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Oxidation of sulfide by Spartina alterniflora roots

Abstract—Root tips from the marsh grass Spartina alterniflo-
ra, collected from areas of high and low pore-water sulfide,
exhibited a substantial capacity to catalyze sulfide oxidation, as
determined by closed-chamber respirometry. A large proportion
of this cataysis was apparently nonenzymatic and was higher
in roots of plants from the high-sulfide versus the low-sulfide
site. Activity exhibiting characteristics of enzymatic sulfide ox-
idation was significantly higher in plants from the low-sulfide
site. Results from elemental analysis of root tissue were consis-
tent with the theory that metals play a role in nonenzymatic
catalysis. These results indicate that estuarine plants may detox-
ify environmental sulfide via sulfide oxidation.

Hydrogen sulfide is a common metabolic poison that is
abundant in marine-reducing environments. Sulfide (H,S,
HS-, and $*°) blocks aerobic respiration by inhibition of
mitochondrial cytochrome ¢ oxidase (Nicholls 1975; Wilson
and Erecinska 1978) and spontaneously oxidizes in the pres-
ence of dissolved oxygen, thereby reducing oxygen avail-
ahility. Despite this, many aerobic marine organisms can sur-
vive chronic sulfide exposure. The mechanisms that enable
these organisms to avoid sulfide toxicity are beginning to be
characterized. Most of the work in this area has involved
marine invertebrates, many of which are symbiotic with sul-
fur-oxidizing chemoautotrophic bacteria (reviewed in So-
mero et al. 1989; Childress and Fisher 1992). Although
plants are found in many of the same environments as the
invertebrates that exhibit mechanisms of sulfide detoxifica-
tion (e.g., sat marshes, eel-grass beds, and mangrove
swamps), no studies have investigated the sulfide-detoxifi-
cation mechanisms of marine plants.

One plant that is subject to chronic sulfide exposure is
Spartina alterniflora, adominant salt marsh grass. This grass
extends roots into reduced sediments that are rich in sulfide
(Carlson and Forrest 1982; King et al. 1982). It is well es-
tablished that sulfide can have deleterious effects (e.g.,
Howes et al. 1986; Pearson and Havill 1988; Pezeshki et al.
1993; Pezeshki and Delaune 1996). Environmental sulfide
enters the root tissues (Carlson and Forrest 1982) and can
inhibit metalloenzymes, including cytochrome c oxidase (Al-
lam and Hollis 1972; Havill et al. 1985). Sulfide exposure
correlates with stunted growth in the field (King et al. 1982)
and results in reduced growth, alcohol dehydrogenase activ-
ity, adenylate charge, and nitrogen uptake in laboratory ex-
periments (Koch and Mendelssohn 1989; Koch et al. 1990).
Although sensitive to sulfide, S. alterniflora is more tolerant
of sulfide than are other freshwater marsh species that do
not encounter elevated sulfide (Koch and Mendel ssohn 1989;
Koch et a. 1990). Thus, it is apparent that while sulfide is
an important environmental stressor of S. alterniflora, phys-
iological mechanisms of sulfide tolerance may be exhibited.

S alterniflora may detoxify sulfide in ways similar to
those exhibited by marine invertebrates. An important fea-
ture of the lifestyle of invertebrates that tolerate sulfidic en-

vironments is that they bridge oxic and anoxic environments.
For example, invertebrates at deep-sea hydrothermal vents
inhabit areas where sulfide-laden water mixes with oxygen-
ated water. Sediment-dwelling invertebrates aerate their en-
vironment by pumping oxygenated waters into their bur-
rows. Another strategy, exhibited by some symbiotic clams,
is to live partialy in aerated seawater and to extend part of
the body into sulfide-rich sediments or fissures. The presence
of oxygen allows sulfide to be oxidized to less toxic species,
such as thiosulfate, sulfite, sulfate, and elemental sulfur. Al-
though sulfide is spontaneously oxidized by oxygen, inver-
tebrates have a variety of means of catalyzing sulfide oxi-
dation in order to gain greater protective benefit and, in some
cases, in order to allow sulfide oxidation to be coupled to
the production of cellular energy. Mechanisms that enhance
the rate of sulfide detoxification but that do not result in
energy gain are sulfide oxidases and catalysis by heavy met-
als (reviewed in Somero et a. 1989). Mechanisms that can
result in energetic gain are sulfide oxidation by bacteriasym-
bionts (Cavanaugh et al. 1981; Felbeck et al. 1981) or mi-
tochondrial sulfide oxidation (e.g., Powell and Somero 1986;
Lee et al. 1996; Volkel and Grieshaber 1997).

