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TABLE 3. Origin of “CO, from R. flavipes fed *C-
labeled VFAs
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FIG. 4. Effect of defaunation (hyperbaric O,) or

removal of hindgut bacteria (antibiotics) on acetogenic
activity of hindguts of R. flavipes termites.

between 6 and 24 h of incubation (Fig. 5). This
suggests that “C-labeled VFAs may not have
been uniformly distributed throughout the food
tablets or that the feeding rate of termites de-
creased during incubation. In the absence of
termites, negligible amounts of #CO, were
evolved from food pellets (Fig. 5). After 52 h,
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FIG. 5. Evolution of *CO, by R. flavipes termites
feeding on [U-'“Clacetate, [1-'*Clpropionate, or [2-
14Clbutyrate. Control vessels contained [U-!*Clace-
tate incubated in the absence of termites.

14CO, evolved
(pmol - termite
VFA fed to Incubation equivalent™! - h™1)?
termites’ atmosphere
Intact |Degutted |[Extracted
termite| body gut
[U-**Clacetate Air 082 | 0.76 | 0.20
100% N, | 0.34 | 0.32 0.10
[1-'*C]propionate |  Air 1.86 | 1.63 0.30
100% N, | 0.87 | 0.80 0.24
[2-1*C]butyrate Air 3.41 | 3.03 0.71
100% N, | 1.65 | 1.26 0.47

4 Termites were fed !*C-labeled VFAs for 52 h
before assay. The specific activities of the substrates
were (dpm - nmol™'): [U-'*Clacetate, 60,050; [1-
14C]propionate, 31,006; and [2-1*C]butyrate, 3,419.

& Groups of 7 to 10 termite equivalents were used
per determination.

termites were removed from the incubation ves-
sels and dissected to determine the origin of
14C0,-evolving activity (Table 3). Most of the
14C0, evolution was associated with degutted
bodies (i.e., termite tissues only) and was signifi-
cantly retarded by incubation under N,. The
observation that some “CO, was evolved under
N, suggests that dissolved O, may still have
been present in termite tissues. Only small
amounts of *CO, were evolved from extracted
guts and presumably arose from respiratory ac-
tivity of gut tissue. In separate experiments,
termites previously unexposed to [*Clacetate
were degutted, homogenized, and incubated in
vitro with [U-'*CJacetate. Under aerobic condi-
tions, 83% of the *CO, evolved arose from
degutted bodies, whereas 17% arose from gut
homogenates.

Analysis of hemolymph. The ability of R. fla-
vipes tissues to oxidize acetate suggested that
acetate produced in the hindgut was absorbed
from that site and transported to tissues via the
hemolymph. Accordingly, hemolymph was as-
sayed for the presence of this compound. In two
separate experiments, acetate was found to be
present at concentrations of 9.0 and 11.6 mM,
respectively. Propionate and butyrate were not
observed, but could have been present in con-
centrations below the limits of detection (<4
mM in hemolymph).

Acetogenesis from wood polysaccharides. To
estimate the contribution of cellulose versus
hemicellulose carbon to acetogenesis, we fed
DFP amended with [U-1%C]-labeled polymer to
R. flavipes and determined the specific activity
of acetate in the hindgut fluid (Table 4). Compar-
ison of the specific activity of the food compo-
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TABLE 4. Origin of acetate in hindgut fluid of R.
flavipes termites

Component Sp act (dpm - ng of C™1)? % Contri.
in food Food Acetate in | bution
tablet component | hindgut fluid
[U-*C]cellu- 0.86 = 0.12|10.75 =+ 0.16| 87.2
lose
[U-**Clhemicel- [11.5 *=1.2 |2.66 + 0.59| 23.1
lulose

% Mean * standard error of the mean (n = 3).

nent with that of acetate revealed that about 87%
of the acetate was derived from cellulose,
whereas 23% was derived from hemicellulose.
The sum of these values strongly suggests that
acetate was produced only from wood polysac-
charides and not from lignin or other wood
components. That the sum was greater than
100% suggested that the labeled polymers added
to food tablets were more readily converted to
acetate than were the corresponding unlabeled
polymers in wood, which are complexed with
lignin (17).

