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The transformation of Saperda calcarata
(Coleoptera: Cerambycidae) into a cellulose digester
through the inclusion of fungal enzymes in its diet
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Summary. The larvae of the aspen borer, Saperda calcarata,
which feed on the inner bark and sapwood of living aspen
stems, are unable to digest cellulose. However, they can
be transformed into cellulose digesters by adding the active
cellulase complex of the fungus, Penicillium funiculosum,
to their diet. S. calcarata larvae are preadapted to exploit
the digestive potential of ingested microbial enzymes. We
argue that ingested fungal enzymes may be responsible for
cellulose digestion in many, perhaps most or even all, cellu-
lose digesting cerambycid beetles.
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The ability to digest cellulose is common among the wood-
boring larvae of anobiid and cerambycid beetles (Martin
1983). At one time it was believed that intracellular sym-
bionts might play a role in cellulose digestion in these in-
sects (Buchner 1928; Uvarov 1929). However, that possibil-
ity was conclusively ruled out when it was demonstrated
that cellulose is digested as efficiently by symbiont-free spe-
cies as by symbiont-containing species (Ripper 1930; Man-
sour and Mansour-Bek 1934a, b; Miiller 1934) and that
the symbionts, which are yeasts, are not cellulolytic (Miiller
1934). After it was recognized that cellulose digestion was
not dependent upon endosymbionts, it was concluded that
anobiid and cerambycid beetles must be able to produce
their own cellulolytic enzymes. It is important to recognize,
however, that this conclusion was arrived at by default,
not because of compelling evidence in its favor.

Recently we have shown that the ability of the balsam
fir sawyer, Monochamus marmorator (Cerambycidae), to di-
gest cellulose is not due to enzymes produced by the beetles,
but rather to fungal enzymes ingested by the larvae during
the consumption of fungus-infected wood (Kukor and Mar-
tin 1986a). We also proposed that this mechanism for cellu-
lose digestion might be widespread among xylophagous
beetle larvae, and that there was actually no evidence that
any anobiid or cerambycid species produced its own cellu-
lase complex.
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In this study we have investigated polysaccharide diges-
tion in the larvae of another cerambycid, the aspen borer,
Saperda calcarata. Species of the genus Saperda do not at-
tack the decayed wood of dead trees. The females oviposit
in slits chewed in the bark of live trees, and the larvae
move into the inner bark and sapwood to feed. Thus, Sa-
perda larvae rarely encounter or consume fungus-infected
wood, precluding a reliance upon ingested microbial en-
zymes for the digestion of polysaccharides. If our interpre-
tation of the origins of cellulolytic capacity in the ceramby-
cids is correct, we would not expect S. calcarata to be able
to digest cellulose.

Our research on S. calcarata is part of an ongoing series
of investigations of the role of acquired fungal enzymes
in the digestive processes and nutritional ecology of wood-
and detritus-feeding arthropods (Martin and Martin 1978,
1979; Sharma et al. 1984; Kukor and Martin 1983, 1986a,
b).

Methods and materials

Collection and maintenance of animals

S. calcarata larvae were collected from stems and large
branches of trembling aspen, Populus tremuloides, at the
University of Michigan Biological Station, Emmet County,
Michigan. Since S. calcarata cannot be maintained for ex-
tended periods on artificial laboratory diets, larvae were
kept in 50-cm long aspen branch sections with paraffin-
sealed ends. Larvae could be kept in this way for 2-3 weeks
under laboratory conditions.

Extract preparation and enzyme assays

Midguts were dissected from S. calcarata larvae as de-
scribed by Martin et al. (1980). Since the pH of the midgut
fluid ranges between 7.05 and 7.20, extracts were prepared
in 100 mM Tris-HCI buffer (trisfhydroxymethyljamino-
methane), pH 7.1. For enzyme assays, the pooled midguts
from 8-10 larvae were prepared as described in Martin et al.
(1981).

Activities toward potato amylose (Calbiochem), car-
boxymethylcellulose (CMC) (Sigma), laminarin (United
States Biochemical), citrus pectin (Sigma), larchwood xylan
(United States Biochemical), microcrystalline cellulose (Po-
lyscience), and chitin (Sigma) were assayed by measuring



the liberation of reducing groups (maltose equivalents) us-
ing the 3,5-dinitrosalicylic acid reagent of Bernfeld (1955).

Culturing larvae on a cellulase-amended diet

A cellulase-amended diet for S. calcarata was prepared by
stirring 6 grams of freshly prepared shavings of aspen sap-
wood and inner bark in 200 ml of a solution of Penicillium
Suniculosum cellulase (Sigma) (500 units/ml) for 1 h at 4° C.
The wood shavings were collected by centrifugation, blotted
dry, and lyophilized. A control diet was prepared in similar
fashion by soaking aspen wood shavings in a solution of
heat-inactivated P. funiculosum cellulase. Weighed portions
of the lyophilized diets were extracted and assayed for activ-
ity towards microcrystalline cellulose, as described by
Kukor and Martin (19864a).

