masses contained in the polar vortex have been
displaced from the pole toward the European
continents during most of January 1992. The
monthly mean January 1992 temperature at 30
mbar over the North Sea was 10 K lower than the
20-year (1965 to 1984) mean January values (K.
Labitzke and B. Naujokat, Beil. Berl. Wetterkarte
KNH1/1992). It remains to be established to what
extent the low O, values observed over Europe
are associated with this wave number 1 event or

result from chemical destruction.
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Manganese Flux from Continental Margin Sediments
in a Transect Through the Oxygen Minimum

Kenneth S. Johnson, William M."Berelson, Kenneth H. Coale,
Teresa L. Coley, Virginia A. Elrod, W. Russell Fairey,
Helen D. lams, Tammy E. Kilgore, Jocelyn L. Nowicki

The flux of manganese from continental margin sediments to the ocean was measured with
a free-vehicle, benthic flux chamber in a transect across the continental shelf and upper
slope of the California margin. The highest fluxes were observed on the shallow continental
shelf. Manganese flux decreased linearly with bottom water oxygen concentration, and the
lowest fluxes occurred in the oxygen minimum zone (at a depth of 600 to 1000 meters).
Although the flux of manganese from continental shelf sediments can account for the
elevated concentrations observed in shallow, coastal waters, the flux from sediments that
intersect the oxygen minimum cannot produce the subsurface concentration maximum of
dissolved manganese that is observed in the Pacific Ocean.

Manganese is widely used as a model ele-
ment for studies of redox chemical cycles in
the sea. Insoluble manganese oxides are
readily reduced to soluble Mn?* by bacte-
ria, photochemical reactions, and hydro-
thermal processes (1). Elevated concentra-
tions of dissolved Mn are often evidence of
active redox cycling. The processes control-
ling the oxidation states of a variety of
other metals (for example, Ce, Co, and Cr)
are interpreted by comparing their distribu-
tions with that of Mn (2).

Dissolved Mn profiles in the Pacific
Ocean are characterized by maxima in the
upper 100 m and wherever O, concentra-
tions drop below 100 uM (3). The subsur-
face maximum is believed to be produced by
the flux of dissolved Mn?* from reducing
sediments that intersect the O, minimum
zone (4-7). However, there have been no
direct measurements of the Mn flux from
sediments along the continental margin,
except in waters shallow enough to be
reached by divers (8, 9). To test this hy-
pothesis, we have directly measured the flux
of Mn from sediments of the continental
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shelf and slope of the central California
coastline using benthic chambers.

A well-developed O, minimum zone im-
pinges on the continental margin between
600 and 1000 m along the central California
coastline. Water column Mn concentrations
in this zone are elevated twofold over back-
ground concentrations (Fig. 1). The flux of
Mn from sediments that intersect this O,
minimum was measured with a free-vehicle,
benthic chamber (10) at depths from 95 to
1010 m along a transect near Point Piedras
Blancas (35°40'N, 121°17'W). Similar
benthic chambers have been used for studies
of C and nutrient cycling in the deep sea
(11, 12).

Manganese concentrations measured in
benthic chambers deployed at all depths
changed linearly with time (Fig. 2). Initial
Mn concentrations in the chambers, deter-
mined from a straight line fitted to the data
by least squares, were not significantly dif-
ferent (P < 0.05) from the corresponding
ambient bottom water concentrations,
which varied from 0.6 to 10 nM. There is no
evidence of a change in the slope of a plot of
Mn concentration versus time that would
indicate enhanced release of the metal as O,
concentrations decreased in the chambers
(13). The benthic Mn flux calculated from
these data is greatest at the shallowest sites,
where O, levels in the overlying water are
the highest, and the smallest Mn fluxes
occurred in the O, minimum zone (Fig.
3A). The benthic Mn flux was proportional
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to the rate of O, consumption in the flux
chambers (Fig. 3B).