Survival of R. flavipes on acetate. Attempts to
prolong the survival of R. flavipes on a cellulose-
free diet with acetate were unsuccessful. This
was true whether defaunated or normally faunat-
ed termites were used. In fact, termites feeding
on sodium acetate or NaCl (control) generally
died faster than did those feeding on unamended
agarose.

H, and CH, emission by R. flavipes. Live
specimens of R. flavipes usually emitted H, at
rates of 0.4 to 0.9 nmol - termite™! - h™! (equiv-
alent to 0.003 to 0.006 wnl-mg of fresh
weight™! - h™1), although occasional groups
evolved up to 4.2 nmol - termite™! - h™! (equiv-
alent to 0.029 ul-mg~'-h~!). Rates of CH,
emission were 0.38 + 0.2 nmol - termite™! - h™!
(equivalent to 0.003 = 0.001 ul-mg™'-h™Y) (n
= 20). No significant difference in the CH,
emission rate was observed between laboratory-
maintained and freshly collected termites. Thus,
on a molar basis, the rate of H, or CH, evolution
was always =7% (and usually <0.8%) that of O,
consumption or CO, evolution. Interestingly,
however, when a group of termites emitting
trace amounts of H, were fed antibacterial drugs
(chloramphenicol, penicillin, and tetracycline),
the rates of H, evolution increased to 1.7 to 7.0
nmol - termite™! - h~! within 48 h of drug treat-
ment, and CH,4 emission increased from 0.25 to
1.50 nmol - termite ! - h™1.

DISCUSSION

VFAs present in the hindguts of xylophagous
termites included C, to Cs representatives (Ta-
bles 1 and 2) and were qualitatively similar to
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those found in other gastrointestinal ecosystems
harboring a dense microbiota, such as the large
bowel and cecum of vertebrates (1, 13, 35, 50),
the rumen (24, 25), and the hindgut of cock-
roaches (6) and scarabaeid beetles (3). In addi-
tion, our results were consistent with those of
Kovoor (27), who qualitatively identified ace-
tate, propionate, and butyrate in the hindgut of
the higher termite Microcerotermes edentatus
by using paper chromatography, and those of
Hungate (21, 22), who identified acetate in the
hindgut fluid of Z. angusticollis. Quantitatively,
however, the VFA profile in termite hindgut
fluid was quite different from that of most other
intestinal ecosystems in that acetate accounted
for an unusually large fraction (94 to 98 mol%) of
all VFAs (Table 1). This was not due to prefer-
ential absorption and oxidation by termites of C;
to Cs VFAs, because acetate was still the major
VFA produced when the oxidative activity of
host tissue was circumvented (i.e., by the zero-
time-rate method of analysis).

