anomalous strain observed near Palm-
dale does not differ significantly from
these earlier explanations. The Palmdale
strain anomaly could as well be ex-
plained by migration of slip on a low-
angle thrust as a horizontal detachment
plane. Indeed, continued slip on a hori-
zontal detachment plane must ultimately
be relieved along a thrust plane, and, if
the detachment plane exists, it is likely
that it is coupled to the system of thrust
faults beneath the Transverse Ranges,
perhaps as one great listric fault.
J. C. SAVAGE
W. H. PrescoTT
M. LisowskI
N. E. KiNnG
U.S. Geological Survey,
345 Middlefield Road,
Menlo Park, California 94025
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Cellulose Metabolism by the Flagellate Trichonympha from a

Termite Is Independent of Endosymbiotic Bacteria

Abstract. Continuous axenic cultures were established of Trichonympha sphaer-
ica, a cellulose-digesting symbiotic protozoon in the gut of a termite. The cultured
flagellates harbored no endosymbiotic bacteria and metabolized cellulose to acetate,
carbon dioxide, and hydrogen. Thus, the cellulolytic activity of this flagellate is an
inherent property and is not dependent on endosymbiotic bacteria.

Flagellated Protozoa in the order Hy-
permastigida are mostly large, structur-
ally complex, cellulose-digesting sym-
biotes in the intestines of termites and
the wood-feeding roach Cryptocercus
(1-3). These insects live on a diet of cel-
lulose but possess insufficient cellulolyt-

(large arrowhead). Bar represents 2 wm.

ic activity, thereby rendering them de-
pendent on their flagellates for cellulose
digestion (/-3). Degradation of cellulose
by the flagellates provides the host with
usable end products, which have been
identified as acetate (plus CO, and H;)
for flagellates from the termite Zooter-

Fig. 1. Trichonympha sphaerica from axenic culture. (a) Light micrograph with phase contrast
optics of cells fixed with glutaraldehyde. Each cell has an anterior rostrum (r), flagella (f), and
cytoplasm containing many ingested cellulose particles (arrowheads). The bar represents 100
pm. (b) Electron micrograph of part of a cell showing the absence of endosymbiotic bacteria in
the cytoplasm. The usual cytoplasmic organelles are present, including microbodies (small ar-
rowheads) and food vacuoles containing cellulose particles (c) and a heat-killed food bacterium
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mopsis (3). The origin of cellulolytic ac-
tivity in the flagellates (4) is uncertain (2,
3) because they harbor endosymbiotic
bacteria (5). Pierantoni (6) first postulat-
ed that bacteria living within termite flag-
ellates are responsible for hydrolyzing
cellulose to soluble sugars. This hypoth-
esis, without experimental support 2, 3,
5), has nevertheless become quite popu-
lar.

Axenic cultivation of cellulose-digest-
ing hypermastigote flagellates would pre-
clude the involvement of living bacteria
in flagellate cellulose metabolism. How-
ever, continuous cultivation of these
flagellates under axenic conditions has
not been achieved previously. Trager (7)
obtained multiplication of Trichonympha
sphaerica in primary cultures and first
subcultures. A mixed population of flag-
ellates, including hypermastigotes, from
Cryptocercus have been grown in culture
for extended periods (8). The sensitivity
of these flagellates to oxygen (2, 3) and
their possible complex nutritional re-
quirements (3) have probably contrib-
uted to their neglect as candidates for
detailed study in vitro. Axenic cultiva-
tion is now reported for a hypermasti-
gote, Trichonympha sphaerica, from the
western damp-wood termite Zooter-
mopsis (9).

The culture technique used was that
developed for axenic cultivation of a cel-
lulose-digesting trichomonad flagellate
(10). The anaerobic medium contained
cellulose particles and heat-killed bac-
teria (I1). In our study, the intestinal
contents of Zootermopsis (12) were in-
oculated into the culture medium con-
taining 250 units of penicillin and 250 ug
of streptomycin per milliliter, and the in-
oculated cultures were incubated at
20°C. After 9 weeks, a mixed culture of
Trichonympha sphaerica, Trichomitop-
sis termopsidis, and intestinal bacteria
was obtained. To separate T. sphaerica
from T. termopsidis, we selected 25 cells
of the former from primary culture fluid
with a micropipette, checked to ensure
the absence of trichomonads, and then
inoculated them into fresh medium with
antibiotics. The flagellates multiplied to
several hundred cells after 8 weeks;
thereafter, they were subcultured about
every 4 weeks. After several further pas-
sages, living extracellular bacteria were
absent (/3), and antibiotics were omitted
from the medium. Flagellates typically
increased tenfold after 4 weeks and
reached about 150 cells per milliliter of
medium. The cells were actively motile
in culture and were filled with cellulose
particles (Fig. 1a).