A relation between benthic Mn and O,
fluxes could be the result of several pro-
cesses. Remineralization of organic C and
release of bound metals could be limited by
the flux of O, through a diffusive, benthic-
boundary layer (14). To test this hypothe-
sis, we performed an experiment at a site
near the Los Angeles County sewage outfall
at Whites Point where the rate of O,
consumption was high and there was little
sediment irrigation. Stirring rates in the
benthic flux chambers were varied from 1.5
to 12 rpm, and no significant change was
seen in the flux of O, or metals (I5).
Chambers were stirred at 6 rpm in the
experiments shown here. Thus, we do not
believe that benthic boundary-layer hydro-
dynamics are responsible for the observed
relation in metal and O, flux.

Changes in the rate of input of organic
carbon to the sediments along the transect
could link benthic Mn and O, fluxes. A
positive relation between benthic Mn flux
and primary production has been seen in
experimental mesocosms (16). One hy-
pothesis to account for this observation is
that O, depletion and manganese oxide
reduction occur in the near-surface sedi-
ments that receive the largest carbon input
(3). Alternatively, trace metal fluxes could
be controlled by release of bound metals,
perhaps from particulate organic carbon

(17) or calcium carbonate (CaCO,) (18),

Manganese (nM), oxygen (1 M)/100

0 05 1 15 2 25 3
0 — T T ' ________ -
»
500 | »
>
»
- |
E ’
£ 1000 | |
3 >
a
"
1500 b
2000

Fig. 1. Vertical profiles of dissolved Mn and O,
from a hydrocast at 35°15’'N, 121°52'W on 11
June 1991. Samples were collected with a
General Oceanics Rosette sampler and 10-liter
Niskin bottles. Manganese in each sample was
determined at sea by flow injection analysis
with chemiluminescence detection (FIA-CL)
(37). The precision for replicate analyses was
+0.2 nM (90% confidence interval). Oxygen
was determined by Winkler titration. Bottom
depth is 2000 m.



as the particles are remineralized under oxic
conditions.

Several lines of evidence suggest that
the Mn flux from sediments along the Cal-
ifornia coast is not driven by depletion of
O, in the sediment and subsequent reduc-
tion of manganese oxides. First, the depth
of O, penetration into the sediments was
greatest at the shallowest sites (25 mm at a
depth of 100 m versus 10 mm at 1010 m).
We determined the O, profiles by measur-
ing O, concentrations continuously with an
amperometric electrode in the pore waters
extruded from sediments with a whole-core
squeezer (19). The data obtained in this
manner are consistent with the results ob-
served in this region with the use of micro-
electrodes (20). Although the shelf sedi-
ments receive the largest C input (21), they
are overlain by water with the highest O,
concentrations (Fig. 1). Therefore, Mn re-
duction should occur deeper in the sedi-
ments at the shallow sites. Second, the Mn
flux appears to be produced by reactions
occurring in the organic-rich layer of floc-
culent material at the sediment surface (fluff
layer) where O, is present. Benthic fluxes of
Mn, O,, NO,~, Si, NH,*, and PO,*~
calculated from concentration gradients in
the interfacial sediments (22) all underesti-
mate the fluxes observed with the benthic
chamber at the stations on the shelf by
factors of 5 to 25; yet these methods yield
comparable fluxes for the deeper stations
(for example, Fig. 3A). Irrigation of the
sediments by benthic fauna is not likely to
cause this bias. Irrigation rates that were
estimated from 22?Rn fluxes and injections
of an inert tracer (CsCl) into the flux
chambers are not more than three times
greater on the shelf than in the O, mini-
mum, whereas the change in Mn flux is
more than tenfold. In addition, Mn fluxes
were not systematically related to the 222Rn
flux measured with the three replicate

chambers at each station, as would be
expected if irrigation produces the flux.
Finally, estimates of the Mn flux produced
by irrigation suggest that it accounts for at
most 40% of the total benthic Mn flux
(23). We hypothesize that O, consumption
and remineralization of Mn and nutrients at
the shelf stations occur primarily in a thin
(<1 mm) fluff layer at the sediment surface.
Similar results have been found in other
studies of benthic chemical exchange from
shallow sediments (9, 24).

