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FIG. 3 Re-0Os isochron piot of Udachnaya eclognes error bars are
smaller than plot symbols. A **’Re=1.64 x 10"t yr™*, from ref. 29.
Samples UV1/79 and UV25/84 are omitted from the piot for reasons
stated in the text. See Table 1 for definitions of 4 and yOs,.

Oxygen isotope characteristics of some diamond-bearing eclo-
gites from Udachnaya are consistent with their protoliths having
expenenced low- temperature hydrothermal alteration, possibly
as oceanic crust’. It is also possible that some eclogites crystal-
lized as high-pressure magmatic products in the mantle with no
crustal influence®®. Although the oxygen isotope characteristics
of some of the samples studied here are closer to typical mantle
values, they show significant variation (§'®0 =4.8-7.0%0)> and
do not preclude an origin as oceanic crust. Indeed, some Udach-
naya eclogites have trace-element concentrations®, including Re
and Os, similar to those of mid-ocean-ridge basalts.

The processes involved in generating the elemental and iso-
topic systematics of the Udachnaya (and other) bi-mineralic
eclogites are multi-stage and comglex rendering it difficult to
constrain ages using isotope systems whcre parentrand daughter
are large-ion lithophile elements. Indications of Mid- to Late-
Archaean ages from Re-Os and Pb-Pb isotope systematics do
not favour an origin for these rocks as vestiges of the Earth’s
primary differentiation in the Hadean (>4 Gyr). Strong argu-
ments have been made for subducted basaltic protoliths for some
of these rocks®'®. Although the Re-Os isotope systematics do
not provide definitive evidence for a subducted origin, the data
do not preclude it, and the very high jadeite contents of the
pyroxenes argue against a simple magmatic origin'®. If subduc-
tion played a role in the genesis of these rocks then the Re-Os
isotope data indicate that it took place in the Archaean.

The crustal basement in the Siberian craton does not appear
to be significantly older than the age range seen in the mantle
lithosphere defined by Re-Os isotopes'>. This general corre-
spondence between lithospheric mantle age and basement age is
similar to that inferred for the Kaapvaal craton®*2, and suggests
that either major crust-building and mantle differentiation events
are linked by a genetic process, or that survival of voluminous
continental crust in the Archaean required the protection of rigid
lithospheric mantle ‘keels’. a
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MARINE species of Thioploca occur over 3,000 km along the conti-
nental shelf off Southern Peru and North and Central Chile'™,
These filamentous bacteria live in bundles surrounded by a common
sheath and form thick mats on the sea floor under the oxygen-
minimum zone in the upwelling region, at between 40 and 280 m
water depth. The metabolism of this marine bacterium®® remained
a mystery until long after its discovery'’. We report here that
Thioploca cells are able to concentrate nitrate to up to 500 mM
in a liquid vacuole that occupies >80% of the cell volume. Gliding
filaments transport this nitrate 5-10 cm down into the sediment
and reduce it, with concomitant oxidation of hydrogen sulphide,
thereby coupling the nitrogen and sulphur cycles in the sediment.

Thioploca mats, sediment and water chemistry were studied
along a shelf transect off the Chilean coast during late summer,
March 1994 (Fig. 1). In the densest Thioploca mat, at 87 m
water dc})th the wet weight of sheathed Thioploca reached nearly
1 kgm™, of which the total bacterial biomass accounted for
120 gm"2 (wet weight). Single filaments up to 7 cm in length
were able to glide into the sediment in sheaths that were
10-15 cm long and 1.5 mm diameter (Fig. 2a, b). Most of the
sheaths were horizontally oriented at the sediment surface where
they formed yellowish mats up to 2cm thick, with sheaths
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stretching vertically deep into the sediment (Fig. 3). Up to 100
Thioploca filaments, sometimes of two different widths, were
observed to share one sheath. Phylogenetic characterization
through 16S ribosomal RNA sequencing confirmed that there
were two species of Thioploca, T. chileae (15-20 um wide) and
T. araucae (30-40 ym wide), previously described on the basis
of filament diameter®.

