peak seen along the [10] direction of the
reciprocal space whose spatial frequency
corresponds to one-third of the [10] spot
frequency. In direct space we observed that,
perpendicular to the [10] direction, one mo-
lecular row in every three is slightly higher
than the two others by about 0.2 A (see Fig.
1D). Moreover, in the case of Fig. 1D, we
observed a slight modulation of the spacing
between rows perpendicular to the buckling
direction. The amplitude of this modula-
tion was estimated to be about 4% of the
average row spacing. This modulation ap-
pears in the 2-D Fourier transform of Fig.
ID through the relative amplitude of the
peaks along the [10] direction. Computer
calculations performed on numerically de-
fined lattices allowed us to model this 2-D
Fourier transform. We were only able to
simulate the relative amplitudes of the
peaks along the [10] direction by taking
into account at the same time a modulation
of row height and a slight modulation of
row spacing. Whereas the height modula-
tion was observed systematically over the
whole sample, the very subtle changes of
row spacings were found to vary from one
location to another on the sample. The
molecular organization described above, in
the case of the remaining bilayer, is found
for any layer of the layered domains.

In order to rule out any artifact, we show
in Fig. 4A a grain boundary observed with-
in the same sample (19, 20). On each side
of the boundary we observed two domains
with exactly the same structure (a modulat-
ed, centered rectangular lattice) rotated by
an angle of 20° (see Fig. 4B). Furthermore,
such a structure was never observed on
substrates (annealed or not silanated silicon
wafers). We conclude that this modulation
is an intrinsic crystallographic property of
the annealed LB films.

From these observations, we conclude
that the disordered hexagonal structure ob-
served for unannealed samples is a metasta-
ble state. The previously measured extent
of the positional order in unannealed sys-
tems is obviously related to the presence of
dislocations that perturb this positional or-
der. Those defects probably originate from
constraints during the transfer of the mono-
layer on water onto the solid substrate.
These conclusions are strongly favored by
our observations that the molecular struc-
ture is not affected by the number of incor-
porated cations. Upon annealing, the LB
films reorganize into a more ordered state of
higher density, in which the area per AA
molecule is almost identical to the one
measured in the AA monolayer on water.
The dewetting [the mechanism of which
has yet to be elucidated (21, 22)] and the
three-dimensional reconstruction of the LB
film observed at macroscopic scales origi-
nate from the relaxation of internal stresses

attributable to surface energy; this relax-
ation is responsible for the observed modu-
lation of the molecular structure and could
be due to a buckling phenomenon con-
strained by the LB film lattice.
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Mediation of Sulfur Speciation by a
Black Sea Facultative Anaerobe

K. A. Perry, J. E. Kostka, G. W. Luther Ill, K. H. Nealson

Shewanella putrefaciens, a respiratory facultative anaerobe isolated from the Black Sea,
can reduce thiosulfate, sulfite, and elemental sulfur to sulfide readily and quantitatively.
This widespread and anaerobically versatile microorganism, which is incapable of reducing
sulfate, uses oxidized sulfur intermediates as electron acceptors during the respiratory
oxidation of organic matter. Because of its widespread distribution and abundance, it may
play a significant role in sulfur and trace metal cycling in the Black Sea and in other marine

and freshwater anaerobic environments.

Recent studies have shown sulfur interme-
diates to be integral to electron flow be-
tween oxic and anoxic environments (1),
although most microbiological studies in-
volving the marine sulfur cycle have con-
centrated on sulfate (SO,*~) reduction or
the oxidation of sulfur intermediates.
Shewanella putrefaciens is a facultative
anaerobe found in oxic, suboxic, and an-
oxic water columns and sediments. It is
capable of utilizing a number of electron
acceptors including O,, Mn(IV), Fe(IIl),
NO,~, NO, 7, and a variety of sulfur com-
pounds (2, 3). However, it cannot reduce
SO,*". To examine the contribution of this
bacterium to the sulfur cycle, we grew a
strain of S. putrefaciens isolated from the
Black Sea (MR-4) anaerobically in pure
culture with one of the following electron
acceptors: thiosulfate (S,0,27), sulfite
(SO4%7), or zerovalent sulfur (S°) (4). We
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measured the inorganic sulfur species
S0,%7, S,04%7, particulate SO, and sulfide
(HS™) (5, 6) and cell density (7) for up to
140 hours after inoculation.

