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Microbial sulfide oxidation in aquatic environments is an important ecosystem process, as sulfide is potently toxic to aerobic
organisms. Sulfide oxidation in anoxic waters can prevent the efflux of sulfide to aerobic water masses, thus mitigating toxicity.
The contribution of phototrophic sulfide-oxidizing bacteria to anaerobic sulfide oxidation in the Chesapeake Bay and the redox
chemistry of the stratified water column were investigated in the summers of 2011 to 2014. In 2011 and 2013, phototrophic sul-
fide-oxidizing bacteria closely related to Prosthecochloris species of the phylum Chlorobi were cultivated from waters sampled at
and below the oxic-anoxic interface, where measured light penetration was sufficient to support populations of low-light-
adapted photosynthetic bacteria. In 2012, 2013, and 2014, light-dependent sulfide loss was observed in freshly collected water
column samples. In these samples, extremely low light levels caused 2- to 10-fold increases in the sulfide uptake rate over the sul-
fide uptake rate under dark conditions. An enrichment, CB11, dominated by Prosthecochloris species, oxidized sulfide with a Ks

value of 11 �M and a Vmax value of 51 �M min�1 (mg protein�1). Using these kinetic values with in situ sulfide concentrations
and light fluxes, we calculated that a small population of Chlorobi similar to those in enrichment CB11 can account for the ob-
served anaerobic light-dependent sulfide consumption activity in natural water samples. We conclude that Chlorobi play a far
larger role in the Chesapeake Bay than currently appreciated. This result has potential implications for coastal anoxic waters and
expanding oxygen-minimum zones as they begin to impinge on the photic zone.

The oxidation of sulfide by oxygen is thermodynamically unfa-
vorable for a one-electron transfer and kinetically inhibited for

a two-electron transfer (1). Kinetic limitations on sulfide oxida-
tion can be overcome by catalysts, either abiotic (e.g., transition
metals [2]) or biotic (e.g., sulfide:quinone oxidoreductase in var-
ious microbes [3]). In many environments, particularly those with
low oxygen levels and/or limited free transition metals, sulfide
oxidation is expected to be microbially mediated (4). Pho-
totrophic sulfide-oxidizing bacteria (PSOB) have been found in a
wide array of aqueous environments in which both light and sul-
fide are present, including sediments (5), hot springs (6), freshwa-
ter lakes (7–10), and marine basins (11). In the water column,
these bacteria are typically found at depths of between 2 and 20 m
from the surface and at light transmittance values from 10% to
0.015% of surface irradiance (12). Biological rates of sulfide oxi-
dation can be orders of magnitude higher than rates of abiotic
sulfide oxidation (4); thus, the presence of PSOB has the potential
to significantly impact the sulfur cycle and redox chemistry in the
environments in which they occur. The degree to which PSOB
influence their environment depends upon environmental factors
such as light availability, the sulfide concentration, and the rates of
abiotic sulfide oxidation processes (13).

Investigations of the presence and role of phototrophic sulfur
bacteria in anoxic environments are important for understanding
both modern and ancient systems. In modern systems, the devel-
opment of sulfidic waters can cause stress or toxicity to aerobic
organisms such as fish (14, 15). Currently, the volume of low-
oxygen waters in oxygen-minimum zones (OMZs) and coastal
hypoxic zones is increasing due to a changing global climate (16),
and many of these areas are completely anoxic for part of the year.
Sulfide has been directly detected in several OMZs (17, 18), and
evidence for the cryptic cycling of sulfur with simultaneous sulfate

reduction and sulfide oxidation has also been observed (19). As
these areas grow, the depth of anoxic water is expected to shoal,
moving toward the photic zone (20) and creating potential new
niches for PSOB, which could play an important role in mitigating
sulfide fluxes. In ancient oceans, PSOB were likely important bio-
geochemical mediators during the transition of ocean chemistry
from anoxic, with periodic widespread sulfidic, conditions to fully
oxic conditions (see reference 21 and references therein). Envi-
ronments that currently experience periodic anoxia and euxinia
provide an analogue to the ancient oceans in which to study the
effects of changing redox conditions on the chemistry and micro-
biology of a system, lending insight into the biogeochemical evo-
lution of modern oceans. Thus, further understanding of the en-
vironmental niches occupied by PSOB and their impact on sulfide
oxidation has widespread implications.

The Chesapeake Bay is a partially stratified estuary extending
from the mouth of the Susquehanna River to the Atlantic Ocean
(22). Water transport is a two-layer gravitational circulation
where saline water flows up-estuary and freshwater flows down-
estuary (23). Salinity and temperature gradients, coupled with an

Received 25 June 2015 Accepted 17 August 2015

Accepted manuscript posted online 21 August 2015

Citation Findlay AJ, Bennett AJ, Hanson TE, Luther GW, III. 2015. Light-dependent
sulfide oxidation in the anoxic zone of the Chesapeake Bay can be explained by
small populations of phototrophic bacteria. Appl Environ Microbiol
81:7560 –7569. doi:10.1128/AEM.02062-15.