The source of the Mn flux from the fluff
layer remains problematic. Recent work has
shown that reduction of manganese oxides
can occur in the présence of O, (25).
Reduction might also occur in anoxic mi-
crozones in the fluff layer, perhaps fecal
pellets (26). We have no data that allow us
to assess the role of manganese oxide reduc-
tion' in the fluff layer. Instead we ask the
question: Is there sufficient Mn in sinking
particulate organic C or CaCO, to support
the observed benthic flux? The flux of
sinking C measured with sediment traps
over an annual cycle at a depth of 50 m in
Monterey Bay averaged 50 mmol m™?
day~! (27). The ratio (on a mole basis) of
organically bound Mn to organic C in
particles collected by sediment traps de-
ployed 90 km off this margin ranged from
(31 = 10) x 1076 (18) to (58 + 36) X
107¢ (28) (all error limits are the 90%
confidence interval). Thus, the annual rain
of organically bound Mn to the shelf sedi-
ments is about 2 wmol m~2 day~! compared
to an average benthic flux of 5 wmol m™2
day~! (Fig. 3A). The C rain rate in Mon-
terey Bay can be higher than the annual
average by up to fourfold during upwelling
events such as occurred on our cruise (sur-
face nitrate concentrations regularly >15
pM). Clearly, enough Mn associated with
organic matter can reach the sediments
during high productivity periods to support

Fig. 2. Dissolved (<0.2 pm) Mn 250
concentrations in the benthic flux
chamber plotted versus the time
interval between the closing of the
chamber lid and sampling for de-
ployments at seven sites. Each
value is the average of the con-
centration obtained in the cham-
bers that operated successfully.
In most cases, all three chambers
appeared to operate normally.
The bottom depth at each site is
shown on the figure. Sediments
were incubated in situ under
stirred chambers for 1 to 2 days:
six aliquots of the overlying water
were collected from each cham-
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ber. The first set of samples was usually collected 1 hour after the chamber lids closed, and the last
was collected 1 hour before the vehicle left the bottom. All samples were analyzed on board ship
by FIA-CL (37) after the samples were diluted 1 + 7.5 with ultrapure water. Precision on these

samples is =2 nM.
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the fluxes that we observed. However, the
ratio of the benthic Mn flux to organic C
oxidized (29) is (890 = 560) X 10~°. This
ratio is significantly higher than that of the
vertically falling particles, which suggests
an additional Mn source.

Calcium carbonate may be an additional
Mn source (18). Dissolution of CaCO; in
sediments can be driven by CO, produced
by respiration (12, 30). This process may
occur even in sediments underlying waters
supersaturated with respect to calcite (de-
gree of saturation off central California at
100 m, Q@ = 1.6). We estimated the
CaCO; dissolution flux in the sediments
using the lander alkalinity, ammonia
(NH;), and total CO, data (31). The
benthic Mn flux increased as the CaCO,
dissolution flux increased (Fig. 3C). The
ratio (on a mole basis) of the benthic Mn
flux to C derived from CaCQO; is between 2
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Fig. 3. (A) Benthic Mn flux and O, concentra-
tion in the water column plotted versus-depth.
Benthic flux values derived from the lander and
by modeling pore water gradients of Mn are
shown. (B) Plot of Mn flux versus O, flux into the
sediments. Oxygen concentrations in the
chambers were monitored continuously with an
amperometric electrode operated in the pulsed
mode (38). Errors for the flux measurements (1
SD) were determined from the replicate cham-
ber measurements if results for more than one
chamber were available, or from the error in the
slope of the regression line fitted to the concen-
tration versus time data combined with the 15%
error in determining the chamber volumes if
only one chamber functioned. (C) Plot of Mn
flux versus the estimated rate of CaCO, disso-
lution.

1243




x 1073 and 10 x 1073, The ratio of Mn to
C bound by CaCO; in sinking material
ranges from 2 X 1073 to 27 x 1073 (18).
Thus, sufficient Mn should be transported
to the sediments with CaCOj if the inor-
ganic C flux is one half of the vertical flux
of organic C (32).

Our evidence suggests that there is po-
tentially enough Mn associated with the
particulate organic C and CaCO; that
reaches the sediment surface to support the
benthic fluxes. We cannot preclude a role
for manganese oxide reduction in generat-
ing the flux, but it must occur in the oxic
sediments near the sediment-water inter-
face. Dissolved Mn(II) that is produced in
the O,-deficient region below the sedi-
ment-water interface appears to be repre-
cipitated in surficial sediments when the
bottom water O, is >10 pM (33). Appar-
ently, only the Mn released at the sedi-
ment-water interface can escape from the
sediments.

