
- -- 
distinct from those obtained in the autopsy 
tissue sample. The specific cell type in the 
CNS infected by this virus requires further 
investigation. 

It is noteworthy that the patient J.R. had 
a particularly rapid encephalopathic disease 
course. His sexual partner also died of AIDS 
with similarly rapid CNS deterioration, sug- 
gesting a similar etiology. One possibility 
worth considering is that the infection of the 
CNS by two distinct viruses with different 
cellular tropisms map have contributed to 
the pathogenesis of this AIDS subacute 
encephalopathy. It will be important to fully 
characterize HIV isolates from the CNS of 
other individuals with regard to genetic 
variation and cellular tropism. Such varia- 
tions may be important in determining clini- 
cal phenotypes, in transmission of HIV by 
different body fluids, and may ultimately be 
of clinical relevance in altering the disease 
manifestations of AIDS. 
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Isolation of Extremely Thermophilic Sulfate Reducers: 
Evidence for a Novel Branch of Archaebacteria 

Extremely thermophilic archaebacteria are known to be metabolizers of elemental 
sulfur and the methanogens. A novel group of extremely thermophilic archaebacteria is 
described, which consists of sulfate-respiring organisms that contain pure factor 420 
and that have been isolated from marine hydrothermal systems in Italy. They possess a 
third type of archaebacterial RNA polymerase structure previously unknown, indicat- 
ing an exceptional phylogenetic position. Most likely, this group represents a third 
major branch within the archaebacteria. The existence of sulfate reducers a t  extremely 
high temperatures could explain hydrogen sulfide formation in hot sulfate-containing 
environments, such as submarine hydrothermal systems and deep oil wells. 

wo MAIN SUBDNISIONS OF AR-

chaebacteria are distinguished: one 
comprising the methanogenic bacte- 

ria and the extreme halophiles, and a second 
consisting of the sulhr-metabolizing ex-
treme thermophiles (I).These branches can 
be r ecogn i~~d  on the basis of a comparison 

of RNA polymerase structures (2),16s ri-
bosomal RNA (rKNA) sequences (I),and 
metabolic properties. Members of the group 
of archaebacterial su l f~~r  metabolizers are 
able to grow by either oxidizing or reducing 
elemental sulhr, depending on the genera 
( 3 , 4 ) .Energy conservation by dissimilatory 

Table 1. Substrates for growth of isolate VC-16. Portions of 20-ml anaerobic sulfate- or thiosulfate- 
containing mineral medium (MGG) (7)were supplemented with possible substrates (2 glliter) and then 
inoculated (1% inoculation) with strain VC-16. Incubation was usually at 85"and 65°C in the case of 
glucose and pyruvate, respectively. Substrate utilization was determined after four transfers in sequence 
into the same culture medium (1% inoculation), each followed by a11 incubation period. Acids were 
added as sodium salts. 

Class of nutrients 

Intermediates in 
anaerobic degradation Sugar 

Molecular hydrogen," formate, Glucose 
formamide, L( +)- and 
D(-)-lactate, pyruvate 

"Growth only in thiosdfate-containing medium 

Complex substrates 

Yeast extract, casamino acids," beef extract, peptone, 
cell homogenates of E. wli, Lactobacillus bavakus 
and Methanothemzus fewtiius 
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sulfate reduction has been observed up to 
now exclusively within some eubacteria ( 5 ) .  
Eubacterial sulfate reducers are ~nesophiles 
or moderate thermophiles and play an im- 
portant role in the global sulfur cycle (5). 
We describe here a novel group of extremely 
thermophilic sulfate reducers that belong to 
the archaebacterial kingdom. 

To study microbial life at extremely high 
temperatures, we collected 45 anaerobic 
samples (6) of hot sediments from marine 
hydrothermal systems in the vicinities of 
Vulcano and Stufe di Nerone, Italy. The 
original temperatures of the sediments 
ranged between 70" and 100°C. In the 
laboratory, oxygen-free marine mineral me- 
dium supplemented with 0.1% (wlv) yeast 
extract (Difco) was inoculated with portions 
of each sample (7, 8) and then incubated at 
85°C (gas phase: N2/C02 = 80120). After 1 
week we observed coccoid bacterial cells in 
28 of the 45 cultures that we attempted to 
form. They showed a strong blue-green 
fluorescence under the ultraviolet (1JV) mi- 
croscope at 420 nm characteristic of meth- 
anogenic bacteria (8). 