Like sulfide-tolerant marine invertebrates, S. alterniflora
bridge oxic and anoxic environments. In S alterniflora and
other aquatic plants, a well-developed aerenchyma system
facilitates the transport of oxygen from the atmosphere to
the roots, where oxidation of sulfide potentially reduces its
toxicity (Teal and Kanwisher 1966; Hwang and Morris 1991;
Arenovski and Howes 1992; Armstrong et al. 1994; Howes
and Teal 1994). Thus, sulfide oxidation may be a mechanism
that allows S alterniflora to tolerate sulfide. It is not known
whether S, alterniflora actively facilitate oxidation. This
plant-mediated oxidation could be catalyzed by sulfide oxi-
dases, metals, mitochondria, or hitherto uncharacterized
mechanisms. In the present study, we measured the potential
for sulfide oxidation in roots of S alterniflora and then de-
termined whether this capacity is catalyzed by known mech-
anisms.

S alterniflora used in the first series of experiments were
collected at Airport Marsh on Dauphin Island, Alabama, ad-
jacent to a tidal channel (16%o.). Pore-water sulfide in sedi-
ments associated with S. alterniflora at this site was high,
ranging from 1.3-8.1 mM total sulfide (Lee et a. 1996).
Entire plants with or without associated sediment were trans-
ported in seawater to the laboratory for further investigation.
Roots of S alterniflora were subjected to several rinses in
seawater to remove associated sediments. Several tips of
roots (1-3 cm; 11-44 mg dry weight) were excised and giv-
en afinal rinse with filtered artificial seawater (FASW, Trop-
ic Marin, pH =8.0), until no sediment particles were evident
under a dissecting microscope. These tips were then placed
in a closed-chamber respirometer (Cyclobios Oxygraph
67097) containing 6 ml stirred (500 rpm) air-equilibrated
FASW at 20°C. Chamber pH was likely in the range of 8
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(approximate pH of FASW stock) to 7.6 (lowest value re-
corded in chamber medium at the end of experiments). Sam-
ples were exposed to stepwise increases from 0.05 to 5 mM
sulfide (XH.S; the sum of all species present) by injecting
microliter aiquots of freshly made 30-mM sodium sulfide
into the respirometer, using a Hamilton syringe. The reaction
of sulfide and oxygen was measured by following the dis-
appearance of oxygen. This ‘“sulfide-dependent oxidation™
correlates with the disappearance of sulfide, although the
stoichiometry will differ depending on the end products of
oxidation (e.g., S,0,72, SO,72, and/or SO, ?). After experi-
ments, root tips were blotted dry and then dried in a drying
oven at 70°C for 24-48 h.

Root tips greatly accelerated sulfide-dependent oxidation
in closed-chamber respirometry experiments. In chambers
containing seawater only, low rates of background sulfide-
dependent oxidation were observed (ranging from 20-300
pmol O, consumed per second) (Fig. 1A). Rates of back-
ground sulfide-dependent oxidation increased in a concen-
tration-dependent manner, with higher rates observed in the
presence of the highest sulfide concentrations tested, e.g., 5
mM. Oxygen-consumption rates in the presence of sulfide
were considerably greater in chambers containing root tips
(Fig. 1A). Without sulfide added, the rate of oxygen con-
sumption due to aerobic respiration was 156 + 54 pmol O,
s 1 (SD; n = 13). Additions of sulfide resulted in increased
oxygen consumption in a concentration-dependent manner
(Fig. 1A). The increase over the rate at 0 mM sulfide (be-
cause of aerobic respiration) was as much as 1,400 pmol O,
s tin the 5-mM sulfide treatment. Thus, the rate of oxygen
consumption was accelerated up to 11-fold over rates of
spontaneous oxygen consumption. These results demonstrate
that S. alterniflora roots exhibit a substantial capacity for the
catalysis of sulfide oxidation.

Root-tip sulfide-dependent oxidation was inhibited by 1-
mM potassium cyanide (KCN), an electron-transport—chain
inhibitor and inhibitor of chemical sulfide oxidation. In the
presence of equimolar sulfide, KCN has been shown to re-
duce the rate of sulfide oxidation in water by >90% (Chen
and Morris 1972). Following KCN preincubation for 8 h, the
mass-specific rate of oxygen consumption by roots tips in
the presence of sulfide and 1-mM KCN was considerably
lower than that of non—KCN-treated tips (Fig. 1B). Rates of
sulfide-dependent oxidation by KCN-treated roots were
higher than background rates, which indicates that KCN did
not completely inhibit sulfide oxidation. Although the exact
mechanism of inhibition in these experiments is not known,
it likely reflects inhibition of chemical and/or biological ox-
idation.