Editor: A. M. Spormann

Address correspondence to Alyssa J. Findlay, afindlay@udel.edu.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

7560 aem.asm.org November 2015 Volume 81 Number 21Applied and Environmental Microbiology

http://dx.doi.org/10.1128/AEM.02062-15
http://aem.asm.org


influx of nutrients and subsequent biological productivity and
decomposition, lead to the development of suboxic-to-anoxic
deep water in the summer. A suboxic zone between the oxic sur-
face and anoxic deep layers in which neither oxygen nor sulfide is
detectable may form at the interface created by density stratifica-
tion. In addition to annual and interannual variation in oxygen
concentrations, shorter-term variations occur due to tidal forcing
and wind-induced mixing of the water column (24), which result
in changes in the depth and extent of the interface. The seasonal
development of anoxic and sulfidic waters in the Chesapeake Bay
has been correlated with shifts in the bacterial community struc-
ture (25), and functional gene surveys indicate that the lower-
water-column microbial community switches to anaerobic respi-
ration during anoxia, potentially exacerbating the production of
sulfide. It is not clear, however, whether there are significant mi-
crobial contributions to sulfide oxidation in this system.

In this study, we present field results that indicate that PSOB
are a consistent, recurring, and active component of the Chesa-
peake Bay sulfur cycle. In addition, laboratory experiments with
enrichments of PSOB obtained from the Chesapeake Bay allowed
determination of kinetic parameters with respect to light and sul-
fide concentrations. These parameters allow a preliminary inves-
tigation into the potential contribution of PSOB to sulfide oxida-
tion in the Chesapeake Bay given observed sulfide concentrations
and light profiles in this system.

MATERIALS AND METHODS
Sample collection. Field studies took place at Station 858 (38°58.8=N,
76°22=E) in the upper Chesapeake Bay south of the Bay Bridge. This site is
a hole off the main channel in the mesohaline portion of the bay that is
�25 m deep and is one of the first sites to stratify in the spring (24).
Fieldwork was conducted from 27 to 30 July 2011, 17 to 19 August 2012, 9
to 13 August 2013, and 18 to 22 August 2014 aboard the R/V Hugh R.
Sharp. Photosynthetically active radiation (PAR) measurements were
made in the water column by using the PAR sensor of an in situ FIRe
(fluorescence induction and relaxation) sensor (26). This sensor has a
detection limit of 0.034 �mol photons m�2 s�1 and a spectral range of 400
to 700 nm. In 2012 and 2013, all samples were obtained from Niskin
bottles on the ship’s conductivity, temperature, and depth (CTD) rosette
and were collected in cleaned Nalgene bottles on the ship. In 2011 and
2014, samples were taken from either Niskin bottles or water pumped to
the surface by a Rule Industries 1,000-gal/h pump. Care was taken during
sampling to avoid aeration of the samples by flushing the sample bottle
three times and capping the bottle with no headspace immediately after
sample collection. Sample processing was rapid (�10 min) in order to
preserve redox speciation in the samples.

Measurements of oxygen and sulfide concentrations. Measurements
of oxygen and sulfide concentrations in the water column were made by
using in situ voltammetry. The voltammetric system used a 100-�m gold
amalgam working electrode, a Ag/AgCl reference electrode, and a plati-
num counterelectrode. In 2011, this system was interfaced with a DLK-
SUB-II electrochemical analyzer attached to a metal cage that was sus-
pended over the side of the ship. In 2012 to 2014, a laboratory DLK 100A
potentiostat was used as water was pumped with a pump profiler and
measurements were made onboard the ship using a flowthrough cell (26),
which has been demonstrated to preserve in situ speciation (27). Voltage
was scanned from �0.1 V to �1.8 V at a scan rate of 2,000 mV/s. Using
this method, the detection limits are 3 �M for oxygen and 0.2 �M for
sulfide and polysulfide.

Bacterial enrichments. Samples of phototrophic sulfide-oxidizing
bacteria were taken within and below the suboxic zone. One milliliter of
sample water was injected into a 20-ml septum vial containing anoxic
SL-10 medium specialized for PSOB that contained 17.9 mM HCO3

� as

the carbon source and 2.5 mM H2S as the sole electron donor (28). The
vials were incubated under ambient conditions for the duration of the
cruise. Upon return to land, the vials were incubated at 20°C to 22°C at a
PAR flux value of 5 �mol m�2 s�1 and were subcultured in fresh medium
when growth was visibly apparent. This produced a number of stably
transferable enrichments that were all similar in appearance (data not
shown). One of these, enrichment CB11, was selected and used for subse-
quent sulfide oxidation experiments.

Identification of phototrophic bacteria in CB11. Whole-cell absorp-
tion spectra (400 to 1,100 nm) for CB11 and pure cultures of related
strains were collected on samples taken from actively growing cultures by
using a syringe and transferred to a plastic cuvette. Spectra were recorded
on a DU730 spectrophotometer within 1 min of removal from the culture.