In all cultures, the electron acceptor was
the only detectable sulfur species at time
zero, and the decrease in its concentration
with time corresponded with an increase in
both HS™ and cell density (Figs. 1 to 3).
The reduction of S,04%” appeared to in-
volve initial disproportionation of the mol-
ecule, as evinced by the appearance of
SO,%~ in early stages of the culture. Con-
centrations of SO,*~ reached a maximum
at 10 to 12 hours after inoculation in all
replicates (Fig. 1), indicating that the bac-
teria first disproportionated the S,04% ei-
ther to S® and SO,2~ (Table 1, reaction 1),
or to HS™ and SO,2~ (Table 1, reaction 2),
or with an electron donor such as lactate
(Table 1, reaction 3). The SO,2~ and S°
(if formed) were then reduced to HS™. All
of these reactions are thermodynamically
unfavorable and must be coupled to exer-
gonic reactions such as carbon oxidation.
Our data do not indicate conclusively
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Fig. 1. Growth of S. putrefaciens with S,0,2~ (1
mmol liter=") (S, 2 mmol liter~") as the sole
electron acceptor. Thiosulfate is reported as
micromoles of sulfur per liter. The mass bal-
ance of all sulfur species measured was 100%
of the sulfur added at all times (within an
analytical error of 10%).

which mechanism the bacteria use for
transformation of S,0,%7. Particulate S°
was not detected at any time in the culture
and, because the mass balance of the sulfur
species was always maintained, it is unlikely
that any colloidal S° formed. Therefore, if
S,0,% was disproportionated according to
reaction 1 (Table 1), the S° must have been
reduced rapidly to HS™. As the culture
aged, SO,%~ was not detectable because it
was either immediately reduced to HS™ or
reacted with the HS™ to reform S,0,% by
the reverse of reaction 2 (Table 1). This
reaction occurs readily and is used to pre-
pare S,0,%~ (8). The disproportionation of
S,05%~ shown here is different from that
described by Bak and Cypionka (9), as the
SO, -reducing bacteria that they studied
disproportionated S,0;%~ either to S° and
SO,%” or to HS™ and SO,*~ (Table I,
reaction 4). The latter process cannot be
occurring in the S. putrefaciens cultures
because the mass balance of all the sulfur
species was constant; thus, no SO,*~ was
formed. The culture stopped logarlthmlc
phase growth after approximately three-
quarters of the S,0,*~ had been reduced
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Fig. 2. Growth of S. putrefaciens with SO,2~
(1.7 mmol liter=*) as the sole electron acceptor.
Thiosulfate is plotted as micromoles of sulfur
per liter. The mass balance of all sulfur species
measured was 100% of the sulfur added at all
times (within an analytical error of 10%).

because HS™ reached inhibitory levels (10).
Thiosulfate appeared early on in cul-
tures given SO,2~ as the sole electron
acceptor and achieved a maximum con-
centration at approximately 25 hours in
all replicates (Fig. 2). Fitz and Cypionka
(11) suggested that S,0,%~ and trithio-
nate (83062_) are intermediates in a
three-step reduction of SO;*~ by SO,*~-
reducing bacteria. We never observed
S;04%” in any culture (it would give a
polarographic wave), and, because S° was
also not seen, the reverse of reaction 2
(Table 1), as discussed above, is the most
likely explanation for the appearance of
S,0,27. The SO,*~ was thus rapidly de-
pleted both by reduction to HS™ and by
reaction with HS™ to form S,0,27, which
was subsequently reduced to HS™. In both
the SO,*~ and S,0,2~ cultures, sulfur
cycled between SO;%~ and S,0,%~ before
it was completely reduced to HS™
Shewanella putrefaciens was also grown
on freshly precipitated S°, which consisted
of a mixture of S, (n = 1 to 10) (12).
Sulfide was detected within 10 min after
inoculation and increased concomitantly
with cell density (Fig. 3). These results