Surprisingly, however, only traces of 
methane (about 10 times that produced 
by a methanogen culture of comparable cell 
density) were detected. The novel organisms 
were cloned by plating on culture medinm 
solidified by 1.5% agar (Oxoid). The plates 
were incubated anaerobically at 70°C (8). 
Isolate V G l 6  from Vulcano was the first 
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vcrsitiit Rcgcnsbt~rg, Univcrsitiitsstr'iRc 31, 1)-8400 Rc-
gcnsbnrg, Fcdcral Rcpublir: of Gcmlany. 

SCIENCE, VOL. 236 822 

http:Posner.Am


Fig. 1. Electron micrographs of isolate VC-16, 
platinum-shadowed. (A) Cells and empty enve- 
lope, (B) cell with two flagella protruding from a 
single origin (arrow). Scale bars, 1 km. 

strain obtained in pure culture and was 
therefore studied in detail. 

Cultures of VC-16 consisted of irregular 
spherical cells with envelopes composed of 
subunits in hexagonal array (Fig. 1A). The 
cells were motile and possessed flagella pro- 
truding from a common location (Fig. lB, 
arrow). The new organisms grew within a 
temperature range between 64" and 92"C, 
with an optimum at approximately 83°C 
(corresponding to a doubling time of about 
4 hours). Growth depended on the presence 
of sulfate, which was supplied in the culture 
medium (14 pmoVml). Large amounts of 
H2S (up to 6 pmoYml) and C02 were 
formed during growth, indicating that the 
new organisms carried out dissimilatory sul- 
fate reduction (5). In addition, methane (up 
to 0.01 pmoYml) was formed. Sulfate could 
be replaced by thiosulfate (14 pmoYml) and 
by sulfite (1 pmoYml), but not by elemental 
sulfur. Molecular hydrogen and some simple 
organic molecules served as substrates (Ta- 
ble 1). In contrast to eubacterial sulfate 
reducers (5), complex organic substrates and 
even glucose weri used (Table 1). As expect- 
ed, crude oil (Hohenrain; Preussag, Hanno- 
ver) did not support growth. However, it 
was not inhibitor= when present with sub- 
strates. This finding suggests that the new 
organisms could be responsible for the for- 
mation of H2S in geothermally heated oil 
wells ("sour oiln) when suitable substrates 
and sulfate-containing water are present. In 
batch culture with L(+)-lactate as the sub- 
strate, 140-g cells (wet weight) were ob- 
tained in a 300-liter, enamel-protected fer- 
mentor (Pfaudler, West Germany). 

The isolate VC-16 was recognized as an 
archaebacterium on the basis of (i) its 16s 

rRNA sequence (1, 9), (ii) the existence of 
an adenosine diphosphate-ribosylable pro- 
tein in the crude extract (10, 1 l ) ,  (iii) the 
presence of phytanyl ether lipids (12, 13), 
(iv) a cell wall consisting of glycoprotein 
instead of murein (14), and (v) the presence 
of an RNA polymerase with eight subunits 
resistant to -200 pg/ml of rifkpicin and 
streptolydigin (2). DNA from isolate VC- 
16 had a content of guanosine plus cytosine 
of 46 mol% (4,15). Spectra of the enriched 
compound that fluoresced blue-green in the 
UV light showed the same excitation and 
emission maxima (419 and 467.5 nm, re- 
spectively) as pure factor 420 (F420) from 
Methambacten'um thermoautohrrphicum and 
as enriched ffom Methanomccw thermo- 
lithohrrphicus (Fig. 2) (16). This finding sug- 
gests that the unknown compound was an 
8-OH-5-deazaflavin similar to F420 in meth- 
anogenic bacteria (17). Cell extracts of VC- 
16 also contained substances showing the 

w 

same ultraviolet/visual spectrophotometry 
spectrum as methanopterin and 5,lO-meth- 

contrast to methanogens, no substance 
showing the spectrum of factor 430 (F430) 
(18) could be detected. Moreover, coen- 
zyme M (2-mercaptoethanesulfonic acid) as 
determined by the bioassay described by 
Balch and Wolfe (20) was not evident. The 
formation of methane without coenzyme M 
and F430 could be analogous to the "mini 
methane productionn described for some 
eubacteria-(21). The essential enzymes of the 
dissimilatory sulfate reduction pathway, 
namely, adenosine triphosphate sulhrylase, 
adenylyl-sulfate reductase, and bisuffite re- 

