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nM nanomol ar

M micromol ar
umol micromole

mM millimol ar
mmol millimole

M mol ar

mol mole

nm nanometer

um micrometer (micron)
mm ' millimeter
cm centimeter

m meter

mv millivolt

HE microEinstein
AC microcurie

wt weight

ng nanogram

g microgram

mg milligram

g gram or gravity
ml milliliter

1 liter

- second

h hour

d day

dd H.0 distilled deionized water

See Figure 1-12 for abbreviations of some common sulfur
compounds and their chemical structures.
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INTRODUCTION

The manual vou hold in youwr hands i an exciting
treatment of the global sulfur cycle - a glimpse, as it
were, of the workings of the biaosphere we live in and an
attempt to both divine and quantify natuwre’™s mysterlious
WAY S . The manual seems to be made up of diesparate and
detailed experiments and lectures whose unly common thread
ie that they usually hbave somathing to do with sulfue. In
fact, however, the work deserves to be sesn i the light
af & breoader perspective. An anslogy for the conjoined
efforts of the Planetary Biology Microbial Ecology program
arid MASA is the early anatomical work of the renaissance
artist-scientist Leonardo Da Vinci, who ignored religious
moree and stole bodies from the grave in arder Lo examine
them. 3F course, the body eing examined by FBHE-NAGA 1s
not the buman body but the Earth. the macro-body which is
poth o conves container and & virtually animate part of
all 1ife.

Aa Da Vinci dmagined the functioning of the huamnan
bady through an explaoration and depiction of itse parts, so
today's interdisciplinarians theorize about the
functioning of the biosphere by exploring ite parbts, from
anaerobic microorganisms 1iving below the swface ta
satellite-imaged ecosvestems. The varicus layers and parts
ot thae bigsphere are analogous to tis and organs.
Sience 1s not vet at the stage where we can Say with
acecuwacy how sulfur (or carborn) flows throagh the meany
o living and chemical species on the Sarbh’

millions of
sl f ece. But we e eginming to delve into the anabomy
and tihe phyeliology of the planet of which we are a parh,

digeirg ap

=, "

S

thal oroserwe
st shuady.

b cut ap from

Im this fledgling anstomy, instoad
corpaess, Yehuda Cohen and Mike Elug btahe
withdrawing muds rich with life in ovlindes
the cardor of microbial stratificaticon for
Instead of looking at the idealised dead
a dizinterred man, [ nlas Oaldue
studdy 1 ailu b wior of
for example, 1ts e looe and
i @ andd the ey Avhere Lo o
alae iotao which, witimately, or should
411y, lLhey are transforms The me
micrascopically amall (the province of mioro
Lhe giobally large (the province of pehemni mhe sand T
asciemntiets) s an ambi Liowus undar taking and one
whii ey g SR

e b g
ey




Understanding the culfuw cvele and other chemical
pathways of the Earth we live in may eventually lead to a
new standard of interspecies or ecological health. 1
believe this i1s & logicel transition science will make as
it extends beyond i1te traditional attempts Lo improve anly
hamars life. The traditional emphasis has succeeded in the
short term by reducing suffering and increasing the human
life span, but it is failing in the long term aftermath of
overpopulation and industrial self-poisoning. The use of
satellite and state-of-the-art NASA technology to discover
how species have been able to coesxist and even expand
their frontiers over a period of longer than three
thouwsand million years — despite natural limitations on
the guantities of biologically crucial elements such as
sulfur — i an example of an approach that promices
wiser, more peaceful future.

&t

Dorion Sagan
Novemnber, 1984
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PBME PROGRAM
WEEK 1
June 24--Aug 4, 1984

Students and faculty arrived June 23
and June 224

June 24, Sunday

Evening: Reception at International
House, San Jose State University

June 235, Monday

OB8R0-1200 hres
Introduction: K. Nealson
and L. Margulis, students and faculty
introduced themselves

1330 hrs
Introductory lectures:

K. Mealson, prokaryote physiology and
ecaology, H. Javor, introduction

to microbial ecology. Fermanent
faculty and students organized lab and
office equipment

2000 hrs

Short presentations on potential lab
projects by M. Klug, D. Caldwell, R.
Guerrero and Y. Cohen. Lab group
digcussions

June 26, Tuesday

0830 hrs
Lab group planning meetings

1230 hrs
Field trip: Alum Rock FPark sulfur springs

1530 hrs
Lecture: Glenn T. Seaborg, Nobel
Laureate: The Transuraniuw
Elementys
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June 27, Wednesday