Further experiments were designed to assess the mecha
nism of sulfide oxidation in S. alterniflora. Sulfide oxidation
may be catalyzed by mitochondria, bacteria associated with
the root surface, sulfide-oxidase enzymes, and/or nonenzy-
matic catalysts such as metals. Boiling treatment should in-
activate all but nonenzymatic catalysts. In order to measure
the proportion of sulfide-dependent oxidation attributable to
nonenzymatic catalysts, root tips from closed-chamber res-
pirometry experiments were boiled for 10 min and were then
reanalyzed. This treatment presumably destroyed mitochon-
drial, bacterial, and enzymatic activity but not nonenzyme
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Fig. 1. Sulfide-dependent oxidation measured as oxygen con-
sumption by closed-chamber respirometry. (A) Oxidation by root tips
versus background oxidation: open circles = chamber containing fil-
tered seawater only (n = 12 determinations); black circles = root
tips (12-34 mg dry weight; n = 13 determinations from different
root-tip samples) from Spartina alterniflora collected at Airport
Marsh, Dauphin Island, Alabama. Root-tip data are not expressed per
milligram of dry weight in order to facilitate comparison with back-
ground rates. (B) Effect of KCN (sulfide oxidation inhibitor): black
circles = root tips; black diamonds = 1-mM KCN-incubated root
tips (24—44 mg) from S alterniflora collected at Airport Marsh (n
= 3 determinations from different root-tip samples). Rates of sulfide-
dependent oxidation were measured as oxygen consumption per mil-
ligram of dry weight and were corrected for rates of background
sulfide-dependent oxidation exhibited by seawater-only controls. Data
points represent means = 1 SD.
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catalysts. Following treatment by boiling, a substantial pro-
portion of sulfide-dependent oxidation capacity remained,
particularly at higher concentrations of sulfide (expressed as
pmol O, consumed st mg dry weight-* and corrected for
background sulfide-dependent oxidation rates; Fig. 2A,B).
Thus, nonenzyme catalysts appear to contribute significantly
to sulfide oxidation.

The proportion of sulfide-dependent oxidation that was
sensitive to thermal denaturation ranged from 80% at 0.05-
mM sulfide to 0% at 5-mM sulfide. This heat-labile sulfide-
dependent oxidation (Fig. 2C) may be the result of mito-
chondria, bacteria, and/or sulfide oxidases. Whether this
heat-labile activity reflects higher rates of sulfide disappear-
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Fig. 2. Sulfide-dependent oxidation by root tips of Spartina al-
terniflora collected at Airport Marsh (black circles; high-sulfide en-
vironment) and St. Joseph Bay (open circles: low-sulfide environ-
ment). Rates of sulfide-dependent oxidation were measured as oxygen
consumption per milligram of dry weight and were corrected for rates
of background sulfide-dependent oxidation exhibited by seawater-
only controls. (A, D) Sulfide-dependent oxidation by untreated roots
or total oxidation by al catalysts present in root tips. (B, E) Sulfide-
dependent oxidation following boiling treatment (10 min) to inactive
mitochondrial, bacterial, and/or enzymatic catalysis. (C, F) Heat-la
bile catalysis (tota — boiled). Data points are means = 1 SD of three
to four determinations from different root-tip samples.

ance or production of more oxidized end products could not
be determined from our analyses. Heat-labile sulfide-depen-
dent oxidation accounted for the majority of sulfide-depen-
dent oxidation at lower sulfide concentrations, with a max-
imum rate in the presence of 1-mM sulfide. Heat-labile
sulfide-dependent oxidation was inhibited at sulfide concen-
trations of greater than 1 mM. Thus, at least two types of
sulfide-detoxification mechanisms may operate in S alter-
niflora roots. heat-labile catalysis, which could be coupled
to energetic gain, at low-to-moderate sulfide concentrations
and nonenzymatic catalysis at higher sulfide concentrations.

