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Fig. 5. Vertical cross 
section along the lines 
AB and CD in Fig. 2. 
The dark gray areas 
represent clouds. The 
vertical extent of the 
clouds is converted 
from the VIRS-mea-
sured cloud-top temperatures. The colors represent the precipitation reflectivity in dBZ as measured by the TRMM radar. The white Line is the 
brightness temperature of the TMI 85-CHz vertical polarization (T,,), plotted at the altitude of that temperature. A Lower T,, value is represented as 
greater height of the white Line, and in nonprecipitating clouds it means greater cloud water content. The Ti ,  and actual cloud-top temperature have 
different physical meanings. 

and secondary ice generation in clouds (23, 
24). Air pollution must be an important factor 
in determining the precipitation amounts in 
the Snowy Mountains (east of box 4 in Fig. 2) 
because it has been observed that most of the 
winter precipitation events in that region 
come from clouds with temperature at the 
tops between -4" and -13°C (25). Interest- 
ingly, a decreasing trend of the snow cover in 
the Snowy Mountains was reported for the 
period 1897-1 99 1 (25). However, trend anal- 
yses of snow, winter temperature, and total 
winter rainfall for the period 1910-91 
showed statistically insignificant decreases in 
all three parameters (26). 

The satellite data provide evidence con- 
necting urban and industrial air pollution to 
the reduction of precipitation, pinpointing 
both the sources and the affected clouds. This 
has become possible with the newly acquired 
capabilities to observe both cloud microstruc- 
ture and precipitation over large areas with 
TRMM satellite observations. It might seem 
strange that some of the most prominent pol- 
lution signatures occur in Australia, which is 
probably the least polluted inhabited conti- 
nent. The pollution is perhaps most evident in 

Australia because it is seen against a back- 
ground of pristine clouds, whereas in most 
other places the clouds are already polluted on 
a very large scale. Such results might indicate 
that human activity may be altering clouds and 
natural precipitation on a global scale. 
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An Archaeal Iron-Oxidizing 
Extreme Acidophile Important 

in Acid Mine Drainage 
Katrina J. Edwards,'.'* Philip L. Bond,' Thomas M. Cihring,' 


Jillian F. Banfield' 


A new species of Archaea grows at  pH -0.5 and -40°C in  slime streamers and 
attached t o  pyrite surfaces at  a sulfide ore body, Iron Mountain, California. This 
iron-oxidizing Archaeon is capable of growth at pH 0. This species represents 
a dominant prokaryote in the environment studied (slimes and sediments) and 
constituted up t o  85% of the microbial community when solution concentra- 
tions were high (conductivity of 100 t o  160 millisiemens per centimeter). The 
presence of this and other closely related Thermoplasmales suggests that these 
acidophiles are important contributors t o  acid mine drainage and may sub- 
stantially impact iron and sulfur cycles. 

The oxidative dissolution of metal sulfide 
minerals causes the formation of acid mine 
drainage (AMD) and plays an important role 
in the geochemical sulfUr cycle. Sulfides (pri- 
marily pyrite, FeS,) that are exposed to air 

and water through geological or mining ac- 
tivities undergo oxidative dissolution and 
generate sulfuric acid by the reaction FeS, + 
14Fe3+ + 8H20 + 15Fe2+ + 2S0,2- + 
16H+ (I). Mining and extraction mobilizes 
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-150 X 1012 g of sulfur per year, contribut- 
ing -50% to the net river transport of sulfate 
to the ocean, which is about half of the sulfate 
input into the ocean (2). 

Microorganisms accelerate the rate of py- 
rite dissolution through regeneration of Fe3+ 
(1, 3), the primary pyrite oxidant at low pH 
(4-6). At Iron Mountain, an AMD site in 
northern California, the iron-oxidizing bacte- 
rium Thiobacillus ferrooxidans, previously 
thought to be the most important iron-oxidiz- 
ing species, played a minor role in pyrite 
oxidation (7, 8). Instead, Archaea constituted 
a large proportion (>50%) of the prokaryote 
population at important sites of acid genera- 
tion during the dry summer and fall months 
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Fig. 1. Phylogenetic relation- 
ship of clone ECBl within the 
Archaeal domain based on 
comparison of partial 165 ri- 
bosomal DNA sequences. 
Clone sequences were aligned 
to representative sequences 
from the Ribosomal Database 
Project [RDP (25)] and Cen- 
Bank (26) databases. Phyloge- 
netic analysis was performed 
with the ARB software pack- 
age (27). Sequences were 
aliened and reduced to 819 

I hot spring clone pJP27, L.25852 

Sulfolobus acidocaldarius, 014876 

Acidianus brierleyi, X90477 
O 

Archaeoglobus fulgidus, X05567 Y 

Thennococcus celer, M21529 
1) 