Wavelength of Wavelength of 
excitation (nm) emission (nm) 

Fig. 2. Excitation and emission spectra of the 
fluorescent compound of the new isolate VC-16 
(-.-) and of F420 h m  M. thrrmdit-h 
(- - -), and M. thmnoawtocrophicum (-). The 
fluorescent compound of isolate VC-16 and F420 
from M. thmnolithocrop~ was extracted from 
the cells with acetone and was purified by chro- 
matography on a QAE-Sephadex A 25 column 
(16). The excitation and emission spectra were 
measured in a Cary 118 C spectrophotometer and 
a Hitachi-Perkin-Elmer fluorescence specaopho- 
tometer MPF-44 A, respectively (buffer: 50 mM 
ms, pH 7.5, and lM NaCI). 

Fig. 3. SDS-polyacrylamide gel electrophoresis 
and immunochallenging (Western blots) of 
DNA-dependent RNA polymerases. RNA poly- 
merases of 1, Escherithiu wli; 2 and 4a to 7a, M. 
thermolithormphk, 3 and 4b to 7b, isolate VC- 
16. Coomassie staining of 1 to 3. The positions of 
molecular weight standards in the polyacrylarnide 
gel are on the left side. Erchdia wli RNA 
polymerase was obtained from Boehringer Mann- 
heim. RNA polymerases of M. thermolithotmphi- 
nrr and VC-16 were purified by standard methods 
(23). Western blots of components of RNA poly- 
merases of M. thermolithotmphicw and of isolate 
VC-16 were challenged (2, 26) with antibodies 
directed against single components A, B', B", and 
C (lanes 4 to 7, respectively) of the RNA poly- 
merase of M. thmautotmphicum (2). Bound 
antibodies were visualized with peroxidase-cou- 
pled antibodies to immunoglobulin G. 

ductase exist in cell extracts of VC-16 and 
are under investigation (22). 

The phylogenetic position of the newly 
isolated sulfate reducers within the archae- 
bacteria was investigated by comparing 
DNA-dependent RNA polymerases. Within 
archaebacteria, only two distinct types of 
RNA polymerase structures are known that 
parallel the two phylogenetic branches: the 
BAC-type of the So-metabolizing and the 
ABIB"C-type of the methanogenic-halophil- 
ic archaebacteria. The basis of this difference 
is the occurrence of two polypeptides, B' 
and B", in the ABIB"C-type, which show 
homology to component B of the other type 
(2,23). The RNA polymerase purified from 
VC-16 exhibited eight identifiable compo- 
nents, each having a different molecular 
weight (Fig. 3, lane 3). Structural homolo- 
gies between the RNA polymerases of the 
novel sulfate reducer and other archaebac- 
teria were revealed by immunological cross- 
reactions. Antibodies directed against the 
single components of M. thertrwautohoph- 
nrm RNA polymerase were challenged with 
isolated components of the enzymes of V G  
16 (Fig. 3, lanes 4b to 7b) and, as a control, 
ofM. thertrwlithdrop~ (Fig. 3, lanes 4a to 
7a). The three heaviest components of the 
VC-16 enzyme showed serological cross- 
reaction with components A, B', and B" of 
the methanogen enzyme, so far indicating 
homology to the ABfB"C structure. Anti- 
bodies directed against the fourth largest 
component (C) of the enzyme of methano- 
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genic bacteria (Fig. 3, lane 7a) cxl~ibitcd a 
strong cross-reaction with the hcaviest com- 
ponent (A) of the VC-16 RNA polymerase 
(Fig. 3, lane 7b). This cross-reaction dern- 
onstrates that the largest component of  the 
KNA polymerase of the sulfate reducer con- 
tained structural clcmcnts of components A 
and C of the mcthanogen enzyme. The new 
sulfate reducer thus exhibits a previously 
unknown third type of KNA polprncrase 
(A -1- C)BfB" within the archaebactcria, 
which is pl~ylogcnctically removed from 
those of tlie two accepted archaebactcrial 
branches. 'This finding providcs evidence for 
the cxistcncc of a third ph!7logenetic branch 
within the arcl~acbacterial kingdom. 