In order to test whether sulfide oxidation capacity is cor-
related with environmental sulfide concentrations, parallel
experiments were conducted on root tips from S. alterniflora,
collected from sandy sediments in St. Joseph Bay, Florida.
Sediment pore water at this collection site contains around
30 uM sulfide, on average (Powell, pers. comm.). Plants
were collected and closed-chamber respirometry of root tips
was conducted, as described above. Root tips from St. Jo-
seph Bay plants were also able to catalyze sulfide-dependent
oxidation, but the kinetics differed from those of the Airport
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Marsh roots. Sulfide-dependent oxidation rates at sulfide
concentrations below 1 mM were higher than those observed
in roots from Airport Marsh (Fig. 2A,D). Maximal rates at
2 and 5 mM sulfide of St. Joseph Bay roots were lower (Fig.
2A,D). Bailing-insensitive catalysis of roots from St. Joseph
Bay was significantly lower than in Airport Marsh roots at
0.05-, 2-, and 5-mM sulfide concentrations (analysis of var-
iance [ANOVA], P < 0.05; Fig. 2B,E). In contrast, rates of
heat-labile catalysis of St. Joseph Bay roots were signifi-
cantly higher than in Airport Marsh roots for 0.05-0.5-mM
sulfide treatments (ANOVA, P < 0.05; Fig. 2C,F). Differ-
ences in sulfide-dependent catalysis between sites reflect dif-
ferences in sulfide-consumption rates and/or oxidation states
of the end products. The characteristics of sulfide-dependent
oxidation in root tips collected from St. Joseph Bay reflect
exposure to lower sulfide levels. Heat-labile sulfide-depen-
dent oxidation, which appears to function best at low-to-
moderate sulfide concentrations, was enhanced, while non-
enzymatic sulfide-dependent oxidation, which may be more
important at higher sulfide concentrations, was diminished.

The specific enzymes or nonenzyme catalysts of sulfide
oxidation in sulfide-tolerant organisms have not been char-
acterized. Sulfide oxidation is completely inactivated by
thermal denaturation in some (e.g., Geukensia demissa [Lee
et al. 1996]) but not all sulfide-tolerant invertebrates. In other
species, up to 30-50% of total activity remains after boiling
(Powell and Somero 1985; Martineu and Juniper 1997) and
may be catalyzed by metals. A similar mechanism may also
be present in S alterniflora. A correlation between metal
levels and rates of nonenzymatic sulfide oxidation has not
been previously documented; this process is complicated by
the fact that methods commonly employed to quantify levels
of metals in organisms do not resolve the inorganic species
involved or whether the metals are complexed to organic
molecules. As a first step in assessing the potentia role of
metals in catalyzing sulfide oxidation, further analyses of S
alterniflora roots were conducted in order to determine
whether metal catalysts are present.

Scanning electron micrographs of an Airport Marsh S. al-
terniflora root sample did not show dense particle accumu-
lation or root coatings (data not shown), as observed in some
S alterniflora by Mendelssohn and Postek (1982). Energy-
dispersive X-ray (EDX) analysis of the few particles that
were evident did not reveal detectable levels of iron (Fe),
although a large calcium (Ca) peak was observed in a scan
of one particle and a large aluminum (Al) peak in the scan
of another. Fe was detected in scans of epidermis and cortex
and appeared similar between these tissue types. Because
metal concentrations associated with the root tips used in
our study were generally below detection limits, the locali-
zation of metals could not be determined by EDX.

Total metal concentrations were measured in S alterniflo-
ra root tips, and comparisons were made between samples
from Airport Marsh and St. Joseph Bay, since differences
were observed between sites in terms of nonenzymatic ca-
talysis. Dried root samples used in our respirometry exper-
iments were analyzed by inductively coupled argon plasma
spectrometry (ICAR Jarrell-Ash 967 Atomcomp). Results
from 20-element ICAP scans performed on dry-ashed sam-
ples pooled from three to four respirometric runs are given
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Table 1. Element concentrations of Spartina alterniflora root
tips from respirometry experiments determined by inductively cou-
pled argon plasma emission spectrometry. Values for apple leaves,
which were used as a standard in these analyses, are included for
comparison with S alterniflora. All values arein ng g dry weight=*
and presented as mean + SD where applicable. Boldface denotes
elements in which significant differences were observed between
collection sites (ANOVA; P < 0.05).

Site
Airport Marsh St. Joseph Bay ~ Apple leaves
Element (n =5) (n=23) (n=2
Al* 1,378 = 282 166 + 288
As 9+ 8 1+2 5
B 25+ 4 34+9 29
Ba 5=x1 4+1 48
Ca 1,465 *+ 274 1,752 + 468 15,148
Cd 1+05 1+03 0.4
Co 5+5 1+03 0.6
Cr 11+ 3 11+5 4
Cu 10 = 3 63 6
Fe* 857 = 332 149 = 24 77
K 1,039 = 9,937 16,458 + 13,336 16,517
Mg* 3,077 = 715 4,283 + 106 1,892
M n* 50 = 30 9+ 4 56
Na* 13,764 = 2,509 25,073 = 3,325 64
Ni 10 = 8 61 3
P 823 + 245 798 = 445 1,776
Pb* 9+ 2 5+x1 4
Si* 1,736 = 343 319 + 89 451
Sr 28+ 5 33 = 10 25
Zn* 38 = 20 7x1 11