Approximately 700 mg of diet was placed in individual
capped plastic cups (2.5 cm diameter), the bottom of which
contained a thin layer of 2% agar. The lyophilized diet
was allowed to rehydrate for several hours before larvae
were placed in the cups. Four larvae were placed in cups
containing cellulase-active diet, and 4 were placed in cups
containing cellulase-inactive diet. After 3 days, one larva
from each treatment was sacrificed and its midgut dissected,
extracted, and assayed for activity toward microcrystalline
cellulose. The remaining 3 larvae from each group were
used immediately for determining !#C-cellulose utilization.

Y4 C-Cellulose utilization

14C-Cellulose utilization was measured using the protocol
of Kukor and Martin (1986a), except that the food tablets
were made of milled aspen inner bark and sapwood (Wiley
mill, 40-mesh), amended with 5% (wt/wt) [U-1*Clcellulose
(ICN).
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Results

The enzymatic activity of S. calcarata gut fluid toward
various polysaccharides

The gut fluid of S. calcarata larvae is active toward potato
amylose, citrus pectin, larchwood xylan, and laminarin (Ta-
ble 1), indicating that the larvae are equipped to digest
starch, pectin, hemicelluloses with an arabino-4-O-methyl-
glucuronoxylan structure, and polysaccharides, such as cal-
lose, containing f-1,3-linked glucose units. No activity
could be detected toward chitin. The gut fluid is also active
toward carboxymethylcellulose, indicating the presence of
endoglucanases (C,-cellulases) which attack soluble degra-
dation products of cellulose or amorphous regions of the
predominantly crystalline structure of native cellulose. Ac-
tivity toward carboxymethylcellulose is not necessarily indi-
cative of an ability to digest cellulose, however, since the
degradation of native cellulose requires the synergistic ac-
tion of a complex of enzymes (Ljungdahl and Erikkson
1985). Enzymatic activity toward microcrystalline cellulose
is barely detectable in the digestive fluids of S. calcarata
larvae, indicating that these animals do not possess a com-
plete cellulase complex. The inability of S. calcarata larvae,
collected from their natural galleries, to digest cellulose was
confirmed by demonstrating that no **C was detectable
in the respiratory carbon dioxide produced by larvae that
had ingested [U-**C]-cellulose (Table 2).

The inability of S. calcarata larvae to digest cellulose
and the absence of enzymatic activity toward microcrystal-
line cellulose in the gut fluid are entirely consistent with
our suggestion that cellulose digestion by cerambycid larvae
is a capacity acquired by the ingestion of active fungal en-
Zymes.

Low levels of cellulolytic activity have been reported

Table 1. Enzymatic activity toward various polysaccharides of extracts of midguts from S. calcarata larvae collected from natural galleries
or fed aspen wood chips amended with Penicillium funiculosum cellulase, and of extracts of aspen wood amended with P. funiculosum
cellulase. Each value is the mean + standard error of the mean for the number of replicates in parenthesis. ND not determined

Source of extract

Units of activity®/mg (dry weight) of dissolved solids in extract

Amylose  Pectin Xylan Laminarin Carboxymethyl- Microcrystalline
cellulose cellulose
Midguts of S. calcarata
Collected from natural galleries in aspen 2.624+0.03 3.60+0.01 1.9340.06 2.04+0.01 1.56+0.02 0.0240.003
3 3 3 A3) 3) 3
Cuitured for 3 days on aspen wood chips plus ND ND ND ND ND 0.39
cellulase (immediately prior to transfer €))
to aspen wood amended with labeled cellulose)
Cultured for 3 days on aspen wood chips plus ND ND ND ND ND 0.06
heat-inactivated cellulase (immediately prior )
to transfer to aspen wood amended with
labeled cellulose)
Aspen wood chips
Amended with P. funiculosum cellulase ND ND ND ND ND 3.15+0.2
3)
Amended with heat inactivated P. funiculosum ND ND ND ND ND 0.04+0.0
cellulase (3)

® A unit of activity is the amount of enzyme required to liberate 1 micromole of maltose equivalents per hour under the conditions

of the assay (37° C, pH 7.1, incubation volume 1.0 ml)
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Table 2. Utilization of [U-'*C]-cellulose by S. calcarata larvae.
The duration of the experiment was 24 hours. Each value is the
mean + the standard error of the mean for three replicates

