Gondwana rocks are now seen to be
preserved. These fractures were those
most easily affected by stresses conse-
quent upon vigorous sea-floor spreading
relatively late in the history of the
Indian Ocean when no further signifi-
cant movement of India toward Asia
could take place. This intracontinental
orogenic uplift was facilitated (i) by the
presence of a massive Phanerozoic suc-
cession lying on the Tibetan but not
the Indian part and (ii) by the thick salt
deposits at its base.

Association of Tibet with Australia
explains the extraordinary distribution
of the cladoceran Daphniopsis (7),
recorded only in Kerguelen, Antarctica,
Australia, Tibet, and Inner Mongolia.
Search for a major plate boundary north
of Tibet suggests the Tien Shan, a
mountain system with a Phanerozoic
history of great mobility and some
peculiar features, rather than the Kun
Lun—Astin Tagh which separate Tibet
from the Tarim Basin. In the Kuruk
Tagh in the eastern part of that basin,
Norin (8) compared the tillite-bearing
sequence, which would now be regarded
as Precambrian-Cambrian, with that of
the Adelaidean of the type sequence in
South Australia. Today a more ap-
propriate comparison would be with the
Kimberley Basin and northern Western
Australia, which on the suggested reas-
sembly would be close.

The distribution of Lystrosaurus is
in agreement with this hypothesis. Not
only is it known in the Southern Hemi-
sphere and India but it has been found
in the Tien Shan and the Turfan Basin
of Sinkiang (9). As related fossil reptilia
occur in Shansi, it is probable that large
areas of northern and northeastern
China formed part of Gondwanaland
(10). The suggested reassembly is shown
in Fig. 2.

A. R. CRAWFORD
Research School of Earth Sciences.
Australian National University,
Canberra 2600
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Methane Formation in Living Trees: A Microbial Origin

Abstract. Visibly healthy hardwood trees located on poorly drained soils con-
tained high pressures of methane. Heartwood from these trees was water-soaked,
neutral to alkaline in pH, fetid in odor, and infested with a diverse population of
obligately anaerobic bacteria. The bacterium responsible for methane formation
in trees was isolated and characterized as a member of the genus Methanobac-

terium.

Methane has occasionally been
either reported or inferred to be part
of the composition of flammable gases
that are sometimes trapped within the
trunks of living trees (). However, the
factors responsible for the formation of
methane in trees have remained a
mystery. We report here a microbial
origin for methane found in living trees.

Bushong (/) reported the first analysis
of gases drawn from a tree and
demonstrated the presence of flammable
gas in a large cottonwood tree. During
the course of microbial studies with
forest trees we have observed high pres-
sure gas release from newly made in-
crement borer holes. The gas could
usually be ignited producing a blue
flame (Fig. 1). The wood from these
trees was often so soaked with water
that a stream of fetid liquid was ejected
along with the gas to distances of 15 to

Fig. 1. Ignited methane gas emanating from
a hollow increment borer bit drilled 20
cm into a cottonwood tree located on the
shore of Lake Wingra, Wisconsin. Photo-
graph is from a time exposure taken
at night.

46 cm, thereby extinguishing the flame.
Our field observations, in addition to
reports by other investigators (/, 2), in-
dicate that high gas pressures do not
occur in most trees and may be a con-
dition not associated with normal
growth. This study was initiated to
determine the nature of high gas pres-
sures in trees.

Visibly healthy trees with trunk
diameters ranging from 50 to 90 cm
(3) were selected at various locations
in Wisconsin. Trees sampled included
the following four species of hardwoods:
American elm, Ulmus americana L.;
black willow, Salix nigra Marsh.; white
poplar, Populus alba L.; and eastern
cottonwood, P. deltoides Bartr. An in-
crement borer was used to sample tree
trunks approximately 1 m above ground
level. At intermittent distances inward
boring was halted, a wood increment
core was removed, and a rubber sep-
tum was immediately inserted into the
borer orifice. Gas volumes twice the
borer volume were first removed with a
syringe, and then gas samples were col-
lected for later analysis in a gas chro-
matograph equipped with a thermal
conductivity detector. Methane was al-
ways a component of trunk gases that
were under high pressure and was de-
tected only in gas samples from cotton-
wood, elm, and willow trees that con-
tained wetwood, an abnormal type of
heartwood (4).

Wetwood cores removed from
methane-positive trees were neutral to
slightly alkaline (pH 6.8 to 7.8) and
possessed a characteristic volatile fatty
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Table 1. Composition, by volume, of gases in cored trees sampled in August 1973.