Since endosymbiotic bacteria have
been reported in T. sphaerica (14), the
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cultured flagellates were examined by
electron microscopy (/0) to determine
whether antibiotic treatment had ren-
dered them endosymbiote-free. No
endosymbiotic bacteria were ever ob-
served in these flagellates. They pos-
sessed food vacuoles containing cellu-
lose particles and heat-killed food bac-
teria (Fig. 1b), along with the usual cell
organelles present in this and related hy-
permastigotes (4, 15). Since no living
bacteria were present in the culture fluid
nor within the flagellates, the cultures
were axenic. T. sphaerica has since been
grown in continuous axenic culture for
more than 15 months.

Cellulose was required for growth by
axenic T. sphaerica which suggested that
the flagellates possessed enzymes for
cellulose metabolism. The end products
of cellulose metabolism were determined
by growing axenic flagellates in medium
containing labeled cellulose (/6). The re-
sults after several weeks of incubation
with **C-labeled cellulose showed that T.
sphaerica produced CO, and acetate,
which accounted for about 30 and 38 per-
cent of the label released into the culture
fluid, respectively (/7). Hydrogen was
also produced by the flagellates (I8).
These end products are the same as
those produced by axenic Trichomitop-
sis termopsidis (16) and by Trichonympha
spp. from Zootermopsis (3).

These results indicate that 7. sphaer-
ica is itself capable of cellulose metabo-
lism without the participation of endo-
symbiotic bacteria. The axenic flagel-
lates metabolized cellulose intracellular-
ly and released acetate, a substrate that
would be absorbed from the termite in-
testine and oxidized (3) or used in bio-
synthesis (/9). Although numerous sym-
biotic associations between bacteria and
hypermastigote flagellates have been re-
ported (5, 14), the assumed role of endo-
symbiotes in cellulose metabolism by
these flagellates should be viewed with
skepticism in view of the data presented
above.

Hypermastigote flagellates display
many interesting characteristics that can
now be studied in vitro. They are obli-
gate anaerobes with unusual metabolism
2, 3); they ferment cellulose to poten-
tially useful end products, have complex
ultrastructures (I4, 15) and an unusual
reproductive process (§), and some un-
dergo sexual cycles in response to molt-
ing of the host (20). These highly evolved
organisms should no longer be regarded
as interesting but recalcitrant members
of the biological world.

MicHAEL A. YAMIN*
Rockefeller University,
New York 10021
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Effect of Adenosine 3',5'-Monophosphate on Neuronal

Pacemaker Activity: A Voltage Clamp Analysis

Abstract. Bursting pacemaker activity in nerve cells can be modified for long peri-
ods by synaptic input of short duration. There is evidence that cyclic nucleotides may
play a role in these modifications. The predominant effect of elevated levels of
adenosine 3',5'-monophosphate in Aplysia neurons was an increased slope con-
ductance to hyperpolarizing pulses, evident in voltage clamp records. A similar in-
crease in slope conductance was seen as one component of maximum strength syn-
aptic stimulation, which is consistent with the idea that cyclic nucleotides are impor-
tant in the expression of synaptic alteration of bursting pacemaker activity.

It has been suggested that cyclic nu-
cleotides function as ‘‘second messen-
gers’’ in a number of synaptic events in
neural systems. An analysis of the role of
cyclic nucleotides in these events has
been lacking because of difficulties inher-
ent in obtaining biophysical measure-
ments of membrane responses in com-
plex neural tissue. We used a neuron
from the nervous system of the marine
mollusk Aplysia to perform such an anal-
ysis. Cell R15 of Aplysia is subject to
long-lasting hyperpolarization after brief
stimulation of the branchial nerve (7).
This synaptic response is enhanced in
the presence of theophylline (2), a
phosphodiesterase inhibitor thought to
prolong the actions of cyclic nucleotides
by preventing their breakdown. Phos-
phodiesterase inhibitors may have ef-
fects on processes other than those re-
lated to cyclic nucleotide action. Addi-

tional evidence of cyclic nucleotide
involvement is the finding that intra-
cellular injection of §’-guanylyl imidodi-
phosphate (GMP-PNP), which activates
adenylate cyclase, causing increased
synthesis of adenosine 3’,5'-monophos-
phate (cyclic AMP), produces a long-
lasting hyperpolarization of cell R15 (2).
" In our study we use voltage clamp
techniques to elucidate the pseudo-
steady-state current-voltage (I-V) rela-
tionship in R15 during nucleotide action.
The I-V curve induced by this action is
compared with that produced by synap-
tic stimulation. Our analysis serves both
to examine the manner in which cyclic
AMP exerts its effects and to further test
the hypothesis that long-lasting synaptic
events are mediated by cyclic nucle-
otides. The biophysical events must be
similar if cyclic nucleotides are mediat-
ing the synaptic event.
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