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the time of explantation. The lllechanical 23. C. K. Owens, Physiol. Rev. 75, 487 (1995). cruitment function describes the fraction of tota l  

of the explanted gafts could Ilot be 24. C. J. L'ltalien et al., Am. I. Physiol. 267, H574 (1994). collagen fibers that support wall stress at a given 
25. The wall stress ((7) was calculated from (13, 74) as strain. Previously reported values of maximal E, . W, 

assessed accmately because of postsurgical fi- ~OIIOWS: fall in the ranee of 1.3 0.6 x l o 8  Pa. From Fie. 3A. 
broblast migration and collagen deposition at 
the outer surface of the engineered vessel. 

In contrast, the two nonpulsed autolo- 
gous grafts remained open for 3 weelts and 
then developed thrombosis, which may 
have been caused by gradual shearing loss 
of the luminal polynler region and of the 
endothelial layer due to arterial flows (Fig. 
5 ,  C and D). Histologically, the walls of the 
autologous explanted vessels showed high- 
ly organized structure and minimal inflam- 
mation as conlpared to the xenograft. For 
all vessels, there was no evidence of bleed- 
ing at the anastonloses or mechanical 
brealtdown at explantation. 

Important areas of future work include the 
effects of culture conditions on graft longevity, 
the stimulation of elastin in the vessel wall (26, 
27), and the lnininlizatioil of residual polymer 
fragments (28) in the engineered tissues. Clin- 
ically useful engineered vessels should approx- 
imate the patency rate of 90% at 30 days that is 
obsened with au~tologous vein grafts (29). Al- 
though fi~i-ther studies are required to assess the 
biological fuilction of these ~lessels during 
shoit-tei~17 and long-te~m implantation, the fea- 
sibility of culturing autologous implantable ar- 
teries and the inlpoltant effects of pulsatile cul- 
ture conditions have been demonstrated. 
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Dense Populations of a Giant 
Sulfur Bacterium in Namibian 

Shelf Sediments 
H. N. Schulz,'* T. ~rinkhoff,' T. C. Ferdelman,' 

M. Hernandez Marine,3 A. T e ~ k e , ~  B. B. Jargensenl 

A previously unknown giant sulfur bacterium is abundant in sediments under- 
lying the oxygen minimum zone of the Benguela Current upwelling system. The 
bacterium has a spherical cell that exceeds by up to 100-fold the biovolume of 
the largest known prokaryotes. On the basis of 165 ribosomal DNA sequence 
data, these bacteria are closely related to the marine filamentous sulfur bacteria 
Thioploca, abundant in the upwelling area off Chile and Peru. Similar to Thio- 
ploca, the giant bacteria oxidize sulfide with nitrate that is accumulated to 
5800 millimolar in a central vacuole. 

Filamentous, nitrate-accumulating sulfbr bacte- 
ria of the genus Thioploca form extensive pop- 
ulations of up to 120 g wet weight/m2 along the 
coast of Chile and Pei-u (1-3). Similar to the 
South American continental shelf, the shelf off 
Namibia has strong up~velling with high plank- 
ton prod~~ctivity and oxygen-depleted bottom 
water (4). In a search for Thioplocn along the 
Namibian coast, we obtained sediment samples 
from water depths of - 100 m during a ci-uise in 
April 1997 aboard the R'V Petr Kottsov. Tlzio- 
ploca and and its close relative Beggicrfon were 
present, but only in low numbers. Instead, we 

discovered large populations of a previously 
undescribed sulfur bacteiiuin that occurred at 
biomasses of up to 47 g These giant 
bacteria grow as a string of pearls, which shine 
white because of refractive sulfur globules and 
are large enough to be visible to the naked eye 
(Fig. 1A). We suggest the genus and species 
name Thiomaigcri.ita ~zaiizibien.i.is, "Sulfbr pearl 
of Namibia," for this organism. 

Thiornnigaritir was found at stations be- 
tween Palgrave Point and Liideritz Bay. The 
highest biomasses were bemeell Cape Cross 
and Conception Bay. The surface sediment in 
this area is a fluid, green diatom ooze (5). 
Oxygen concentrations were low, 0 to 3 pM, in 

'Max Planck lnstitute for Marine Microbiology, Cel- 
siusstrasse, D-28359 Bremen, Llnstitute for the overlying water at all stations, whereas ni- 
the Chemistrv and Biologv o f  the  Marine Environment trate was presellt at 5 to 28 pM. Sulfate reduc- 
(ICBM), uni;ersity o f  Eldenburg,  Post Office Box tion rates measured by the 35S0 ,l- tracer tech- 
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08028 Barcelona, Spain. 4Department o f  Biology, 

the upper 19 cm, and gave rise to high sulfide 
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3 cm of the sediment. The biomass of Thiomar- 
garita declined exponentially with sediment 
depth down to 10 to 14 cm (Fig. 2A). 