All of the processes discussed above that
might control Mn flux from the sediments
(respiration, CaCO, dissolution, or manga-
nese oxide reduction) are linked to the
availability of organic C. Carbon flux
through the water column decreases rapidly
with depth (21), as does the flux of organ-
ically bound Mn (28). Low benthic fluxes
of Mn measured in the O, minimum zone
are likely to reflect the low influx of organic
C and organically bound Mn in this depth
range. It should not be surprising, there-
fore, that the lowest fluxes of Mn were
found in the O, minimum zone.

High Mn concentrations (>5 nM) in
the mixed layer are regularly observed near
the coast (6, 28, 34). The loss of Mn from
the mixed layer due to offshore diffusion for
this section of the central California coast
was calculated to range from 0.005 to 57
nmol liter~! year~! (35). The input rate of
Mn calculated from the flux of Mn at 100 m
(Fig. 3A) for an assumed mean depth over
the shelf of 50 m is 44 nmol liter~! year™1.
The highest loss rates are comparable to the
input rate, and they would require that
each Mn atom be recycled from the water
to the sedimetit only once before removal
from the shelf to the open ocean (35).
However, this high offshore flux requires a
much greater lateral gradient over the shelf
than has been observed. The lower loss
rates, which are consistent with the ob-
served gradients, would require that each
Mn atom be recycled from the shelf sedi-
ments to the water column many times
before export to the open sea. Such recy-
cling would account for the large concen-
trations observed in this region. This mech-
anism should be representative of the pro-
cesses that control Mn concentration over
all continental shelves.

The Mn concentration maximum in the
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O, minimum zone off California is not a
result of an enhanced flux from the sedi-
ments. Thus, this maximum must be gen-
erated in the water column, but the mech-
anism is not clear. Reduction of manganese
oxides on particles falling through the water
column in the O, minimum zone (3) and
remineralization of Mn bound by particu-
late organic C (34) have been suggested as
possible mechanisms that might support the
Mn maximum. The maximum could also be
produced by a reduction in the rate of Mn
scavenging in the O, minimum (36). Fur-
ther research must focus on these processes.
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Tentoxin Sensitivity of Chloroplasts Determined by
Codon 83 of 3 Subunit of Proton-ATPase

Adi Avni,* James D. Anderson,T Neta Holland,
Jean-David Rochaix, Zippora Gromet-Elhanan, Marvin Edelman

Tentoxin is a naturally occurring phytotoxic peptide that causes seedling chlorosis and
arrests growth in sensitive plants and algae. In vitro, it inhibits activity of the g subunit of
the plastid proton—adenosine triphosphatase (ATPase) from sensitive species. Plastid
atpB genes from six closely related, tentoxin-sensitive or -resistant Nicotiana species differ
at codon 83, according to their response to the toxin: glutamate correlated with resistance
and aspartate correlated with sensitivity. The genetic relevance of this site was confirmed
in Chlamydomonas reinhardtii by chloroplast transformation. The alga, normally tentoxin-
resistant, was rendered tentoxin-sensitive by mutagenesis of its plastid atpB gene at codon
83. Codon 83 may represent a critical site on the B subunit that does not compete with
nucleotide binding or other catalytic activities.