I Methanosarcina acetivomns, M59137 

Halobacterium Iralobium, X00872 X 

1- Thennoplasma acidophilurn M20822 M 

cokparable positions with a 
filter created in ARB. A den- Picrophilus oshimae, X84901 

dogram was constructed in 
ARB by evolutionary distance LL Ferroplasma acidiphilum, AJ224936 

(neighbor joining) and com- clone ECBl 
pared to inference by maxi- 
mum likelihood [fastDNAml; Methanococcus vannielii, M36507 
RDP (25)]. Accession numbers 
are shown for the comparison 0.10 
sequences that were obtained 
from the RDP (25). Branch 
points on the dendogram are indicated by filled circles when supported by both evolutionary distance and maximum likelihood analyses. 

(8). Here we describe the isolation, identifi- 
cation, and physiology of an Archaeon from 
Iron Mountain and the ecological niche it, 
and closely related Archaea, occupy. 

We started enrichment cultures with sed- 
iments and mine water collected in July 1997 
from the B-drift at the Richmond 5-way. The 
5-way is a site -500 m into the mountain, 
situated within the remaining pyrite ore-body 
at a junction between five tunnels. Tempera- 
tures at the Richmond 5-way are -40°C, and 
the pH of the waters is 0 to 1 (8). The low-pH 
conditions at Iron Mountain support extreme- 
ly high metal concentrations in solutions; iron 
has been measured as high as 11 1 g liter-', 
and copper, arsenic, cadmium, and zinc all 
have been measured in the tens to tenths of 
grams per liter range (9). Specific conduc- 
tance at the time of collection was - 120 mS 
cm-' (8). We grew enrichment cultures at 
37°C in pH 1 medium (lo), using pyrite 
sediments as the energy source. We per- 
formed DNA extractions and constructed 
clone libraries for two of the enrichment cul- 
tures and sequenced representative clones 
(11). A high proportion of the clones formed 
a monophyletic cluster with Ferroplasma 
acidiphilum (12), an iron-oxidizing chemo- 
lithotrophic, autotrophic Archaeon within the 
order Thermoplasmales (Fig. 1). The Ther- 
moplasmales are acidophilic Archaea that 
possess only a single, peripheral (cytoplas- 
mic) membrane (12). Subsequently, from an 
enrichment culture, an isolate (ferl; Fig. 2) 
was obtained by serial dilution in pH 1.5 
medium (10) that was supplemented with 
20 g liter-' FeSOy7H2O and 0.02% yeast 
extract. Fluorescent in situ hybridizations 
[FISH (13)] with a probe designed for the 
Ferroplasma cluster FER656 (13) confirmed 
that the isolate was a Ferroplasma species. 

Fig. 2. Scanning (SEM) 
and transmission (TEM) 
electron micrographs of F. 
acidarmanus isolate ferl. 
(A) Cryo-SEM (bar, 500 
nm). Ferl cells in late log 
growth were prepared for 
high-pressure cryoscan- 
ning electron microscopy 
as described (28). Cells 
were viewed with a Hita- 
chi 5900 scanning elec- 
tron microscope operated 
at 2 kV, on a Gatan cryo- 
stage. Irregular-sized and 
-shaped cellular protru- 
sions that can be seen are 
inferred to be budding 
sections of the cell. (B) 
SEM micrograph (bar, 5 
pm) of a microcolony of 
ferl cells within a dis- 
solution pit on a pyrite 
surface. Samples were 
prepared and examined 
as described (29). When 
grown with sulfide miner- 
als (pyrite, marcasite, and 
arsenopyrite) as the ener- 
gy source, ferl cells pref- 
erentially grow attached 
to the mineral surface rel- 
ative to growth in free 
suspension. (C) TEM im- 
age of ferl (bar, 150 nm), 
and (D) higher magnifica- 
tion (bar, 25 nm) of the 
area shown in (C) with arrows, illustrating the single, peripheral membrane surrounding the cell 
that gives rise to the irregular, pleomorphic morphology (A and B). Samples were prepared for TEM 
as described (72) and viewed with a Zeiss 10CA at 60 kV. 

Although ferl is phylogenetically similar tract as the sole energy source (14), whereas 
to F. acidiphilum (Fig. I), it is physiological- F. acidiphilum cannot (12). Ferl is able to 
ly distinct. Both ferl and F. acidiphilum re- grow bemeen pH 0 and 2.5, with a growth 
quire yeast extract for growth, but ferl is also optimum at pH 1.2 (14). In contrast, F. aci- 
able to grow heterotrophically on yeast ex- diphilum grows over a more restricted pH 
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range, has a higher pH optimum [optimum 
1.7; range, 1.3 to 2.2 (12)], and doubles at 
about one-third the rate at optimal pH [-32 
hours (12)l. Hence, we suggest a new species 
name, acidarmanus for ferl, within the genus 
Ferroplasma. 