Heart- Percent of total gases
Specimen wood
type CO, CH, O, N, H,
Alluvial sand and silt soil*
Cottonwood A Wetwood 14.1 61.7 23.2 1.0
Lacustrine marl and peat soilt
Cottonwood B Wetwood 16.3 55.2 27.0 1.5
White poplar Normal 18.5 6.4 75.1

* Mississippi River, Wyalusing, Wisconsin.

acid odor which was almost indistin-
guishable from that of rumen fluid. At
times, wetwood samples also possessed
a pungent odor of hydrogen sulfide.
Normal heartwood from trees lacking
methane was acidic (pH 5.3 to 5.8) and
was devoid of the volatile fatty acid
and hydrogen sulfide odors. Methane
was not found in all trees of the species
studied, although trees containing
methane were numerous and easily
located on poorly drained soils, particu-
larly in low-lying areas surrounding
lakes and rivers.

The gas composition of two selected
methane-positive trees growing in bot-
tomlands of different soil types about
90 miles (1 mile = 1.6 km) apart is
shown in Table 1. Methane was the
major constituent in these trees, hydro-
gen was detected, and oxygen was
absent. Since all cottonwoods sampled
contained wetwood and methane, a
white poplar growing near cottonwood
B was selected for comparison of gases
in trees with normal heartwood. The
gas composition values for the white
poplar reflect those of methane-negative
trees. In these trees nitrogen was the
major gaseous component, oxygen was
present, and methane and hydrogen
were absent. Our studies have shown
that methane was the major component
of trees containing high gas pressure,
whereas nitrogen was the major gaseous
component of normal trees.

The methanogenic activity present in
heartwood removed from a tree con-
taining methane is shown in Fig. 2.
By means of an aseptic technique, an
increment borer was used to obtain sev-
eral different cores from the same
area of cottonwood A listed in Table 1.
Wetwood samples from each of the
cores were immediately placed into
anaerobic containers, sealed under nitro-
gen gas, and transported to the labora-
tory. Wetwood (2.0 to 2.3 g) from each
core was added to separate anaerobic
vessels containing 25 ml of phosphate-
buffered (pH 7.2) inorganic salts media.
These containers were sealed under an
atmosphere of nitrogen or a mixture of
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hydrogen and carbon dioxide (H, and
CO,) and allowed to incubate at 25°C.
Gas samples (0.4 cm3) were withdrawn
at intervals and analyzed for methane
with a gas chromatograph equipped with
a flame ionization detector. Methane
was immediately detected when wet-
wood was incubated under an atmo-
sphere of N, or of H, and CO,. No
methane was formed when wetwood
was autoclaved prior to incubation
under N, or H, and CO,. In addition,
methane formation was not detectable
when wetwood was incubated in an
atmosphere of H, and CO, with O,.
Wetwood incubated under H, and CO,
produced methane during the first 48
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Fig. 2. Methane formation by wetwood
samples removed from a cottonwood tree
having high pressures of methane.
Anaerobic incubation of wetwood in an
atmosphere of H: and CO. (©) resulted
in an increased rate of methane forma-
tion, when compared to wetwood incu-
bated under N: ([J). Autoclaving wet-
wood prior to incubation resulted in the
loss of methanogenic activity (A). The
addition of CHCI; to wetwood incubated
with H. and CO. for 48 hours terminated
methane production (@ ).

hours of incubation at a much faster
rate than that when incubated under
N,. This rapid rise in methane forma-
tion was probably a reflection of H,
and CO, consumption by the indige-
nous methanogenic bacterial flora. Both
H, and CO, individually are preferred
substrates for growth of methane-
producing bacteria (5). Methane forma-
tion in wetwood ceased when chloro-
form was added to a final concentration
of 2 percent in an atmosphere of H,
and CO,. Chloroform is a potent in-
hibitor of methane-producing bacteria
(6). These findings suggest that visibly
healthy hardwood trees might be in-
fested with a microbial population ca-
pable of producing methane.

Microscopic  observation of fetid
liquid from methane-positive trees re-
vealed a dense bacterial population of
diverse morphological types including
rods, cocci, spirals, and spores. By
means of anaerobic culture techniques
(7), fetid liquid from infested heartwood
was serially diluted into a nonspecific
complex medium, and a mineral salts
medium was used for the enrichment of
methanogenic bacteria. The diluted
liquids were gased with an 80/20 mix-
ture of H, and CO, and allowed to
incubate for 2 weeks at 30°C. Growth
in end dilution tubes of complex media
demonstrated that wetwood from var-
ious cottonwood, elm, and willow trees
contained between 107 to 10° bacteria
per milliliter of fetid liquid. Growth
and methane production in end dilution
tubes of both media revealed that
methane-positive trees contain between
103 to 10° methane-producing bacteria
per milliliter of fetid liquid.

A methane-producing bacterium was
isolated from the heartwood of cotton-
wood A (Table 1). This strict anaerobe
was a gram-positive, nonmotile, curved
rod that proliferated and produced un-
der an atmosphere of H, and CO,
methane in an inorganic salts medium.
On the basis of these characteristics,
this organism can be classified as a
member of the genus Methanobacterium
(8). It appears likely that this bacte-
rium was responsible for methane
formation in infested trees. This
methanogenic organism was observed in
all enrichment cultures obtained from
either fetid liquid or wetwood cores
from cottonwood, elm, and willow trees
containing methane, Other types of
methanogenic bacteria were not iso-
lated from these samples.

