another organism or substrate
that contains them. The first strategy in-
volves a complex coevolved mutualism
which probably has its evolutionary an-
tecedents in a condition of mild para-
sitism, while the latter could evolve di-
rectly from polyphagy. Because of the

31 MARCH 1978

ability of fungi to produce stable diges-
tive enzymes active against a wide spec-
trum of natural substrates, such as cellu-
lose, chitin, and lignin, we predict that
acquired digestive enzymes will be found
to play a particularly important role in
the biology of fungus-feeding inverte-
brates, and in food chains based upon lit-
ter, detritus, and dead wood.
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