* Denotes elements for which significant differences were observed between
the Airport Marsh and St. Joseph Bay collection sites. (ANOVA; P <
0.05).

in Table 1. Ca, potassium, magnesium, and sodium were the
most abundant of the elements analyzed. Al and Fe were the
most abundant trace metals. Al, copper (Cu), Fe, manganese
(Mn), and zinc (Zn) of roots from Airport Marsh S. alter-
niflora were similar in value to those same metalsin S al-
terniflora from Georgia salt marshes (Alberts et a. 1990).
Trace-metal concentrations were generally lower in St. Jo-
seph Bay S alterniflora, with significantly lower concentra-
tions of Al, Fe, Mn, lead, and Zn (ANOVA; P < 0.05).
Oxides of Fe?*, Fe*t, Fe, Mn*2, and Mn as well as Cu*?,
cadmium (Cd)2*, nickel (Ni)*?, cobat (Co)?*, and Ca*? are
known to accelerate sulfide oxidation (Chen and Morris
1972; Millero 1991; Zhang and Millero 1993). If metals play
a role in sulfide oxidation by S. alterniflora roots, Fe and
Mn appear to be likely catalysts, since they are abundant,
likely present in catalytically active form, and are higher in
plants from Airport Marsh compared with plants from St.
Joseph Bay. Involvement of Cu*?, Cd?*, Ni*2, Co?*, and
Ca*? cannot be ruled out. Thus, our results give correlative
evidence that metals are involved in sulfide oxidation.
Whether the capacity of S. alterniflora to catalyze sulfide
oxidation serves a protective function or exacerbates the
problem of low oxygen availability is dependent upon the
redox conditions of the rhizosphere. If gas transport via the
aerenchyma system exceeds aerobic demands, then some ox-
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ygen may be available to oxidize sulfide and to diffuse into
the surrounding sediment. Although oxygen loss from the
rhizosphere was not observed in laboratory experiments
(Howes and Teal 1994), geochemical evidence indicates that
root-oxygen loss clearly occurs (Howes and Teal 1994).
However, S alterniflora roots also have a well-developed
capacity for anaerobic metabolism, indicating that periodic
or even chronic anoxia can be encountered, particularly in
highly reduced sediments (Mendelssohn et al. 1981). Recent
quantitative 16S ribosomal ribonucleic acid—probing studies
indicate that sulfate-reducing bacteria are an important com-
ponent of the microbial community associated with root sur-
faces of S alterniflora (Rooney-Varga et a. 1997) and that
they are, again, suggestive of periodic or chronic conditions
of anoxia. Since the redox conditions of the rhizosphere ap-
pear to be quite dynamic, the role of sulfide-oxidation mech-
anisms in S. alterniflora roots will change accordingly. Un-
der anoxic conditions, mechanisms of sulfide oxidation
observed in this study, in which sulfide is oxidized by dis-
solved oxygen, are likely nonfunctioning. Under conditions
in which aerobic respiration is limited by oxygen supply, the
catalysis of sulfide likely has the deleterious effect of further
reducing oxygen levels. Under conditions in which oxygen
transport exceeds aerobic respiration, sulfide oxidation likely
protects aerobic respiration.

Mechanisms of sulfide oxidation are probably widespread
in aquatic plants that encounter sulfide and are likely to be of
ecological significance. We need to learn more about these
mechanisms, especially from the standpoint of understanding
how dissimilar organisms, such as marsh plants and aquatic
invertebrates, adapt to similar environmental challenges. A
significant proportion of sulfide oxidation in S. alterniflora
roots is heat labile and may be catalyzed by mitochondria,
associated bacteria, and/or sulfide-oxidase enzymes. Of par-
ticular interest is the possibility of mitochondria sulfide ox-
idation. The coupling of sulfide oxidation to oxidative phos-
phorylation of adenosine 5'-diphosphate has been
demonstrated in the mitochondria isolated from a variety of
animals that encounter sulfide (Powell and Somero 1986; Ba-
garinao and Vetter 1990; Oeschger and Vismann 1994; Volkel
and Grieshaber 1997) and may occur in mitochondria in situ
(Lee et al. 1996). If a similar mechanism is present in S
alterniflora, sulfide, which has previously only been recog-
nized as a phytotoxin, may provide a benefit (under some
conditions) by serving as a source of usable cellular energy.
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