These data reveal that bacteria are
the causative agents for methane forma-
tion in living trees. The growth of
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anaerobic bacteria in heartwood ac-
counts for the high gas pressures ob-
served in trees. The factors responsible
for proliferation of methanogenic bac-
teria in trees are questions of con-
siderable biological interest. We have
detected methane only in trees that con-
tain wetwood with a distinct volatile
fatty acid odor, neutral to alkaline pH,
and under strictly anaerobic conditions.
The high number of methanogenic
bacteria and other anaerobes found in
wetwood indicates vigorous microbial
fermentation. The presence of these
anaerobic bacteria in heartwood may
constitute an infection of trees. It is
difficult to ascertain whether the wood
tissue itself is being decomposed or
whether other nutrients serve as the
substrates for this methane fermenta-
tion. The formation of heartwood in a
tree is thought to involve, in part,
translocation of excretory products
from living xylem tissue toward the
center of the stem (9). However, wet-
wood or bacterially infected heartwood
from some trees is noticeably weak-
ened (/0), and this may be an indicator
of microbial decomposition of the
wood tissue. Methane-producing bac-
teria are unable to degrade wood, but
convert end products from the anaero-
bic decomposition of organic matter,
namely, Hy, and CO,, into methane.
Various kinds of bacteria reside in in-
fested trees in addition to the methano-
genic species isolated. Previous investi-
gators (I1) have described facultative
and obligate anaerobic bacteria isolated
from wetwood which decompose or-
ganic matter. The establishment of an
anaerobic bacterial population in trees
capable of producing methane probably
results from root injury, especially in
water-saturated soils, which provides a
path of entry for indigenous soil
microorganisms.
J. G. ZEKUS
Department of Bacteriology,
University of Wisconsin, Madison 53706
J. C. WarD
Forest Products Laboratory,
Forest Service, U.S. Department of
Agriculture, Madison, Wisconsin 53705
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Lateral Phase Separation of Lipids in Plasma Membranes:
Effect of Temperature on the Mobility of Membrane Antigens

Abstract. Cooling populations of newly formed mouse human heterokaryons
has effects on the intermixing of mouse and human surface antigens which indi-
cate the occurrence of phase separations in membrane lipids. Antigen mixing,
previously shown to be due to diffusion in the plane of the membrane, is retarded
when cells are cooled from 37° to 21°C, but is then speeded by further cooling
to 15°C. This result is in accord with observations on phase separations of lipids

in artificial and bacterial membranes.

Lipids of artificial and natural mem-
branes have been shown by several
physical methods to undergo changes
from fluid to solid phase as the mem-
branes are cooled (/). In artificial
membranes these changes have gener-
ally been described as phase transitions,
implying that an entire membrane
changes from fluid (liquid-crystal) to
solid (gel phase) over a narrow tem-
perature range. However, phase
changes especially in membranes of
mixed lipid species have been discussed
in terms of phase separations, rather
than as phase transitions (2, 3). It has
been suggested that several transition
temperatures can be defined in mixed
lipid membranes, in which classes of
lipid molecules coaggregate and solid-
ify when a membrane is cooled, leav-
ing other lipids, with lower melting
temperatures still fluid. Phase separa-
tions then result in a membrane con-
taining areas of both solid and fluid
phase lipids. One consequence of phase
transition or phase separation may be
an increase in the rate of movement
of proteins or ions within or through
a membrane as it is cooled. Such in-
creased mobility due to phase separa-
tions of lipids has been shown for ion
permeation and sugar transport in arti-
ficial and bacterial membranes (4).
We now describe evidence for phase
separations of membranes in mam-
malian cell plasma membranes. A de-
tailed study of the effect of temperature

on the intermixing of histocompatibility
antigens in the surface membranes of
virus-fused mouse and human cells
(heterokaryons) shows that within a
temperature range of 5° to 6°C cool-
ing the cells speeds the rate of their
antigens’ diffusion within the plane of
the membrane.

Earlier it was found that the surface
antigens of heterokaryons formed
from cultured mouse and human cells
initially lay in separate areas of the
membrane, but rapidly intermixed;
antigens of both species come to lie
randomly throughout the surface with-
in 1 hour of heterokaryon formation
(5). Antigen mixing, observed by re-
acting samples of the heterokaryon
population with fluorescent antibodies,
was not affected by metabolic or bio-
synthetic inhibitors but was slowed
when the cells were incubated below
37°C after formation. The rapid rear-
rangement of surface antigens occurring
at 37°C appears to be due to their
diffusion in the plane of the plasma
membrane, lateral diffusion. The tem-
perature dependence of the process
would then be due to increases in
viscosity of membrane lipids with de-
creasing temperatures, in agreement
with other data on protein diffusion
in animal cell membranes (6). The
relation between antigen mixing and
temperature suggested a sharp phase
transition in the membrane lipids
around 15°C, since there was little or
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