For phylogenetic analysis, cells were collected from 1 ml of the enrich-
ment culture by centrifugation at 16,400 � g for 2 min. Cells were resus-
pended in lysis buffer containing 1% (vol/vol) Triton X-100, 20 mM Tris-
HCl, and 0.1 mM EDTA at pH 8.0. Cells were lysed by heating the mixture
to 95°C for 5 min. After centrifugation, 2 �l of the supernatant was used in
a 20-�l PCR mixture with 0.5 mM each primer 27f (5=-GAGTTTGATYH
TGGCTCAG-3=) and 1492r (5=-GGTTACCTTGTTACGACTT-3=) PCR
products were inserted into pCR2.1-TOPO after ExoSAP IT treatment,
and clones were recovered by electroporation into Escherichia coli strain
EC100D. Positive clones were identified by colony PCR with primers
M13r (5=-AACAGCTATGACCATG-3=) and T7P (5=-TAATACGACTCA
CTATAGGG-3=). PCR products of the appropriate size were sent for
Sanger sequencing with M13r and T7P after ExoSAP-IT treatment at the
University of Delaware Sequencing and Genotyping Center. Insert se-
quences from three clones were assembled into a contig by using CLC
Workbench v.7 (Qiagen Inc.), which was aligned to 73 Chlorobi 16S rRNA
sequences and those of Ignavibacterium album JCM 16511 and Meliorib-
acter roseum P3M as outgroups by using MUSCLE in MEGA6 (29). The
resulting alignment was used to construct a phylogenetic tree created by
maximum likelihood analysis using the Kimura 2-parameter model, al-
lowing for both invariant sites and a gamma distribution with 5 rate cat-
egories for variable-rate sites.

Automated ribosomal intergenic spacer analysis (ARISA) (30) was
used to compare enrichments obtained from Chesapeake Bay samples.
Samples were prepared for PCR as described above, but reaction mixtures
contained 0.5 �M each primer ITSF (5=-GTCGTAACAAGGTAGCCGT
A-3=) and ITSReub (5=-GCCAAGGCATCCACC-3=, with a 5=-NED fluo-
rophore [Applied Biosystems]). PCR products were mixed with a size
standard (Liz-1000) and analyzed on a 3130XL genetic analyzer at the
University of Delaware Sequencing and Genotyping Center. Electro-
pherograms were analyzed with the PeakStudio software package (http:
//fodorlab.uncc.edu/software/peakstudio) to calculate fragment sizes
and peak areas. Chlorobaculum tepidum TLS, Chlorobium luteolum DSM
273, Chlorobium limicola DSM 245, and Prosthecochloris aestuarii DSM
271 were analyzed as controls, and they all produced ARISA peaks that
matched those predicted from their complete genome sequences (data
not shown).

Preparation of enrichments for laboratory experiments. CB11 bac-
teria were grown in pressurized 100-ml septum vials in a water bath set at
25°C for 48 h under 20 �mol m�2 s�1 PAR flux from an incandescent
bulb with a color temperature of 3,000 K. At the end of the growth period,
cells were washed three times with anoxic HEPES buffer (0.1 M; pH 7.4) to
remove salts and then stored in anoxic HEPES buffer (3 ml) in a sealed
20-ml septum vial to be used in experiments the same day. Anoxic con-
ditions were maintained during transfer of the cells by using a glove bag
purged with ultra-high-purity argon. Protein measurements were made
by using the Bradford assay (31).

Analytical methods for sulfide loss experiments. In situ voltammetry
with a solid-state 100-�m gold amalgam electrode was used to measure
sulfide concentrations throughout the experiments (4, 21). The methods
for construction and calibration of the electrodes were outlined previ-
ously by Luther et al. (32). Experiments were conducted in a thermostated
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electrochemical cell that contained ports for the working electrode, the
Ag/AgCl reference electrode, and a platinum counterelectrode, which
were controlled by using an Analytical Instrument Systems (AIS) DLK-60
potentiostat. High-purity argon gas in the cell headspace was used for
maintenance of anoxic conditions during the experiments. Voltammetric
scans of solutions were run from �0.1 to �1.8 V with two conditioning
steps: one at �0.9 V for 5 s, which prevents sulfide from accumulating
onto the electrode surface, and one at �0.1 V for 2 s.

Procedures for shipboard kinetic experiments. In 2012, 2013, and
2014, kinetic experiments modeled after those described previously by
Luther et al. (33) were conducted shipboard by using anoxic bottom wa-
ter. Water samples were used unfiltered or after being filtered through
either a 0.2-�m or a 0.05-�m Nuclepore filter. Experiments were set up in
a glove bag purged with ultra-high-purity argon gas. In 2012, as no sulfide
was detectable in the water column, anoxic bottom water was amended
with 30 �M sulfide. In 2013 and 2014, the bottom waters were sulfidic,
and kinetic experiments were performed to monitor the loss of the initial
sulfide present in the sample. During these experiments, sulfide loss in the
electrochemical cell was monitored by solid-state voltammetry as detailed
above. Light intensity was controlled by using a desk lamp with an incan-
descent bulb with a color temperature of 3,000 K attached to a Variac
instrument, which allowed for fine-tuning, and photosynthetic photon
flux was monitored by using a Li-Cor Biosciences LI-1400 Data Logger
light meter. Light measurements were taken from the center of the
electrochemical cell. The observed attenuation of light within the cell
was �0.1 �mol m�2 s�1 PAR flux. Dark conditions were maintained by
shrouding the electrochemical cell. DCMU [3-(3,4-dichlorophenyl)-1,1-
dimethylurea] was added to the sample water (50 �M) prior to experi-
ments in order to inhibit oxygenic photosynthesis. Abiotic control exper-
iments were also conducted by fixing the samples with 1.6%
formaldehyde (final concentration) prior to monitoring sulfide loss.