In order to determine the proportion of F. 
acidarmanus at Iron Mountain, we collected 
sediment and slime samples from the Rich- 
mond 5-way in November 1998 for analysis 
using FISH (13). We collected samples for 
FISH from the same localities collected from 
in July 1997 for enrichment cultures (above). 
In the new samples, 85 + 7% of the total 
population in a biofilm (Fig. 3) associated 
with the sediments hybridized with the Fer- 
roplasma genus-specific probe FER656. The 
remainder of this biofilm was composed of 
eukaryotic 'filaments; hence, essentially the 
entire prokaryote population was F. acidar- 
manus. This species is thus likely to be the 
Archaeon that was .found in high abundance 
in sediment samples (8). Further analysis dur- 
ing 1999 confirmed that while the microbial 
diversit- varies spatially and seasonally, Fer- 
roplasma species remained a persistent and 
often dominant microbial constituent at the 
Richmond 5-way (15). 

Microbial populations at subsurface AMD 
sites are typically poorly studied relative to 
run-off waters (7) because of the greater 

Fig. 3. Examples of the 
type of biofilm material 
used to determine the 
proportion of F. acidar- 
manus. (A) Stream at 
B-drift (-1 m across). 
The biofilm is anchored 
within pyritic sediments 
and forms dense slime 
streamers, in most sub- 
surface (tunnel) waters 
during the summer and 
fall months at the Rich- 
mond 5-way. (9) DAPI 
(4'6'-diamidino-2-phe- 
nylindole)-stained mi- 
crobial cells from B-drift 
slime streamers shown 
in (A). Bar (B and C), 10 
pm. (C) Ceb hybridized 
with the FER656 probe, 
from the same field of 
view as (B). To deter- 
mine the proportion of 
cells that hybridized 
with FER656, counts 
were made for hybrid- 
ized cells (73) versus 
ceb stained with DAPI, 
(30) for four fields of 
view (0.04 mm2) per 
well; counts were made 
for four separate wells. 

difficulty associated -with sampling disused 
and hazardous underground regions. Two 
other recent studies have identified closely 
related Thermoplasmales that thrive in simi- 
lar conditions. One is the previously men- 
tioned F. acidiphilum isolate, obtained from a 
semi-industrial bioleaching reactor in Eastern 
Europe [Kazakhstan (12)l. In the other study 
(Chile; no isolate was obtained), Thermoplas- 
males were the predominate phylotype in a 
bioleaching reactor when it was operated un- 
der high-sulfate (low-pH) conditions (16). 
The high metal and sulfate conditions under 
which some bioleaching reactors are operated 
may be more representative of highly concen- 
trated subsurface AMD sites than the diluted 
run-off waters that are more commonly stud- 
ied. Highly concentrated, acidic solutions 
clearly enrich for these Archaea, both in the 
environment and in some bioleaching reac- 
tors, suggesting that they may be prevalent at 
subsurface sites. It is unclear how these close- 
ly related Archaea that readily lyse in neutral- 
pH solutions (12, 14) come to be globally 
dhtributed. Current theories for distributing 
microorganisms would not apply to obligate 
acidophiles such as these (1 7). 

How microorganisms are able to with- 
stand extremely low pH is still uncertain. 
Membrane characteristics are believed to be 
critical features that allow Archaea to thrive 

in many hostile environments (18). It is no- 
table that at Iron Mountain, where the lowest 
naturally occurring pH conditions have been 
reported to date (9), the Archaea that thrive 
lack cell walls entirely (12) (Fig 2). This 
suggests that the cytoplasmic membrane 
composition and construction are key factors 
for extreme acid tolerance. Only two other 
organisms, both Thermoplasmales within the 
genus Picrophilus, are capable of growth at 
pH 0 (19, 20), the lowest pH recorded to 
support life. However, their abundance in the 
environment from which they were cultured 
is yet unknown. 