The giant cells of Thiomargarita have many 
similarities to those of the gliding, filamentous 
relatives, Thioploca (2, 3, 6, 7). Thiomargarita 
also occurred in an oxygen-poor environment 
with high sulfate reduction rates. Each cell had 
a large central vacuole (Fig. 1) in whkh nitrate 
was accumulated to a concentration of 0.1 to 
0.8 M. Electron micrographs showed that the 
cytoplasm was restricted to a thin outer layer of 
0.5- to 2 - ~ m  thickness (Fig. 1, D and E). The 
remaining 98% of the biovolume consisted of a 

liquid vacuole. The bacteria contained sulfur 
stored in the form of globules, which were 
situated in the thin outer layer of cytoplasm at a 
concentration per total biovolume equivalent to 
0.4 to 1.7 M. The depth distribution of bioniass 
in the sediment observed for Thiomargarita 
(Fig. 2A) was similar to that of Thioploca off 
the Chilean coast (3). In contrast to the multi- 
cellular Thioploca and Beggiatoa, the cells of 
Thiomargarita were not attached to each other 
but were evenly separated by a mucus sheath 
(Fig. 1). Motility was not observed. Most of the 
chains were linear and contained on average 12 
cells, but sometimes they branched or coiled 

Fig. 1. Thiomargarita namibiensis. (A) The white arrow points to  a single cell of Thiomagarita, 0.5 mm 
wide, which shines white because of internal sulfur inclusions. Above there is an empty part of the 
sheath, where the two neighboring cells have died. The cell was photographed next to  a fruit fly 
(Drosophila viriles) of 3 mm length to  give a sense of its size. (B) A typical chain of Thiomargarita as it 
appears under light microscopy. (C) At the left end of the chain there are two empty mucus sheaths, 
while in the middle a Thiomagarita cell is dividing. (D) Confocal laser scanning micrograph showing 
cytoplasm stained green with fluorescein isothiocyanate and the scattered light of sulfur globules 
(white). Most of the cells ap ear hollow because of the large central vacuole. (E) Transmission electron 
micrograph of the cell wall fklarged area in (D)] showing the thin layer of cytoplasm (C). the vacuole 
(V), and the sheath (5). 

Fig. 2. Distribution of 
biomass and diame- 
ters. bution (A) of Depth biovolume distri- ir 
of Thiomargarita (in 
microliters per milli- 
liter). Ban represent 
the mean values of 12 
three measurements. 

together in a ball. Long chains of, for example, 
40 to 50 cells tended to break easily when 
manipulated. 

Most cells had diameters of 100 to 300 pm 
(Fig. 2B). Most cells in a chain were of a 
similar diameter (Fig. 2C), but in some chains a 
single cell occurred with a much larger diame- 
ter of up to 750 pm. These extremely large 
forms also occurred as single cells (Fig. 1A). 
The average Thiomargarita with a diameter of 
180 pm had a volume of 3 X 1 O6 ~ m ~ ,  whereas 
the largest observed cells had a biovolume of 
200 X lo6 pm3. In comparison, the largest 
known sulfur bacteria, Beggiatoa spp., found at 
hydrothermal vents in the Guaymas Basin, Gulf 
of California, can reach diameters of 160 pm 
(8). The height of their disc-shaped cells is -50 
pm and their volume is 1 X 106 pm3 per cell. 
The largest described bacteria, Epulopiscum 
Jishelsoni, a symbiont of the surgeonfish (9), is 
typically 250 pm by 40 pm large, but individ- 
ual cells can reach 600 pm by 80 pm. This 
correspqnds to a volume of 0.3 X lo6 to 3 X 
106 pm3 per cell. 

The phylogenetic position of Thiomargarita 
was determined by fluorescent in situ hybrid- 
ization and 16s ribosomal RNA (rRNA) se- 
quencing. A hybridization analysis with com- 
petitive beta- and gamma-proteobacterial 
probes (10) identified Thiomargarita as a gam- 
ma proteobacterium, a bacterial phylum that 
also harbors Beggiatoa and Thioploca (11). We 
then tested Thiomargarita with the Thioploca 
araucae and Thioploca chileae-targeted probe 
829 (11) and found a positive hybridization. 
This probe was subsequently used as a specific 
primer to amplify positions 24 to 828 of the 16s 
rRNA gene of Thiomargarita (12). Thiomarga- 
rita was found to be the closest relative to the 
marine, vacuolated, nitrate-accumulating Thio- 
ploca species, T. araucae and T. chileae, thus 
separating them from the smaller freshwater 
species, which do not have large vacuoles 
(13) (Fig. 3). The possession of a large vac- 
uole in connection with intracellular nitrate 
accumulation appears to be congruent with 
this phylogeny. 