Procedures for laboratory kinetic experiments. Experiments were
conducted to measure the effect of biomass, sulfide concentration, and
light intensity on the sulfide oxidation activity of enrichment CB11. All
experiments were run in anoxic HEPES buffer (0.1 M; pH 7.4) at 25°C.
Light intensity was monitored and manipulated as described above for the
shipboard experiments.

Cells in the mid-logarithmic growth phase (10-h doubling time) were
used for all experiments. The duration of individual experiments was �1
h. At 5 �mol m�2 s�1 PAR flux and 30 �M sulfide, biomass-normalized
sulfide oxidation activity was linear at protein concentrations of between
19 and 90 �g in the electrochemical cell, and changes in this rate due to
various external factors could be easily detected. Therefore, all experi-
ments were carried out with this biomass range. The sulfide concentration
varied from 5 to 150 �M with 5 �mol m�2 s�1 PAR flux. Rates of sulfide
loss obtained under dark conditions at each sulfide concentration were
were subtracted from the experimental rate in order to separate sulfide
loss from light-dependent activity by the cells. Experiments with various
light intensities, from 0 to 10 �mol m�2 s�1 PAR flux, were run with 75
�M sulfide. Abiotic control experiments were conducted for each set of
experimental conditions, and these rates were subtracted from those for
the biotic experiments.

Determination of kinetic parameters. Rate data were modeled by
using the Michaelis-Menten equation in order to estimate the maximum
rate of sulfide oxidation, Vmax, and the half-saturation constant, Ks ([S] is
the sulfide concentration):

v �
Vmax · �S�
�S� � Ks

(1)

The data can be algebraically transformed via equation 2 to create a linear
Lineweaver-Burke double-reciprocal plot (not shown) in order to obtain
more accurate estimates for Vmax and Ks:

1

V0
�

Ks

Vmax · �S� �
1

Vmax
(2)

Finally, the substrate inhibition model of Luong (34) was used:

v �
Vmax · �S�
�S� � Ks

� �1 �
S

Smax
�n

(3)

This model includes a term for Smax, the threshold substrate concentra-
tion above which activity is inhibited. The exponent n is a fitting term that
describes the shape of inhibition. For modeling of the data shown in Fig. 4,
n was set equal to 1, describing a linear decrease in the rate of sulfide loss
after 50 �M. Kinetic parameters were determined by the best fit of the
model to the experimental data using Solver in Microsoft Excel, and stan-
dard deviations were calculated by using the Solver Aid Visual Basic sub-
routine (35). Finally, it should be noted that these parameters are deter-
mined based on the specific sulfide oxidation rate in short-term
experiments and not on measurements of growth as in other studies (36).

Nucleotide sequence accession numbers. Sequences derived from
enrichments CB11 and CB21 have been deposited in GenBank under
accession numbers KR013743 and KT388749, respectively.

RESULTS AND DISCUSSION
Physical and chemical stratification of the Chesapeake Bay wa-
ter column. Interannual variation in water column chemistry and
the location of the oxic-anoxic interface was evident during the
four summers during which this study took place (Fig. 1). In 2011,
the water column was strongly stratified with a clear pycnocline.
The depth of the oxic-anoxic interface varied between 7 and 10 m,
sulfide concentrations were up to 100 �M at depth, and PAR
profiles overlapped those of sulfide (Fig. 1a). In 2012 (Fig. 1b),
oxygen was present throughout the water column, with only the
very deepest waters being suboxic or anoxic, well below the depth
of light penetration. Free sulfide was not detected in the water
column, although trace quantities of FeS were detected in deep-
water samples. In 2013, the water column was stratified, and the
oxic-anoxic interface was present at a depth of �15 m. Sulfide
was measured at concentrations of up to 40 �M and did not
overlap detectable PAR (Fig. 1c). In 2014, the water column
was stratified, and there was a significant suboxic zone ([O2], �3
�M; [H2S], �0.2 �M) between depths of 10 and 13 m. The con-
centration of sulfide was up to 70 �M in deep waters. PAR over-
lapped the suboxic zone but not the sulfidic layer (Fig. 1d).

Cultivation of phototrophic sulfide-oxidizing bacteria. Pho-
totrophic sulfide-oxidizing bacteria were successfully enriched in
samples from the Chesapeake Bay taken at and directly beneath
the oxic-anoxic interface in 2011 and 2013 (Table 1).

Intact cell absorption spectra for CB11 (data not shown)
showed peaks at 469 and 720 nm from antenna bacteriochloro-
phylls in the chlorosome and a small peak at 810 nm from the
baseplate bacteriochlorophylls (37). This spectrum of the enrich-
ment is qualitatively similar to those of other Chlorobi that contain
bacteriochlorophyll e (Bchl e) (see reference 35 and references
therein). The presence of Bchl e was suggested by spectra of meth-
anol extracts of cells that displayed peaks at 470 and 654 nm (35).

Sequencing of three independently cloned 16S rRNA PCR
products from enrichment CB11 produced identical results. Phy-
logenetic analysis of the sequence shows that the strain dominant
in CB11 is very closely related to strains of Prosthecochloris vibrio-
formis (Fig. 2).