The striking dominance of acetate in the hind-
gut fluid of lower termites is probably due to
several factors, including the relatively .insoluble
nature of the food of the termites and the rather
unique composition of the hindgut microbiota.
The major components of wood are insoluble
polysaccharides (cellulose and hemicelluloses)
complexed with 18 to 35% lignin (17). Although
it appears that some lower termites might se-
crete their own cellulases (53), and may in fact
initiate wood glucan decomposition in the fore-
and midgut, the majority of cellulolytic activity
occurs in the hindgut (where the bulk of wood
decomposition occurs) and is of protozoan ori-
gin (8-10, 20, 23, 38, and references therein).
Moreover, the transit of food from the foregut to
the hindgut is rapid (<3 h; 28, 29; Odelson and
Breznak, manuscript in preparation). Conse-
quently, most of the food remains in an insolu-
ble, particulate form during passage to the hind-
gut. Since the protozoan population in termite
hindguts is quite large (the hindgut of R. flavipes
contains 4 X 10* protozoa [34] and 3 x 10°
bacteria [48], and the ratio of protozoa to bacte-
ria is about 1,000 times greater than that of the
bovine rumen [25, 55]; in Zootermopsis termites
the hindgut protozoa account for about one-third
of the body weight of the insect [26]), and since
most of the termite hindgut flagellates endocy-
tose (and thereby sequester) wood particles as
they enter the hindgut, it follows that VFA
production in the hindgut should reflect mainly a
protozoan fermentation of wood polysaccha-
rides and be dominated by acetate. Acetate is
the only detectable VFA produced during cellu-
lose fermentation by mixed suspensions of hind-
gut protozoa from Zootermopsis termites (21,
22), as well as by axenic cultures of these forms
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(56, 57), and a similar situation probably holds
for cellulolytic protozoa from R. flavipes. Con-
sistent with this interpretation is the drastic
inhibition of acetogenesis in the hindgut of R.
flavipes after defaunation (Fig. 4). Nevertheless,
bacteria undoubtedly also produce acetate in
situ. This inference is based on the moderate
suppression of hindgut acetogenesis after R.
flavipes termites were fed antibacterial drugs
(Fig. 4), as well as the recognized ability of
heterotrophic bacterial isolates to produce ace-
tate (and C, and C; to Cs VFAs) in pure culture
(42, 43, 48) and in two-species cocultures (49).
However, it is impossible at this time to ascribe
the exact quantitative contribution of protozoa
or bacteria to acetogenesis in situ, because the
sum of the acetogenic activity of defaunated R.
flavipes and bacteria-free R. flavipes is signifi-
cantly less than the acetogenic activity of con-
trol termites (Fig. 4). Either one or both of the
following explanations for this observation are
possible. (i) The treatment used to remove pro-
tozoa or bacteria (exposure of termites to hyper-
baric O, or to antibacterial drugs, respectively)
has some deleterious effect on nontarget orga-
nisms; or (ii) acetogenesis in normal R. flavipes
involves a synergistic interaction between hind-
gut protozoa and bacteria. Notwithstanding, it
seems safe to conclude that protozoa dominate
acetogenesis in R. flavipes hindguts, whereas
bacteria are of secondary importance in this
particular activity. Substrates for bacterial pro-
duction of VFAs could include the small amount
of soluble carbohydrate present in the wood
itself (30), soluble intermediates secreted by the
protozoa (9, 56) or liberated from wood by
termite enzymes, or possibly CO, and H, (see
below). True cellulolytic bacteria, i.e., bacteria
capable of degrading crystalline cellulose, ap-
pear to be quantitatively insignificant in the
hindgut of R. flavipes (48).

Results of our present studies with R. flavipes
(family Rhinotermitidae) are consistent with
Hungate’s (22) model for mutualistic cellulose
utilization which was derived from his studies
with Zootermopsis species (family Hodotermiti-
dae). First, protozoa appear to be primarily
responsible for acetogenesis in the hindgut; sec-
ond, rates of O, consumption by R. flavipes (52
to 64 nmol - termite~! - h™!) were approximate-
ly twice that of hindgut acetogenesis (20 to 43
nmol - termite”! - h™! for laboratory-main-
tained and freshly collected termites, respective-
ly). Since 2 mol of O, is required for complete
oxidation of acetate to 2CO, and 2H,0, it ap-
peared that 77 to 100% of the energy require-
ments of the termites could be met by oxidation
of the acetate produced by the hindgut micro-
biota. In support of this interpretation was the
demonstration of significant amounts of acetate

APPL. ENVIRON. MICROBIOL.

in R. flavipes hemolymph, as well as the ability
of termite tissues to readily respire acetate and
other VFAs (Fig. 5; Table 3). We do not know
why the rates of acetogenesis in the hindguts of
freshly collected R. flavipes were consistently
greater than those of laboratory-maintained
specimens. However, it seems likely that the
food on which the former were feeding before
assay was more readily convertible to acetate
(perhaps because it was partially decayed by
fungi) than was the sound wood and paper towel
mixture fed to laboratory specimens. Neverthe-
less, the ability of both cellulose and hemicellu-
lose to serve as substrates for acetogenesis by
the hindgut microbiota (Table 4) was in line with
the high digestibility of these compounds, but
not lignin, for R. flavipes (18).