Percent of label
from **C-cellulose
in diet released as **CO,

Treatment prior to transfer to
14C-cellulose-containing diet

Collected from natural galleries 0.0 +0.0
in aspen

Cultured for 3 days on aspen wood 1.3 +0.2
chips plus P. funiculosum cellulase

Cultured for 3 days on aspen wood  0.03+£0.02

chips plus heat-inactivated
P. funiculosum cellulase

in the gut fluids of S. populnea, a European species with
feeding habits very similar to those of S. calcarata
(Schlottke 1945). Schlottke also reported that cellulase ac-
tivity in the gut fluid was lower, and amylase activity higher,
in this species than in other species of cerambycids with
diets of dead or decayed wood. In assaying for cellulase,
Schlottke used a ten-day incubation time, and detected cel-
[ulase activity in the Malpighian tubules and the hemo-
lymph, neither of which are plausible sources for the di-
gestive enzymes of insects. Schlottke, aware of the enigma
posed by cellulases from these two sources, hypothesized
that the observed activity might not be due to digestive
cellulases, but rather to chitinases that normally function
during molting, but which also possess some activity toward
other f-1,4-glucans, such as cellulose. Whether or not
Schiottke’s explanation is correct, we believe that there is
sufficient ambiguity in his result that it cannot be accepted
as a convincing demonstration of cellulolytic capacity in
S. populnea larvae.

The acquisition of cellulolytic capacity by S. calcarata larvae
on a diet containing fungal cellulase

Although S. calcarata larvae do not normally ingest fungal
enzymes, there seemed to be no reason a priori to expect
that such enzymes would be any less stable or active in
the gut fluid of this species than in M. marmorator. We,
therefore, undertook experiments to determine whether S.
calcarata larvae could acquire cellulolytic capacity by in-
gesting a food that contained fungal cellulase.

Larvae were cultured on aspen wood shavings that had
been impregnated with the cellulase complex of the fungus,
Penicillium funiculosum. Although the larvae did not con-
sume large amounts of wood when it was presented to them
in this unnatural form, they did feed at a reduced rate,
and after three days their gut fluids exhibited significant
activity toward microcrystalline celiulose (Table 1). No cel-
lulase activity was detectable in the gut fluids of larvae
that had fed on aspen wood shavings to which heat-inacti-
vated fungal cellulase had been added.

Larvae with ingested fungal cellulase in their gut fluids
are able to digest [U-1*C]-cellulose (Table 2). Labeled cellu-
lose was incorporated into the diet of the larvae by feeding
them aspen wood shavings amended with **C-cellulose
fiber, and cellulose digestion was monitored by counting
the *C in the respiratory carbon dioxide produced by the
larvae. In these experiments it was not possible to achieve

a clean separation of frass and uneaten food. As a conse-
quence, it was not possible to obtain an accurate measure
of the amount of food or labelled cellulose actually ingested,
and we had to settle for a determination of the fraction
of *C presented to the larvae in their food that was released
in the form of carbon dioxide. Since the larvae did not
consume very much of the '*C-cellulose-amended aspen
shavings during this experiment, the value we obtained,
1.3%, grossly underestimates the efficiency with which the
larvae assimilated the cellulose actually ingested.

Conclusions

Ingested fungal enzymes have been shown to be responsible
for cellulose digestion in the termite, Macrotermes natalen-
sis (Martin and Martin 1978, 1979), the siricid woodwasp,
Sirex cyaneus (Kukor and Martin 1983), and the ceramby-
cid beetle, Monochamus marmorator (Kukor and Martin
19864a). Although S. calcarata larvae do not normally digest
cellulose, they are transformed into cellulose digesters when
their diet contains active fungal cellulases. The larvae are
preadapted for the exploitation of ingested enzymes.

The conditions which prevail in the gut fluids of ceram-
bycid larvae are quite compatible with a role for ingested
fungal enzymes. The pH of the gut fluid is close to neutrali-
ty, generally ranging between 6.8 and 7.2 (Swingle 1931;
Schlottke 1945; Grayson 1958; Mishra and Singh 1978).
Although this range is slightly above the pH at which most
fungal cellulases manifest their maximum activity, it is
nonetheless a range in which such enzymes are stable and
exhibit significant activity. The proteolytic enzymes of cer-
ambycid gut fluid have not been thoroughly studied.
Schlottke (1945) detected proteolytic activity in the gut
fluids of several species, and noted that activity was not
evenly distributed in the midgut.Activity was quite low in
the anterior portion of the midgut, which is the region
where cellulase activity is generally highest, and was higher
in the posterior portion where cellulase activity is lower.
He also noted that the anterior portion of the midgut is
slightly acidic while the posterior portion is slightly alkaline,
and that the proteases are more active under alkaline than
acidic conditions. These results all point to the conclusion
that ingested enzymes would probably not be subject to
rapid digestion in the midgut fluids. The anterior portion
of the midgut in particular would seem to be a region of
the alimentary tract in which ingested fungal cellulases
would be stable and active.

We predict that ingested fungal enzymes will prove to
be responsible for cellulose digestion in many, perhaps most
or even all, cellulose-digesting cerambycid beetles. We also
maintain that there is no longer any justification for believ-
ing that the larvae of any cerambycid species are able to
secrete all of the enzymes required for cellulose digestion.
To be sure, many additional species must be examined be-
fore these sweeping generalizations can be accepted as any-
thing more than provocative challenges. We hope the chal-
lenges will be accepted, and the generality of the importance
of ingested enzymes in the nutritional ecology of wood-
feeding beetles can be established.
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