Enrichment CB11 was analyzed by ARISA and found to con-
tain one major peak of 578 bp that accounted for 94% of the total
peak area detected in the sample (Table 1). This same peak was the
dominant ARISA peak observed in all other positive enrichments
analyzed except one (Table 1). In the one enrichment where it was
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not dominant, the CB11 peak still accounted for 40% of the total
ARISA peak area. Sequencing of 16S rRNA PCR product clones
from this enrichment (CB21) detected both the CB11 sequence
and a sequence that is most closely related to C. luteolum DSM 273
(Fig. 2). We conclude that the second strain is the source of the
581-bp ARISA peak dominating this enrichment.

Light-dependent sulfide oxidation in field samples. For the
discussion of both field and laboratory incubation experiments,
sulfide loss refers to the sum of two specific processes that will be
differentiated when possible. Sulfide uptake indicates the portion
of sulfide loss that consists of any sulfide taken into cells whether
or not it was oxidized, e.g., sulfide loss observed in the dark in
excess of that for the abiotic control. Sulfide oxidation indicates
the portion of sulfide loss that is known to have resulted in oxida-
tion, indicated by the detection of oxidation products. CB11 has

been shown to produce nanoparticulate sulfur as a product of
sulfide oxidation (38).

In 2012, free sulfide was not detectable in the water column;
however, light-dependent sulfide loss was observed upon the ad-
dition of sulfide to bottom-water samples (Fig. 3a). This sulfide
loss activity was size dependent: filtration through a 0.2-�m filter
had no significant effect on the rate of sulfide loss compared to
that in experiments with unfiltered water samples; however, filtra-
tion through a 0.05-�m filter effectively stopped sulfide loss.
Treatment of the anoxic water sample with formaldehyde also
significantly decreased the sulfide loss rate compared to that in
untreated water (from 0.96 to 0.34 �M min�1).

In 2013, samples were taken from sulfidic waters directly below
the oxic-anoxic interface at depths ranging from 14 to 19 m, which
contained 10 to 20 �M initial sulfide. Increased light intensity had

FIG 1 Physical and chemical characteristics of the Chesapeake Bay water column over four subsequent summers, 2011 (a), 2012 (b), 2013 (c), and 2014 (d). �Ei,
microeinsteins.
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a significant effect on the rate of sulfide loss again in 2013 (Fig. 3b).
Both the addition of formaldehyde and filtration through a
0.2-�m filter resulted in a decrease in the rate of sulfide loss ap-
proximately equal to that of the dark rate.

Water samples for the 2014 experiments were collected below
the interface, at a depth of �15 m, with sulfide concentrations of
50 to 60 �M. In 2014, rates of sulfide loss were an order of mag-
nitude higher than those in 2013 (Fig. 3c). The rate of sulfide loss
in the dark was a third of that in the light; however, in contrast to

previous years, there were no significant differences between mea-
sured rates at various light intensities (0.1 to 5 �mol m�2 s�1 PAR
flux). The increased rates of sulfide loss observed in 2014 could be
because the redox interface was closer to the surface than in 2013
and thus was exposed to greater light intensities. Given these fa-
vorable conditions, the community of PSOB would be active and
primed for sulfide oxidation.

Also unique to this year was the observation of polysulfides
in kinetic experiments conducted in the light, indicated by a

TABLE 1 Location and characteristics of successful enrichments of phototrophic sulfide-oxidizing bacteria from the Chesapeake Bay

Yr Date (day and mo) Time Depth (m) [H2S] (�M)
PAR
(microeinsteins) pH Temp (°C)

ARISA peak

bp % of area

2011 28 July 07:20 11.4 �0.2 0.039 7.1 24.9 578 94
13.5 10.4 0.038 7.03 24.4 578 100

30 July 08:30 6.88 �0.2 0.271 7.1 26.8 578 95
11.3 45.8 0.038 7.05 24.3 581 56

578 40

2013 09 August 07:00 18.9 14.5 �0.034 7.36 25.3 578 98
13:30 14.9 9.4 0.038 7.39 25.2 578 98

11 August 07:30 13.3 �0.2 0.038 7.36 25.3 578 99
18.1 21.8 �0.034 7.35 25.3 578 97

12 August 07:40 13.1 �0.2 0.038 7.44 25.4 578 98
17.1 13.25 �0.034 7.42 25.3 578 98

FIG 2 Maximum likelihood phylogenetic tree of the Chlorobiaceae based on a 1,238-bp alignment of 16S rRNA sequences including the sequences derived from
enrichments CB11 and CB21. Sequences collected from databases are identified by organism names as proposed by Imhoff and Thiel (53), followed by strain
designations and accession numbers. Numbers at the nodes indicate the percent support observed from 1,000 bootstrap replicates. Only values of �50% are
shown. Shortened branch lengths are indicated by a break with two slashes. For all other branches, the bar indicates 0.05 substitutions per site.
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doublet peak at �0.7 V in the voltammetric scan (39, 40).
Polysulfides are produced during the metabolism of some
green and purple PSOB (41) and are the first product of sulfide
oxidation by the enzyme sulfide:quinone oxidoreductase (42),
so their presence supports sulfide oxidation activity by PSOB.
The dark rate (1.22 �M min�1) in 2014 is an order of magni-
tude higher than the rate with formaldehyde treatment (0.17
�M min�1), suggesting that sulfide loss in the dark is due to
transport into the cell. Sulfide is readily transported through
the cell membrane (43), and a similar loss of sulfide in the dark
is observed in our laboratory cultures of PSOB as well. Polysul-
fides were not detected during experiments in the dark, indi-
cating that sulfide was not oxidized.