Rates of O, consumption by R. flavipes re-
ported herein (0.357 to 0.440 pl - mg of fresh
weight™! - h™!) were similar to those of various
other termites, as summarized by Peakin and
Josens (39), as well as that determined by La-
Fage and Nutting (31) for Marginitermes hub-
bardi. By contrast, present values were consid-
erably lower than most of those determined for
R. flavipes by Damaschke and Becker (summa-
rized in reference 39). The reasons for this
discrepancy are not known. Rates of H, and
CH, emissions by R. flavipes were also similar
to those previously reported for various termites
including R. flavipes and R. tibialis (8, 15, 31,
59). Although emission of such gases by termites
might have a significant impact on our atmo-
sphere globally (59), rates of H, and CH, emis-
sion by R. flavipes were only about 0.7% that of
0O, consumption. Consequently, overall carbo-
hydrate oxidation in R. flavipes closely approxi-
mated the classical scheme: 100 (CH,0) +
1000, — 100CO, + 100H,0. Assuming an oxy-
calorific equivalent of 5.05 mcal/pl of O, con-
sumed (39), our respirometric data indicate that
energy flow through normally faunated, feeding
workers of R. flavipes would be 1.80 to 2.22
mcal - mg™! - h™! at 23°C.

If Hungate’s model (22) for symbiotic cellu-
lose degradation in lower termites is fundamen-
tally valid, it must be amplified to accommodate
those termite species that evolve relatively little
H, and CH,. For example, if symbiotic wood
utilization in R. flavipes is envisioned to consist
mainly of an anaerobic fermentation of glucan
(nCgH,06) to acetate, CO,, and H, by protozoa
(Table S, reaction A), followed by termite oxida-
tion of acetate (Table 5, reaction B), then an
appreciable amount of reducing equivalents, as
H,, should be evolved by termites (Table 5,
reaction A + B). In fact, according to reaction A
+ B, rates of H, evolution should be equal to
that of O, consumption and 66% that of CO,
evolution, but they are almost always <1% of
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TABLE 5. Possible steps in symbiotic dissimilation
of glucan (nC¢H,,0¢) by R. flavipes®