Our attempts to isolate Thiomargarita into 
pure culture have not been successll. The bac- 
teria may survive and grow in the laboratory in 
samples of their natural sediment for at least a 
year. ~i&ate and sulfide addition led to a dou- 

(B) Frequency of di- o 0.5 1 1.5 o 100 200 300 400 o 100 200 300 
ameters of 214 ran- Biovolume (pi per mi) Diameter (pm) Diameter (bm) 
domly chosen cells. 
(C) Cell diameter distributions in three different chains. 
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bling of the cell number within 1 to 2 weeks. 
Addition of organic substrates such as acetate or 
glucose had no immediately detectable effect on 
growth. Although Thiomargarita appear to 
thrive best under low oxygen or anoxic condi
tions, exposure to atmospheric oxygen levels 
were not toxic as has been observed for Beggia
toa (14) and Thioploca (15). Thiomargarita 
showed an unusual ability to survive without 
growing. Small samples of 15-cm3 fluffy sur
face sediment collected during an earlier re
search cruise, that were kept in 80 ml of air-
saturated sea water and stored at 5°C without 
addition of nitrate or sulfide, contained intact 
cells after more than 2 years. The surviving cells 
were comparatively small, with diameters of 50 
to 110 |am and occurring singly or in pairs. 

The thickness of the cytoplasm corresponds 
to the usual small width of bacteria, and its 
peripheral distribution counteracts a potential 
diffusion limitation within the cell (16). Because 
the thickness of cytoplasm is independent of cell 
size, the ratio of vacuole- to cytoplasm-volume 
increases with the diameter. By doubling the 
diameter, the volume of vacuole storage capacity 
relative to cytoplasm also doubles. The observed 
potential of Thiomargarita to survive nitrate 
starvation for long periods might, accordingly, 
be explained by the following calculation: The 
mean protein content of Thiomargarita was 4.5 
mg cm -3 volume (including the vacuole), less 
than half of what has been measured for the 
large, vacuolated Beggiatoa, which also accu
mulate nitrate (17). For a nitrate reduction rate of 
1 nmol N03~ min-1 mg -1 protein as observed 
for Thioploca (18), a Thiomargarita cell with a 
diameter of 180 |am and 0.3 M nitrate stored 
could survive for at least 40 to 50 days without 
taking up nitrate. Because the intensity of the 
upwelling off the Namibian coast frequently 
changes (4), Thiomargarita could survive until 
sulfide or nitrate appear in higher concentrations 
and can be stored again for later use. 

In most marine sediments, the zones of ni
trate and hydrogen sulfide do not overlap. Thio
ploca has developed a strategy to overcome the 
problem that their electron acceptor and energy 

source do not coexist. They live in sheaths that 
allow the filaments to glide up and down and 
thereby commute between nitrate uptake from 
the overlying sea water and sulfide uptake within 
the sulfate reduction zone of the sediment (2, 3). 
The high fluidity and instability of sediments at 
Walvis Bay (5), however, seem to prevent Thio
ploca from forming vertical sheaths and estab
lishing dense populations. Instead, balloon-
shaped sulfur bacteria thrive here. The discovery 
of Thiomargarita expands the range of known 
adaptations of prokaryotic organisms to a life in 
sulfide gradients. Whereas motility is a funda
mental prerequisite for the filamentous Thiop
loca and Beggiatoa (14, 19), Thiomargarita ap
pear unable to move actively to an environment 
where its energy source and electron acceptor are 
optimally supplied. Instead, they may rely on 
passive transport by external processes such as 
periodic resuspension of the loose sediment or 
on temporal variations in the chemical environ
ment. In accordance with this, it is more resistant 
to high levels of oxygen and sulfide than are the 
filamentous relatives, which show a phobic che-
motactic response to oxygen (19). Both Thio
margarita and Thioploca face the same ecolog
ical challenge: to oxidize sulfide with nitrate, 
although their two substrates do not coexist. By 
their solution, to store both nitrate and sulfur, 
they may successfully compete with faster grow
ing anaerobic sulfide oxidizers, such as Thioba-
cillus denitrificans and Thiomicrospira denitrifi-
cans. With Thioploca, sulfide and nitrate are 
spatially separated, and Thioploca commute be
tween these two sources. In contrast, Thiomar
garita only obtain nitrate during occasional sed
iment resuspension events. Meanwhile they can 
effectively endure high sulfide concentrations 
until the next resuspension event occurs. 

Sulfide production rates are high in coastal 
sediments around the world, wherever the sed
iment is rich in organic matter, particularly in 
upwelling regions (6). The bottom water in . 
these areas is often depleted of oxygen because 
of intense heterotrophic respiration. As the sec
ond-most favorable electron acceptor, nitrate 
may be used for the oxidation of sulfide. This 
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results in a close coupling of the sulfur and the 
nitrogen cycles through these specialized sulfur 
bacteria. Thioploca predominates along the Pa
cific coast of South America, whereas Thiomar
garita is abundant along the Namibian coast. In 
both upwelling areas, sediments with extremely 
high organic content and sulfate reduction rates 
harbor dense and conspicuous populations of 
giant sulfur bacteria. However, even the well-
known Beggiatoa, frequently encountered along 
the coast, have recently been shown in Baltic 
Sea sediments to accumulate nitrate (20). These 
findings indicate that a chemolithotrophic cou
pling of nitrate and sulfide through nitrate-stor
ing sulfur bacteria may be a widespread feature 
of coastal sediments. 
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