The coastal upwelling zone off central Chile has a very high
primary production, 9.6 g carbon m™? day™' at the time of our
study, among the highest observed in marine environments.
Mineralization of the settling organic matter resulted in extensive

Depth (m)

Distance from coast (km)

oxygen depletion of the water column from the Thiop!
and up to 60 m above the sea floor, with temporal O, varj
between 0 and S uM (Fig. 1). Seasonal oxygen variation§’
however, pronounced and strongly influence the mat distrib
and biomass (V.A.G., unpublished result). During
summer, dense Thtoploca mats inhabit the sea floor below a&m
40 m water depth. But the shallower mats break up during winte,
as bottom-water oxygen increases and nitrate becomes depleted
so dense Thioploca mats are observed only at depths below 60 1
Fine-scale in situ measurement of O, with microelectroy
mounted on a benthic lander showed no oxygen even - in

FIG. 1 The continentat shelf off Chile at the Bay of Concepcig LA
36°32'S, studied during late summer 1994 (6 March-1 Aprll).?jﬁ
Thioploca mat (black) underlies the oxygen minimum zone (<5 uM )
equivalent to <0.1 mi O, litre™ or <2% air saturation; shaded) In X
upwelling region from a water depth of 40 m down to a phosphgy
reef on the shelf edge at 120 m. Mat abundance is shown for
stations as wet weight of Thioploca ﬁlaments plus sheaths (g m ~25%
n=3). Undisturbed mat samples of 28 cm’ were taken by a mum@
corer. The mat was gently sieved out of the sediment through a 0.5.
mesh sieve and infauna and debris were removed before the mat,

ogy, Bremen, Germany, and the Centro-EULA, University of Concepciat
Chile.

FIG. 2 a, Thioploca filaments observed inside sheaths of various thict
ness and length. The photo was taken after the sediment had gent!
been washed away from the mat (bar inside white frame represent
1 mm). b, Three multicellular Thioploca araucae filaments sharing
common sheath, visible around the filaments as a fibrillar shadow ¢
~100 um thickness. Each cell is about 40 um wide and 60 pm lon
and filled with light-refracting sulphur globules embedded in the cytc
plasm and surrounding a large vacuole (cannot be seen; bar represent
40 um). ¢, Schematic drawing of a Thioploca cell with elemental suipht
globules (grey) embedded in the cytoplasm (dotted) and the large cer
tral liquid vacuole (white) in which nitrate is concentrated up to 500 m!
(bar, 40 um). Nitrate reduction and carbon oxidation are couple
through the sulphur cycle. Hydrogen sulphide is produced by sulphat¢
reducing bacteria oxidizing organic carbon compounds. Thioploc
oxidizes hydrogen suiphide using nitrate with concurrent storage ¢
elemental sulphur in the cytoplasm. We suggest the following stoichit
metry: 2NO3 + 5HS™ + 7H* — N, +5S + 6H,0, followed by oxidation ¢
elemental sulphur to sulphate:  6NO3 +55+2H,0 - 3N;-
580%™ +4H".
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top 100 um of the mat-covered sediment. Organic carbon in the
sediment was therefore mineralized entirely through anaerobic
processes. Carbon oxidation rates were up to 50 mmol Cm™?
day ™' in the upper 10 cm of the sediment, principally as a result
of sulphate reduction. In spite of the production of 25 mmol
H.S m~? day™', less than 2 uM H,S was detected in the pore
water within this sediment layer. Therefore, the sulphide must
have been rapidly reoxidized within the sediment, a surprising
result considering the complete absence of oxygen in the sedi-
ment. Analysis of nitrate within the cells of Thioploca, however,
revealed a potential of these bacteria to oxidize part of the
sulphide with NO3 .

The nitrate concentration in the sea water overlying the
Thioploca mats was about 25 yM ; in the sediment the concentra-
tion decreased to zero at 2-3 cm depth. In contrast, extremely
high concentrations of up to 500 mM NOj; were measured in
clean Thioploca filaments collected from the top 6 cm at the same
site. Thioploca was obviously able to concentrate NO5 inside
the cell to up to 20,000 times the ambient seawater concentra-
tion. To our knowledge, such an extreme nitrate accumulation,
comparable to the seawater chloride concentration of 550 mM,
has not been observed in any other prokaryote.