The data shown in Fig. 3 strongly indicate that the observed
sulfide loss is due to PSOB activity, and as such, this is one of the
first reports of phototrophic sulfide loss rates in natural samples.
First, the addition of formaldehyde significantly inhibited sulfide
loss, indicating a biological rather than a chemical process, and the
rates of abiotic sulfide oxidation for formaldehyde-treated sam-
ples over all 3 years were comparable. Second, the addition of
DCMU as an inhibitor of photosystem II did not affect the sulfide
loss rate (data not shown), demonstrating that O2 production by
cyanobacteria was not the cause of sulfide loss. Finally, the effect of
low-intensity light variations on the sulfide loss rate and the suc-
cessful enrichment of Chlorobi in both 2011 and 2013 indicate that
the observed anoxic, light-dependent sulfide loss in anoxic Ches-
apeake Bay waters is due to the activity of phototrophic sulfur
bacteria and not chemotrophic sulfide-oxidizing bacteria. One
prior study in the Chesapeake Bay showed rapid sulfide loss (with
a half-life for sulfide of �15 min) in water samples exposed to
light, which did not appear to be due to oxidation by oxygen or
trace metals, as this sulfide loss was not observed in the dark or in
water samples that had been fixed with formaldehyde (33), similar
to the results presented above (Fig. 3). The reproducibility in
light-dependent sulfide loss in anoxic water masses in four sepa-
rate years (1987, 2012, 2013, and 2014) suggests that this activity is
a common component of the Chesapeake Bay sulfur cycle despite
interannual redox variation.

Sulfide oxidation kinetics in enrichment CB11. Sulfide oxi-
dation in CB11 follows Michaelis-Menten kinetics at low sulfide
concentrations (5 to 75 �M) (Fig. 4a and b); however, this de-
scription of the kinetics is not accurate for the entire data set (Fig.
4a). At higher sulfide concentrations (�75 �M) the rate data dis-

play characteristics of substrate inhibition and were modeled by
using the substrate inhibition model (equation 3) (Fig. 4c) pro-
posed by Luong (34). The kinetic parameters derived from each of
these models, the Michaelis-Menten, Lineweaver-Burke, and sub-
strate inhibition models, are summarized in Table 2.

The values for both Vmax and Ks fall within the sulfide range
that CB11 would experience in the Chesapeake Bay (�100 �M)
and are comparable to values for the kinetic parameters deter-
mined for Chlorobi and other green sulfur bacteria (GSB) (44).
Given that the substrate inhibition model is the only model used
to fit the entire data set, the maximum rate and half-saturation
constant derived from this model are the best description of the
kinetic parameters of CB11.

Effect of light intensity on the sulfide oxidation rate. Small
increases in light intensity result in significant changes in the sul-
fide oxidation rate of CB11 over the dark uptake rate (Fig. 5),
similar to the results observed in field experiments (Fig. 3a to c).
Saturation of the rate is also evident after 2 �mol m�2 s�1 PAR
flux, indicating that photoinhibition occurs at very low light in-
tensities.

Furthermore, a significant rate of sulfide loss was observed in
the dark (57 �M min�1 mg protein�1) (Fig. 5). Photosynthetic
sulfide oxidation cannot occur under dark conditions, as light is
required for the oxidation of the quinone pool (45); however,
uptake of sulfide for later oxidation may occur, as is done with
elemental sulfur (13). This dark rate is observed for other pho-
totrophic sulfide-oxidizing bacteria such as Chlorobaculum tepi-
dum and RSC1, a red-colored green sulfur bacterium isolated
from a Bahamian sinkhole (A. J. Findlay, D. MacDonald, T. E.
Hanson, and G. W. Luther, III, unpublished data). In order to
account for all the dark sulfide loss observed, the internal concen-
tration of sulfide in the cells would need to be 1.5 to 2 mM. As the
cells are grown in medium containing 2.5 mM sulfide, this uptake
is not expected to be inhibitory. The potential for dark uptake is
significant, as it suggests that sulfide may be stored inside the cell
for future oxidation and that uptake and oxidation of sulfide are
independent processes.

A direct comparison between the field and laboratory results is
difficult because the biomass in laboratory experiments is likely
more concentrated than the in situ biomass; however, sulfide loss
rates over different light intensities in both the field and laboratory
are within the same order of magnitude and show similar re-
sponses to small changes in light intensity. This has wide environ-

FIG 3 Experiments conducted shipboard demonstrating light-dependent sulfide oxidation in anoxic Chesapeake Bay water samples in 2012 (a), 2013 (b), and
2014 (c).
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mental implications, as small changes in the depth of the chemical
interface (and thus in the light reaching it) could greatly impact
the sulfide oxidation capacity of the Chesapeake Bay and similar
systems where these organisms are present.