O n  the basis of their phylogenetic unlclue- 
ncss, archacbactcrial sulfatc rcduccrs ma~7 
have existed since ancient times. Early Ar- 
chaean ocean waters were generally poor in 
sulfate and were thus irnfavorablc for the 
presence of sulfate reducers that were 
thought t o  have originated later (24). This 
theory is in line with the lack of  signiticant 
biogenic sulfur isotope fractionation within 
such sediments (24). However, there should 

have been reasonable quantities of sulfate of 
magmatic origin present locally within Ar- 
chacan hydrothermal s~7stcms (2.5). Thcrc- ~, 

fore, sulfate reduction by extremely thermo- 
philic archaebacteria could have existed 
since early Archacan times and mav be an 
ancient type of metabolism. 
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Auditory Pathways to the Frontal Cortex of the 
Mustache Bat, Pteronotw pamellii 

In primates, certain areas o f  the frontal cortex play a role in guiding rnovelnents 
toward visual or auditory objects in space. The projections from auditory centers to the 
frontal cortex of  the bat Pteronotuspavnellii were examined because echolocating bats 
utilirx auditory aieb to glide their movements in space. An area in the frontal cortex 
receives a direct projection from a division o f  the auditory thalamus, the supra- 
geniallate nucleus, which in turn receives input from the anterolateral peri-olivary 
nucleus, an auditory center in the medulla. This pathway to the frontal cortex bypasses 
the main auditory centers in the midbrain and cortex and could involve as few as four 
neurons between the cochlea and the frontal cortex. The auditory cortex is also a major 
source of  input to the frontal cortex. This area of  the frontal cortex may link the 
auditory and motor systems by its projections to the superior colliculus. 

T H E  ROLES OF 1 ~ I ~ l : b ; l l b ; N ' ~  AREAS OF 

the mammalian cerebral cortex are 
cstablishcd largely by ditfercnces in 

input from the thalamus, interplay between 
cortical areas, and output to  motor centers. 
Some areas in the frontal cortcx receive little 
or no input from the main senson relays in 
the thalamus but are connected with sensory 
fields of the cortex [including the auditory 
cortcx (1) 1 and provide descending input to  
motor centers via projections to  the dccp 
superior colliculus and basal ganglia (2). For 
example, in primates the frontal eye fields 
plap a role in initiating eye movements 
toward visual stimuli (3) ,  and other frontal 
arcas rnay plap a rolc in directed movcment 

toward auditory stimuli (4). Echolocating 
bats, because of their uncclualed dependence 
on auditory cues, provide an opportunity to  
examine cortical connections in animals 
whose sensory adaptations are radicall~7 dif- 
fcrcnt from those of species specialized for 
visual orientation. 'The echolocation pulses 
of bats are accompanied by movements of 
the pinnac, head, and body (5) so that 
successive pulses scan the surrounding space 
in a manner not unlike that in which a 
primate scans its environment visually. 

Wc have examined connections bcnveen 
auditon and motor systems in the mustachc 
bat, Ptcronotwsspaarnellii. We uscd a combina- 
tion of elcctropl~ysiological and anatomical 
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methods to  trace pathways by antcrograde 
or  retrograde transport of wheat germ ag- 
glutinin conjugated to horseradish pcroxi- 
dase (WGA-HRP) (6). 'These cxpcrimcnts 
revealed an auditory pathway that may play 
an important rolc in scanning the cnviron- 
mcnt and that, if it exists in other mammals, 
rnay provide an anatomical basis for inter- 
preting certain earlier physiological observa- 
tions. 

We first defined the extent of the auditory 
cortcx by its thalamic connections. The cor- 
tical target of the ventral division of the 
medial gcniculatc body was determined by 
antcrogradc and retrograde transport of 
WGA-HRl' (Fig. 1A). The resulting map 
was consistent with published elcctrophysi- 
ological maps of tlic auditory cortex (7). 

Wc then deternlined the distant cortical 
targets of the auditory cortcx. The most 
intrigling finding was a projection to tlie 
rostra1 part of  the ncocortcx, which we refer 
to  here as the frontal cortcx (Fig. 1A). 
Elcctrophysiological recordings, which were 
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