A peculiar behaviour and adaptation to this nitrate accumula-
tion by Thioploca was demonstrated by addition of nitrate to
water overlying Thioploca mats in an aquarium with flowing
water (flume) under in situ conditions. Thioploca filaments partly
emerged from their sheaths embedded in the sediment and
stretched several centimetres up into the sea water after NO3
addition. They had the appearance of white hair, swaying in the
anoxic or hypoxic water to provide optimal conditions for
nitrate uptake.

The large central liquid vacuole, which serves as a store for
nitrate, occupies >80% of the cell volume and has been described
as an extracytoplasmic reservoir formed by an inflated mem-
brane intrusion®. This vacuole is surrounded by numerous sul-
phur globules embedded in the cytoplasm (Fig. 2b and c).
Sulphur globules are also seen in Beggiatoa, another mat-form-
ing, filamentous, colourless sulphur bacterium capable of H,S
oxidation with oxygen or nitrate'™''. As shown by 16S IRNA
sequencing, Beggiatoa is phylogenetically the closest relative to
Thioploca, sharing many morphological similarities even in its
ultrastructure'?.

Beggiatoa and other sulphide-oxidizing sulphur bacteria such
as Thiothrix spp. and Thiovulum spp.'*'* depend on the coexist-
ence of their electron donor (H,S) and acceptor (O, or NO3)
in order to maintain their energy metabolism and, consequently,
they often live in steep, opposed diffusion gradients'>'®. Qur
observations suggest that Thioploca is also a sulphide-oxidizing
denitrifier. However, by their unique ability to store both nitrate
and sulphur in their cells, Thioploca become independent
of coexisting substrates. By continuous vertical migration
between the nitrate-containing sea water and sulphide-produc-
ing sediment layers, Thioploca can therefore also thrive in
sediments at depths where nitrate is lacking. In fact, Thioploca

FIG. 3 A computer-generated
schematic of a 1.5-cm thick Thi-
oploca mat of mainly horizontally
oriented sheaths, showing the
sheaths stretching more than 6 cm
into the sediment. Thioploca fila-
ments were observed to move up to
1cmh™" inside their sheaths and
were thus able to transport NO3
much faster than diffusion (for
example, Thioploca filaments may
move down to 6cm within 6h,
whereas  diffusion would take
~10d). Immediately after sam-
pling, the sediment-mat core was
frozen in a nitrogen/isopentane
slush. The top end of the core liner
was tightly closed to allow only a
downward expansion of the sedi-
ment in order to prevent major
changes of the Thioploca mat due
to swelling. Vertical sections of
100 pm thickness were removed by
a freeze microtome and after each
cut a photo was taken of the
remaining core surface in polarized
light to enhance the contrast of the
sulphur globules. A series of 101 |—
photos were scanned, digitized, and

used to construct a 3D image (NIH
Image Program) of a 1-cm-thick vertical sediment block. Thus the dis-
continuity of Thioploca filaments at depth is due to their penetration
out of the block. The white strands therefore show the orientation of
the sulphur-containing filaments, mostly within sheaths.

2.5cm {

may outcompete other sulphur bacteria by keeping H,S and
NOj separated.

In oxygen-deficient oceanic waters, carbon oxidation may be
coupled directly to nitrate reduction. In the upwelling waters
off the Pacific coast of South America, denitrification rates of
25% 10" g N year™' (3.9 mmol NO; m™>day™') have been esti-
mated, comprising up to 25% of the global denitrification in
marine water masses'®'”. The efficient nitrate uptake and vertical
transport by Thioploca extends the denitrification zone into the
sediment. Carbon oxidation and nitrate reduction are, however,
here linked by the sulphur cycle as an intermediate electron car-
rier (Fig. 2¢). Nitrate uptake by a Thioploca mat was measured
in situ as 2.1 mmol m™? day™', which can oxidize up to 20% of
the H,S produced. The in situ uptake, however, could be
increased by one order of magnitude when seawater nitrate was
changed from 20 to 60 uM. This demonstrates the efficiency by
which Thioploca filaments are able to take up nitrate. In marine
sediments, NO; is normally taken up by diffusion and bio-irriga-
tion when sea water is pumped into tubes and burrows. On the
South American Pacific shelf, however, nitrate is transported
into the sediment by a previously unknown but unique mechan-
ism, the migration of nitrate-filled Thioploca bacteria.
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