Viability of PSOB at in situ light levels. The light-dependent
sulfide loss observed in the Chesapeake Bay samples suggests that the
bacteria present are active or have the potential to be active given
sufficient light and sulfide. In conventional oceanography and lim-
nology, the photic zone is delineated by light intensities �1% of sur-
face intensity; however, the PSOB found in the Chesapeake Bay
are capable of significant sulfide oxidation activity at light inten-
sities as low as 0.0067% of surface intensity (0.1 �mol m�2 s�1

PAR flux) (Fig. 3a to c).
Furthermore, a study by Manske et al. (46) found enrichments

of PSOB from the Black Sea to be photosynthetically active at light
intensities down to 0.015 �mol m�2 s�1 PAR flux, and field stud-
ies have established that short-term variation in the light intensity
at the interface can lead to photosynthetic growth, a buildup of
green sulfur bacteria, and maintenance of the population (10, 47).
The location of the interface in the Chesapeake Bay is known to
vary tidally (24), and so this process could be a factor in maintain-
ing PSOB populations. Additionally, field studies of the Black Sea
have found that although most cells in the green sulfur bacterial
population are photosynthetically inactive and do not grow, the
cells are capable of maintaining their cellular ATP pools, and pre-
sumably viability, at light intensities as low as 0.0014 �mol m�2

s�1 PAR flux (47). In the Chesapeake Bay, light intensities of 0.015
�mol m�2 s�1 PAR flux are found at depths of 10 to 12.5 m, and
light intensities of 0.001 �mol m�2 s�1 PAR flux are found at
depths of 12.5 to 15.3 m (Fig. 1).

Potential impact of PSOB on sulfide oxidation in the Chesa-
peake Bay. The evidence presented above indicates that pho-
totrophic sulfide oxidation is an important component of the sul-
fur cycle in the Chesapeake Bay during periods in which the water
column is stratified; however, abiotic sulfide oxidation is also ex-
pected to occur. Oxidized iron and manganese are the two domi-
nant oxidants for sulfide at the chemical interface:

2 FeOOH � H2S � 4 H� → 2 Fe2� � S0 � 4 H2O (4)

MnO2 � H2S � 2 H� → Mn2� � S0 � 2 H2O (5)

In order to compare the fractions of biotic and abiotic sulfide oxida-
tion in the Chesapeake Bay, the rates of each process were calculated
by using measured parameters for the suboxic zone from 2013 and
2014 (the 2 years in which light-dependent sulfide loss experiments
were conducted with field samples and sulfide was detected in the
water column).

The highest concentration of iron measured at the chemical
interface for both 2013 and 2014 was 1.5 �M. Using the rate con-
stant derived by Yao and Millero (2) and measured concentrations

TABLE 2 Comparison of kinetic parameters derived from enzyme
activity models

Model
Mean Vmax (�M/min/
mg protein) � SD

Mean Ks

(�M) � SD
Mean Smax

(�M) � SD

Michaelis-Menten 39 � 14 14 � 13
Lineweaver-Burke 26 4.5
Substrate inhibitiona 51 � 25 11 � 5 190 � 84
a See equation 3 (34).

FIG 4 (a) Effect of sulfide concentration on the rate of sulfide loss at saturating
light intensities. (b) Michaelis-Menten and Lineweaver-Burke models. (c)
Substrate inhibition model. Rates are in micromolar per minute per milligram
protein.
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of iron and sulfide, we can determine the rate of sulfide oxidation
by iron(III):

�d�H2S�T

dt
� k �H2S�T �Fe�OH�3� (6)

where k at 25°C is 148 M�1 min�1.
The highest concentrations of MnO2 at the chemical interface

(2013) were 6 �M in 2013 and 2 �M in 2014. The rate law for
sulfide oxidation by manganese(IV) oxides was derived by Yao
and Millero (48). The value for k in seawater at 25°C is 436 M�1

min�1:

�d�H2S�T

dt
� k �H2S�T �MnO2� (7)

The rate constant and in situ rate of sulfide loss due to pho-
totrophic sulfide-oxidizing bacteria were derived by using data
from the laboratory experiments. The rate of sulfide metabolism
for phototrophic bacteria is assumed to be dependent on both
light and the sulfide concentration (8):

rate � k �H2S�a�light� (8)

where [H2S] is in molar and [light] is the light intensity in micro-
moles per square meter per second of PAR flux. A rate order for
sulfide (exponent a) of 1 was calculated by the method of initial

rates using laboratory experiments with enrichments that isolated
the effects of sulfide on sulfide oxidation rates in bacterial enrich-
ments (Fig. 4a). Light is a continuous flux during these measure-
ments and does not become depleted; thus, PSOB activity can be
described by a pseudo-first-order rate expression that is depen-
dent solely upon the sulfide concentration at a specific light inten-
sity. The rate equation then becomes

rate � k �H2S� (9)

in which the value of k will change with the light intensity and
other environmental parameters such as the biomass of PSOB.
Using the rates from Fig. 3b and c and the in situ sulfide concen-
tration, a value for k may be derived (for 0.1 �mol m�2 s�1 PAR
flux) for 2013 and 2014. The expected rate of biotic sulfide oxida-
tion at the chemical interface can then be calculated from equation
9 (Table 3).