Q830 hrs
Lab group meetings

1230 hrs
Field trip: San Francisco Bay estuary

2000 hrs
Reception, hame of Dr. John
Billingham

June 28, Thursday

NASA life sciences day: NASA Ames Research Center

Sechedule

QP00 hrs
Introduction to Ames Research Center
and the Life Science Directorate!
J. Billingham

Q930 hrs
Chemical evolution and the origin and
early evolution of life: S, Chang

1030 hrs
Evolution of complex life and
intelligence: J. Billingham

11135 hrs
. ‘ Gtable carbon isotope biogeochemistry:
N. Blair

1138 hre
Gas chromatographs for solar system
exploration: Glen Carle

1200 hrg
Lunch

1300 hrs
Life suppaort asystems: J. Billingham

1315 hre

Controlled ecological life support
systems (CELSS): Steven Schwartzkopt
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12345 hrs

1430 hrs

1700 hee

G830 hrs

QP00 hrs

1100 hrs

12451600

1600 hrs

APOO~-=1700

e

hre

Biomedical problems of manned space
flight: J. Billingham

4

Global Biology/ Remote Sensing

J. Lawless: Introduction to NASA Ames”
new Global Biology Program, the use of
remote sensing to solve problems of
biogeochemical cycles

James Brass: Earth systems and remote
gsensing: the view from Landsat 550

miles up

Vincent Ambrosial Interpretation of
remote sensing images

John Arvesen: Visit to U2 and TR1L
(Tactical Reconnaissance 1| or Earth
Resources aitrgratt) sampling the
stratosphere
Conclusion

June 29, Friday

T. Schmidt! Structures of sulfur
oxidizing bacteria

U. Fischer: Cytochromes and sulfur
metabolism in purple and green
phototrophic bacteria

Fesearch groups planning discussions
Lab group meetings

Flenary session! PEME research and
GCaia

June 30, Saturday

Field trip to West Dumbarton Bricge
salt flats
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1943 hrs
Saturday Night Lecture: Dr. 8. Chang
(NASA Ames): Origin of life

WEEK 2
July 2--July &, 1984

July 2, Monday
QE30 hrs
Dr. F. Garrels! Exogenic cyclel
acean, atmasphere and sediments

1030 hrs
Dr. W. Holser: Geology and
geochemistry of sulfide and sulfate
deposits

July 3, Tuesday

D830 hre
Dr. Co Martens! Sulfur cycling in
marine sediments

1030 hrs
Dr. R. Oremland! studies at Big Soda
l.ake, Nevada

1900 hrs
Dere M. Klugd: Sulfuwr cycling in fresh
water sediments

July 4, Wednesday

QB30 hre
Dr. Co Martens: Organic carbon
mineralization in anaerobic sediments

0945 hrs
Dr. M. Andreae! Algal biosynthesis of
arganosul fur compounds

July 5, Thursday

0830 hre
T. Scheulderman: Metalbolism of
dimethyl sulfoxide and dimethyl
suwlfide by Hyphomicrofiam and
abther bacteria
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0900

Q45

1900

08I0

OP435

1945

QS0

0830

0945

hre

e

b

hrs

tirs

hires

e

hre

hie

Dr-. M. Andreae: Fale of the oceans in
the atmospheric sulfur budget

Dr. M. Kritz {(NASA Ames) ! gas
emissions and measurement with NASA
technology

Dr. M. Kritz! Exchange of sulfur
between ocean and atmosphere
July 6, Friday

Dr. W. Holser: Age cuwves of sulfur
and carbon isotopes

Dr. R. Garrels! Modeling past

variations in sulfur and carbon cycles
July 7, Saturday

Demonstration? D. Sagan?

sleight-of-hand and problems of
perception

Saturday Might Lecture: L. Margulis:
Frrom micrabial communities to cells
(including twe short films)
WEEK 3
July 9--July 13, 1984
July 9, Monday

Dr. M. Goldhaber: Stable isotopes and
sulfur compounds in nature

Do JuF. Kasting (NASA Ames)
Evolution of the atmosphere 1. Refore
life
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Q800

0830

0945

0830

1000

1Q0Q

2030

QB30

1000

hre

hirs

hea

e

htres

hes

hirs

hrs

hts

Round table discussion of previous
week

July 10, Tuesday

Dr. 8. Awramik!: Precambrian evolution
and the rock record I

Dr. J.F. Kasting: Evolution of the
atmosphere: II. The Archean and
Proterozoic Eons