Table 1. Reactions involving sulfur species of intermediate oxidation state. Reactions 1 to 4
represent disproportionation of thiosulfate. Reactions 5 to 7 summarize the use of $,0,2~, SO,2~,
and S° as terminal electron acceptors by S. putrefaciens, with lactate as an electron donor The
standard free energy change of the reaction at 1 atm, 25°C, and pH 7 (AG®") is reported as kilojoules

per mole of sulfur.

or

Reaction (kJArgolf’)
1 18,0427 < 1289 + 1280, +16.10
2 68,0, + VoH,0 « sHS™ + 24550,2~ + 34H* +30.98
3 28,0, 1/4CH L,CHOHCOO™~ + ‘/2H O « 2HS™ + 1.50,2~ +1.01

‘/4CH COO + 1/‘:HCO + YaH+

4 eS, O + 2H,0 « 1/2HS + 1/230 2= 4+ eH™* —-8.26
5 8 O o2~ + CH CHOHCOO + V2H, O — HS + CH;COO~ + HCO,~ + H* —88.88
6 SO, 2= + 3%CH CHOHCOO — HS~ + 32CH,CO0~ + ¥%HCO,~ + ‘/2H+ -179.79
7 SO+ 1/zCH CHOHCOO + H,0 - HS~ + ‘/20H ,CO0~ + 1/zHCO + FH* -30.17
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Fig. 3. Growth of S. putrefaciens with S° (ap-
proximately 10 mmol liter=') as the sole elec-
tron acceptor.

indicate that the bacteria were reducing S°
to HS™. Because of the difficulties in-
curred in measurement of both colloidal
and particulate S°, a mass balance could
not be determined for these cultures; how-
ever, neither SO;%~ nor S,0,%~ was ever
detected. As SO,*~ apparently never
formed when S. putrefaciens was grown on
either S,05%~ or SO,%7, it is unlikely that
it would form when the bacteria were
given S°.

This bacterium joins several other
groups of bacteria that can utilize S° as an
electron acceptor. However, it is the only
non-SO,?~-reducing bacterium that has
been demonstrated to grow with SO,%~ or
S,0,%7 as the terminal electron acceptor
(13 14). The ability of this non-SO,*~
reducing bacterium to reduce S° and
S,0,% may be environmentally signifi-
cant. As HS™ diffuses upward from anoxic
environments, it is oxidized chemically by
contact with dissolved species (oxygen
and nitrate) and solid phases (iron and
manganese oxides), as well as biologically
by chemosynthetic bacteria; S° and
S,0,%7 are the predominant oxidation
products (I, 15-23). Although usually
found in low concentrations, S,0,2~ ap-
pears to be important in coupling the
oxidative and reductive pathways of the
sulfur cycle, and thus it is an important
species controlling electron flow in sedi-
ments (I, 21-24). The respiratory versa-
tility of S. putrefaciens may account for the
absence of sulfur species of intermediate
oxidation state such as S,0,%7, SO,*~,
84062 , and S° in anoxic marine environ-
ments such as the Black Sea, where anaer-
obic oxidation of HS™ has been observed
(25). Many bacteria are capable of remov-
ing these sulfur species: SO,?~ reducers
reduce and disproportionate them (9, 26),
and, in the presence of appropriate elec-
tron acceptors, lithotrophic sulfur bacteria
can oxidize them (27, 28). However,
Nealson et al. (29) could not find any
evidence of SO,*~ reduction activity in