Designation

Ao, nC6H,206 + 2nH20 d
2nCH3COOH + 2nC02 + 4nHz

Reaction

B............. 2nCH;COOH + 4n0O, — 4nCO, +
4nH20

A+B......... DC6H1206 + 4[\02 e 6I'IC02 + 4nH2
+ 2nH20

Covvvnrvvnnnnn 4nH, + nC02 — nCH, + 2nH20

A+B+C ....nC6H1206 + 41'102—) SI'ICOz +
nCH, + 4nH,0

| D 2 4nH, + 2n0, — 4nH,0

E..ooovvvnnlt. nCH, + 2nO, — nCO, + 2nH,0

) S 4nH, + 2nCO, — nCH,COOH +
2nH,0

B+D

(] S 2nCH;COOH + 6nO, + 4nH, —

B+C+E 4nCO, + 8nH,0

A+B+D

(0] nC¢H 1,06 + 6n0, — 6nCO, +

A+F+15B 6nH,0

2 See text for details.

those values. Furthermore, reaction A + B is
inconsistent with the RQ of R. flavipes, which
was 1.00 to 1.05. Several possibilities exist re-
garding alternate fates of reducing equivalents
produced during glucan decomposition by R.
favipes. Interspecies transfer of H, to methano-
genic bacteria might occur (Table §, reaction C),
and it probably does inasmuch as R. flavipes
emits CH,4, but the combined reaction A + B +
C (Table 5) predicts that CH4 emission rates
should be 20 to 25% that of CO, evolution and
0O, consumption, respectively. However, as for
H, emission, CH, emission was <1% of those
values, and the RQ predicted by reaction A + B
+ C is inconsistent with that observed. Con-
sumption of H, by aerobic hydrogenotrophic
bacteria (Table 3, reaction D) would yield an RQ
of 1.00 (Table 5, reaction A + B + D), but
implies that O, consumption should be threefold
greater than hindgut acetogenesis (Table 5, reac-
tion B + D) instead of the observed 1.5- to 2.4-
fold. A similar argument can be leveled against
the possibility of rapid formation (reaction C)
and subsequent oxidation (Table 5, reaction E)
of CH, (Table 5, reaction B + C + E).

The most likely fate of H, is depicted by
reaction F (Table 5), i.e., the use of H; for the

TERMITE HINDGUT FERMENTATION 1611
reduction of CO, to acetate. The overall dissimi-
lation of glucan by R. flavipes is then envisioned
to consist of anaerobic fermentation by hindgut
protozoa (reaction A), coupled to anaerobic
acetogenesis from CO, and H, by some mem-
ber(s) of the hindgut microbiota (Table S, reac-
tion F), followed by aerobic oxidation of acetate
by R. flavipes tissues (1.5 X reaction B). The
sum of these reactions (Table 5, reaction A + F
+ 1.5B) would be consistent with the RQ and
relative rates of O, consumption and hindgut
acetogenesis of R. flavipes. Reaction F is not
known to occur in eucaryotes, but is recognized
in a few bacterial species such as Acetobacter-
ium (2) and Acetogenium (32), and in certain
species of Clostridium (7) and Eubacterium (19).
Moreover, it is of interest that the cecal micro-
biota of rats, rabbits, and guinea pigs can effect a
total synthesis of acetate from CO, and H, (46),
although the specific bacteria have not yet been
identified. Although conclusive proof for the
existence of such reactions or organisms in R.
flavipes hindguts is not yet available, the ob-
served increase in H, and CH4 emission by
termites fed antibacterial drugs (see above) sug-
gests that some type of procaryotes, other than
methanogens, constitute important ‘‘electron-
sink’’ organisms in the hindgut food web.

A working model for symbiotic utilization of
wood polysaccharides by R. flavipes is depicted
in Fig. 6. The central elements of Fig. 6 include a
graphic representation of reactions A, F, and B
(Table 5). Also depicted in this figure is the
participation (to a lesser degree) of other hetero-
trophic bacteria in acetogenesis, either directly
or indirectly through H, and CO, production
(42, 43, 48, 49). As with Hungate’s original
model (22), the present model (Fig. 6) implies
that defaunated termites should be able to sur-
vive on a cellulose-free diet if fed acetate. Al-
though this has been tried previously (15, 23), as
well as in the present study, negative results
have been obtained. Perhaps the feeding of
acetate salts to termites does not adequately
mimic the in vivo situation in which acetic acid
is continuously produced and absorbed from the
hindgut. On the other hand, perhaps the cation
component of the acetate salts has a deleterious
effect on termite survival, as indicated in the
present study. However, Fig. 6 suggests a novel
way to circumvent the use of acetate salts in
such survival experiments, i.e., the present
model predicts that defaunated (or normally
faunated) termites should be able to survive on a
cellulose-free diet longer under an air atmo-
sphere enriched with H, and CO, than under an
atmosphere of air alone. A test of this predic-
tion, as well as a search for acetogenic CO,-
reducing bacteria in R. flavipes hindguts, is
currently under way in our laboratory.
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FIG. 6. Proposed working model for symbiotic wood polysaccharide dissimilation in R. flavipes. Thickness
of arrows represents approximate relative contribution of the respective reactions to the overall dissimilatory
pathway. Major products of the hindgut fermentation are indicated in boldfaced type; probable intermediates,
which do not accumulate to detectable levels, are indicated in parentheses. (Reprinted from reference 10 by

permission from the British Mycological Society.)
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