Estimate of PSOB biomass in the Chesapeake Bay. Using the
kinetic parameters (Table 2), in situ measurements of both light
intensity and sulfide (Fig. 1), and the relationship between bio-
mass (milligram of protein) and the rate of sulfide oxidation (mi-
cromolar per minute) for laboratory enrichments (Fig. 6), we are
able to estimate the biomass present at the redox interface in 2013
and 2014.

FIG 5 Effect of light intensity on the sulfide oxidation rate of laboratory-
grown enrichments.

TABLE 3 Comparison of sulfide oxidation rates for 2013 and 2014

Yr and pathway for sulfide oxidation [H2S] (�M) Concn of oxidant k Rate (nM/min)

2013
Iron oxides 4 1.5 �Ma 148 M�1 min�1 0.89
Manganese oxide 4 6 �Mb 436 M�1 min�1 11
Phototrophic sulfide bacteria 4 0.1 �mol m�2 s�1 PAR fluxc 0.10 min�1 400

2014
Iron oxides 10 1.5 �Ma 148 M�1 min�1 2.2
Manganese oxide 10 2 �Mb 436 M�1 min�1 8.72
Phototrophic sulfide bacteria 10 0.1 �mol m�2 s�1 PAR fluxc 0.075 min�1 750

a Maximum measured concentration of Fe3	 at the interface.
b Maximum measured concentration of manganese oxide at the interface.
c Lowest light intensity for which measurements of H2S loss rates were made (Fig. 3), which is representative of light intensities measured at the interface in 2011.

FIG 6 Relationship between biomass and the rate of sulfide oxidation in
CB11.
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A rate constant was calculated for 5 �mol m�2 s�1 PAR flux,
derived from the experimental data as described above, in order to
correlate the in situ rate with the rate measurements obtained
under laboratory conditions (30 �M sulfide and 5 �mol m�2 s�1

PAR flux). We thus calculated that the biomasses of phototrophic
sulfide oxidizers in the Chesapeake Bay were 11 �g protein liter�1

in 2013 and 20 �g protein liter�1 in 2014. Protein was calibrated
with BChl e in order to make a direct comparison with literature
values reported as BChl for the Black Sea (46), and as reviewed by
VanGemerden and Mas (44). It should be noted that under low-
light conditions, phototrophic sulfur bacteria may increase the
efficiency of photosynthesis by increasing their pigment content
(49), and so BChl is not a direct measure of cell abundance. The
specific BChl e content was 45 �g BChl e mg protein�1, which is
similar to the values obtained by Overmann et al. (11) for pelagic
PSOB from the Black Sea grown at 30 �mol photons m�2 s�2.
From this, we estimate that the concentrations of BChl e in the
Chesapeake Bay were 0.5 �g liter�1 in 2013 and 0.9 �g liter�1 in
2014. In other stratified environments, the density of pho-
totrophic sulfide-oxidizing bacteria can vary from 0.008 �g liter�1

to 28 mg liter�1 BChl e. Our estimate for the Chesapeake Bay falls
in the lower portion of this range, consistent with the low-light
conditions in the water column, and is an order of magnitude
higher than the maximum BChl e values of 0.054 to 0.068 �g
liter�1 observed in the Black Sea (46).

Another way of estimating the population size is to use previ-
ously reported values for cellular protein content in marine bac-
teria (6 � 10�14 to 33 � 10�14 g cell�1 [50]). This leads to Chlorobi
population sizes of �1 � 108 cells liter�1 in 2013 and 2 � 108 cells
liter�1 in 2014. Given a mean bacterial population size of 4 � 109

cells liter�1 for the Chesapeake Bay in the summertime (calculated
from data in reference 51), the observed sulfide consumption rates
could be explained if CB11-type Chlorobi account for 3 to 5% of
the total bacterial community at the interface.

Based upon these calculations, if the populations of PSOB
present in 2013 and 2014 were exposed to 0.1 �mol m�2 s�1 PAR
flux, they could account for up to 97% of anaerobic sulfide oxida-
tion in the bay in 2013 and 96% in 2014. For comparison, Manske
et al. (46) attribute �0.01% of anaerobic sulfide oxidation in the
Black Sea to phototrophic sulfide oxidation, based on calculated
doubling times of GSB populations.

The capacity of Chlorobi in the Chesapeake Bay for sulfide ox-
idation will be affected by changes in the interface depth and the
corresponding changes in light intensity. Although the interface
typically received �0.1 �mol m�2 s�1 PAR flux light in 2013, its
location in the water column will vary on time scales of hours, due
to tidal currents; days, due to diel light cycles; and months, due to
seasonal turnover affecting sulfide and oxygen in the bottom wa-
ters (May to August).

It is well established that phototrophic sulfur bacteria are
found in most environments in which sulfidic waters or sediments
are located within the photic zone (8, 12, 44). More recently, via-
ble phototrophic sulfide-oxidizing bacteria have been found in
extremely-low-light environments in the Black Sea (11, 46, 47), a
hydrothermal vent at the East Pacific Rise (52), and a stratified
lake, Lake Kinneret (10). The consistent recurrence of PSOB re-
lated to those in enrichment CB11 in the light-limited water col-
umn of the Chesapeake Bay and the observation of light-depen-
dent sulfide loss in field samples add to the growing evidence that

phototrophic sulfide-oxidizing bacteria may be a significant com-
ponent of environments previously considered to be light limited.
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