enrichment cultures down to a depth of
500 m in Black Sea cultures, approximate-
ly 400 m below the suboxic-anoxic inter-
face. Although Jgrgensen et al. (27) found
that S,0;2 -oxidizing bacteria composed
0.01 to 0.6% of the total bacterial num-
bers near the interface (10! to 10° cells per
milliliter), Shewanella species made up 20
to 50% of the total bacterial counts in the
suboxic zone (10° cells per milliliter) (29).
Therefore, the lack of HS™ oxidation
products in the Black Sea and in other
environments where SO,* reducers are
absent may be due largely to the presence
of S. putrefaciens. This microorganism may
also be important where SO,*~ reducers
are present because of its ability to utilize
a wider range of carbon substrates (2, 3).

The manipulation of sulfur species by
S. putrefaciens can be summarized by reac-
tions 5 to 7 in Table 1. The respiratory
versatility of S. putrefaciens may give it
a distinct metabolic advantage in suboxic
and anoxic environments such as reducing
sediments or stratified basins like the
Black Sea, where the concentrations of
various electron acceptors change with
time and depth. This microorganism may
play an important role in both trace metal
and sulfur cycling between oxic and an-
oxic environments. Although S. putre-
faciens readily reduces solid-phase iron and
manganese, it also utilizes the more solu-
ble oxidation products of HS™ (for exam-
ple, S,0427), released as iron and manga-
nese oxides settle and react with HS™.

Jorgensen and co-workers (I, 21-23)
have demonstrated that the S,0,2~ shunt
plays an important role in coupling the
oxidative and reductive pathways of the
sulfur cycle in both marine and freshwater
environments. The discovery of an abun-
dant group of organisms that can utilize
S,0,2~ and other partially oxidized sulfur
species as electron acceptors provides ad-
ditional biological mechanisms for estab-
lishing electron flow through sulfur com-
pounds. These findings indicate that there
is a direct, enzymatic connection between
marine sulfur and carbon cycles, which is
separate from SO,*~ reduction.
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Multiple Evolutionary Origins of
Magnetotaxis in Bacteria

Edward F. DeLong,* Richard B. Frankel, Dennis A. Bazylinski*t

Magnetosomes are intracellular, iron-rich, membrane-enclosed magnetic particles that
allow magnetotactic bacteria to orient in the earth’'s geomagnetic field as they swim. The
magnetosomes of most magnetotactic bacteria contain iron oxide particles, but some
magnetotactic species contain iron sulfide particles instead. Phylogenetic analyses of small
subunit ribosomal RNA sequences showed that all known magnetotactic bacteria of the
iron oxide type are associated with the o subgroup of the Proteobacteria in the domain
Bacteria. In contrast, uncultured magnetotactic bacteria of the iron sulfide type are spe-
cifically related to the dissimilatory sulfate-reducing bacteria within the & subdivision of the
Proteobacteria. These findings indicate a polyphyletic origin for magnetotactic bacteria and
suggest that magnetotaxis based on iron oxides and iron sulfides evolved independently.

Magnetotaxis in bacteria (1) is the result
of a permanent magnetic dipole moment
that causes a cell to be oriented in the
earth’s geomagnetic field as it swims (2).
The magnetic dipole moment is caused by
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the presence of magnetosomes (3), intracel-
lular, iron-rich, membrane-enclosed mag-
netic particles. In most magnetotactic bac-
teria, the particles consist of the ferrimag-
netic iron oxide magnetite (Fe;O,) (4-8).
However, some magnetotactic bacteria col-
lected from sulfidic, brackish-to-marine
aquatic habitats have recently been found
to contain iron sulfide particles (9, 10),
including ferrimagnetic greigite (Fe;S,) (9,
11, 12) and nonmagnetic pyrite (FeS,) (9,
11). Although magnetotactic bacteria of
both the iron oxide and iron sulfide types
are frequently found in the same habitats,
they grow in discrete locations, as indicated
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