Tentoxin, a cyclic tetrapeptide [cyclo L-
leucyl-N-methyl-(Z)-dehydrophenyl-alanyl-
glycyl-N-methyl-alanyl] (1), is a phyto-
toxin produced by the fungus Alternaria
tenuis. The diversity of effects in a variety of
plants suggests multiple modes and sites of
action (2). Tentoxin prevents chlorophyll
accumulation in germinating seedlings of
some, but not all, angiosperms (3), an ef-
fect termed “chlorosis” (4). Chlorosis was
claimed to arise from interference with
transport or integration of specific nuclear-
coded proteins into the developing plastid
of sensitive, but not resistant, species (3,
6). However, tentoxin is also a potent
inhibitor of energy transfer at the terminal
step in photophosphorylation in isolated
plastid membranes (7) and inhibits light-
driven, but not adenosine triphosphate
(ATP)—driven, protein and RNA synthesis
in isolated chloroplasts (8). Thus, chloro-
sis, a cytoplasmically inherited chloroplast
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character (9, 10), may result from inhibi-
tion of photophosphorylation by interac-
tion of tentoxin with a specific site on the
coupling factor (CF,) of the plastid pro-
ton-ATPase in sensitive species (I1).
Binding studies and ATPase inhibition
kinetics show that, in sensitive species,
tentoxin binds tightly to a single site on
chloroplast-encoded o or B subunits of
CF, (12). This binding is uncompetitive
with respect to ATP and adenosine di-
phosphate (ADP) (13).

We used the B-less Rhodospirillum ru-
brum chromatophore system (14) to deter-
mine which of the two CF; subunits inter-

Fig. 1. The effect of tentoxin on ATP hydrolysis
in reconstituted Rhodospirillum rubrum chro-
matophores. Photosynthetic membranes (36)
were prepared from Nicotiana and lettuce, and
were extracted with 2 M LiCl and 4 mM MgATP
(76). CF, fractions were purified from the LiCl
supernatant by anion-exchange chromatogra-
phy on a fast protein liquid chromatography
(FPLC).Mono Q column (76) to yield CF,-B
immunologically free of CF,-a (purified-g), and
a fraction containing both CF,-a and CF,-B in a
ratio of ~1:1 (purified-ap). Reconstitution of
B-less chromatophores was carried out as de-
tailed (76), with 3 wg of purified-ap from let-
tuce, Lettuce (S); 3 ng of purified-g from N.
tabacum var. Xanthi plus 0.4 pg of purified-ap
from lettuce, Xanthi (R); or 3 png of purified-g
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acts with tentoxin (I5). This system re-
quires addition of B subunit and trace
amounts of a subunit for restoration of
ATPase activity (16). The external source
of a subunit was, in all cases, from lettuce,
a tentoxin-sensitive species (17). Heterol-
ogously  reconstituted  chromatophores
proved sensitive to tentoxin when purified
B subunit from a tentoxin-sensitive species
[Nicotiana tabacum line 92 (18) or lettuce]
was used. However, chromatophores were
resistant to >100-fold higher concentra-
tions of tentoxin when purified B subunit
from a tentoxin-resistant species [Nicotiana
tabacum var. Xanthi (18)] was used (Fig. 1).
Thus, the response of the reconstituted
chromatophores to tentoxin depended on
the source of CF,-B.

The peptide sequence identity among
CF,-B subunits from a variety of higher
plants is 92 to 95% (19). We therefore
reasoned that within a single genus, such as
Nicotiana [where out of 40 species tested, 9
are tentoxin-resistant and 31 are tentoxin-
sensitive (3, 18)], CF,-B sequence varia-
tion might be limited enough that a unique
difference could be identified between re-
sistant and sensitive plants. Accordingly,
the atpB coding regions from two resistant
(R) and three sensitive (S) Nicotiana spe-
cies [N. tabacum var. Xanthi (R), N. rustica
(R), N. bigelovii (S), N. plumbaginifolia (S),
and N. tabacum line 92 (S)] were cloned,
were sequenced (20), and were compared
with that of N. tabacum var. BY4 (R) (21).
Homology among the six genes and among
the proteins they encode was >99% (Fig.
2). Between CF;-B of N. tabacum var.
Xanthi and that of N. bigelovii, only a single
amino acid difference was found: glutamate
(E) or aspartate (D) at residue 83. All three
sensitive lines had D at position 83 and all
three resistant lines had E.

We transformed chloroplasts of Chlam-
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from N. tabacum line 92 plus 0.4 ng of purified-af from lettuce, Line 92 (S) (30). Samples were
incubated with B-less R. rubrum chromatophores (74), and the specific rate of ATP hydrolysis
determined in the presence of increasing tentoxin concentration. (R) = tentoxin-resistant and (S) =
tentoxin-sensitive species as determined by the seedling test (37); BChl = bacterial chlorophyll,
determined according to Clayton (38).
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