Acidophily is a ubiquitous trait among the 
Thermoplasmales, yet they are not known to 
be important contributors to AMD produc- 
tion. Results of this work suggest that al- 
though extremophiles are often confined to 
sites of small geographic extent (such as hot 
springs and hydrothermal vents), the physio- 
logical function and environmental abun- 
dance of these Archaea indicate that they may 
substantially impact global cycling of iron 
and s u l k .  
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Seismic Images of the Far Side 
of the Sun 

C. Lindsey1* and D. C. Braun1s2 

Images of an active region on the far side of the sun were derived by applying 
seismic holography t o  recent helioseisrnic observations from space. Active 
regions are the centers of energetic phenomena such as solar flares and coronal 
mass ejections, whose resulting electromagnetic and particle radiation interfere 
wi th  telecommunications and power transmissions on Earth and can pose 
significant hazards t o  astronauts and spacecraft. Synoptic seismic imaging of 
far-side solar activity wi l l  now allow anticipation of the appearance of large 
active regions more than a week ahead of their arrival on the east solar limb. 

Forecasts of space weather would be greatly 
improved by the ability to monitor active 
regions on the far side of the sun. Active 
regions on the near solar surface produce 
flares that affect spacecraft, cause surges in 
electrical power grids, and inhibit telecom- 
munications. Because the sun rotates rapidly, 
with a synodic period of 27 days, flaring 
regions can appear suddenly on the east solar 
limb, affecting space weather in the terrestrial 
neighborhood as they pass across the near 
solar surface. Many such regions could be 
anticipated by a week or more if we could 
effectively monitor the far surface of the sun. 

Helioseismic holography was proposed a 
decade ago (I )  as a general diagnostic basis 
for local helioseismology, with the purpose 
of imaging local acoustic anomalies in the 
solar interior and on the far side. The devel- 
opment of holographic seismic imaging tech- 
niques for solar interior diagnostics (2, 3) was 
initially prompted by the discovery that sun- 
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spots absorb (4, 5) and scatter (6) incident 
acoustic waves. Phase-coherent seismic im- 
aging opened the possibility of detecting not 
only local magnetic and thermal structure 
beneath the solar surface, but even active 
regions on the far side of the sun (I). These 
techniques work because the solar interior is 
transparent to seismic waves. We developed 
the basic concepts for seismic holography for 
these purposes (1, 2, 7), reviving a concept 
originally proposed some 15 years earlier by 
Roddier (8).  

Standard holographic imaging of the near 
solar interior is accomplished computation- 
ally by regressing surface acoustic wave dis- 
turbances, which are determined by helioseis- 
mic observations, backward into the interior, 
on the basis of a computational acoustic mod- 
el of the solar interior (9 ) ,thereby expressing 
a field called the coherent acoustic egression, 
H+ (10). Generally, the surface observations 
that contribute to the regressed acoustic field 
at any given "focal point" in the image are 
chosen from a limited region, called the pupil 
of the computation. This has typically been 
an annulus or circular region on the model 
surface centered directlv above the sub-
merged focal point. In fact, waves in the 2.5- 
to 4.5-mHz frequency range undergo a spec- 
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ular reflection at the solar surface, penetrating 
back into the interior where they are eventu- 
ally refracted back to the surface thousands of 
kilometers further from the source. Multiple- 
skip holography based on this phenomenon 
thus facilitates imaging of active regions 
from pupils far extended from the focal point. 
Indeed, it is even possible to extend the pupil 
of a holographic computation from the focal 
point to the opposite side of the sun. In such 
an application, it is the focal point that must 
lie on the far surface of the sun because the 
pupil itself must lie on the near surface in 
order to be directly observed. This is the 
principle of far-side helioseismic holography. 

Standard acoustic power holography is 
accomplished by mapping the egression pow- 
er, lH+I2,which may be integrated over time 
and/or temporal frequency for improved sta- 
tistics. This diagnostic is sensitive to acoustic 
sources and absorbers, the latter of which are 
rendered as silhouettes. Alternatively, phase- 
sensitive holography (7)  can be used to gauge 
travel-time perturbations, At, caused by re-
fractive anomalies, or to gauge the magnetic 
depressions of sunspots and plages (1 I). This 
technique is based on phase correlations be- 
tween the acoustic egression and its time- 
reverse counterpart, the acoustic ingression 
H-, which is a coherent representation of 
waves that happen to be converging into the 
focal point, as opposed to waves emanating 
from it. This is the natural adaptation of 
time-distance correlation measurements (12, 
13) to holographic reconstruction. 

Here, we used two-skip phase-sensitive 
holography to map travel-time perturbations 
of the far side of the sun over a spectral range 
of 2.5 to 4.5 mHz. We analyzed a 24-hour 
interval of full-disk Dopplergrams, starting 
on 28 March 1998 07:OO UT, made by the 
Solar Oscillations Investigation-Michelson 
Doppler Imager (SOI-MDI) aboard the Solar 
Heliospheric Observatory (SOHO) spacecraft 
(14). We computed two-skip egression and 

www.sciencernag.org SCIENCE VOL 287 10 MARCH 2000 	 1799 

mailto:lindsey@sprc.com