July 11, Wednesday

Dr. M., Goldhaber: Sedimentary sulfur
and diagenesis

Dr. 8. AwWwramik: Precambrian
evolution I[1I
July 12, Thursday

Dr. G. Fox: Prokaeryotic taxonomy and
evelution

Dr. Y. Cohen: Anoxygenic
photosynthesis in cvanobacteria

July 13, Friday

Dr. R. Fahey: Distribution and
abundance of reduced organic sulfur
compounds (thiols)

Dr. G. Fox! Evolution of prokaryotes
determined by 98 and 1465 ribosomal RNA
sequUences
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0900

1945

0830

0930

2000

Q830

0830

1000

0830

1000

hrs

hre

hrs

hrs

hrs

hrsa

hrs

hrs

hrs

hrs

hrs

July 14, Saturday

Dr. G. Carle (NASA Ames):
Instrumentation for global biology

Saturday Night Lecture: Dr. James
Faollack (NASA Ames): Glohbal
environmental consequences of &
nuclear war
WEEK 4
July 15--July 20, 1984
July 1é&, Monday

Dr. 8. Javor: The microbioclogy of
solar salt ponds

Dr. H. Trueper: Phototrophic sulfur
bacteria I

Round table discussion of previous
weel

July 17, Tuesday
Dr. H. Trueper: Phototrophic sul fur
bacteria I1I

Dr. H. Feck: Sulfate reduction I

July 18, Wednesday

Dr. H. Peck: Sulfate reduction IIX

Dr. A. Matin: Chemolithotrophic sulfur
oxidizing bacteria

July 19, Thursday

Dr. A. Matin! Bacterial physiology
under nutrient limitation

Dr. D. Caldwell: Aerabic sulfur
oxidizing bacteria
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July 20, Friday

QB30 hrs
Dr. Y. Cohen: Sulfur cycling in a
stratified hypersaline environment

1000 hrs

Dr. R. Guerrero: Sulfur cycling in a
lake environment

July 21, Saturday

Q00 hire
Drr. D. Des Marais (NASA Ames): Carbon
isotope geochemistry and geobiology

1030 hrs
Dir. D. Feterson (NASA Ames): Remote
sensing and the biogeochemistry of
forests
July 21--July 22
Field trip to Hig Soda Lake, Nevada
WEEK S
July 23--July 28, 1984
July 23, Monday
2000 hrs
Round table discussion of previous
weeks faculty skit
July 24, Tuesday
1900 hrs
Gordon Tribble!: Christmas Island:
Ravings of a displaced naturalist: a
alide show
July 25, Wednesday
1930 hre
Deadline for methods and references
for couwse report
July 27, Friday
QBEQ hre
Dre. K.H., Nealson! Manganese redox

chemistry and interactions with the
sulfur cycle
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July 28, Saturday

1945 hrs
Satwrday Might Lecture! D, J. Lawless
(MASH Ames) s Chemical svolution
revisited

WEEK &
July 30--August 4, 1984
July 30, Monday
1660 hre
Wine and cheese reception: Fresident
Gail Fullerton, Fresident, San Jose
State University
194090 hre
L. Margulis and J. Stolz: Film:
"Miles to Microns!" the microbial mat
at Laguna Figueroa

July 31, Tuesday

1700 hies

Deadline for receipt of results and
discussion sections and all obther
material to be included in final
couwrse report

August 1, Wednesday
11301400 hires
Felation aof 1984 PEME course with NAGA
fimes  (at MNABMA)
August 2, Thursday
QEZ0 hrs
Dr. J. Yopp: Fole of sulfur in

osmoregul ationt production of OMS and
OHME0

Frresentations of results by each
research team
August 3, Friday
1500 hrs
Fresentations of results by each
research team
August 4, Saturday

Final departure
xxxvi



Planetary Riology and Microbial Ecology:
The Global Sulfur Cycle, NASA and
San Jose State University

Ellen Weaver

We in academe are constantly aware that the function of the
uwniversity to transmit and to expand knowledge depends as much on
students as it does on faculty. The process of intellectual growth
requires the energy, curiosity, and naivete of the yvoung people as
much as it requires older scholars. Students constantly question,
demand, and force us to re-examine our precepbtss they make weaknesses
in argument or lack of evidence prominent - sometimes even
embarrassingly so. The faculty provide perspective, proven
principles, and try to focus the efforts of students on problems where
new understanding is most wgently needed. Ildeally, the faculty also
provide an interdisciplinary framework which transcends departmental
boundaries, but this element all too easily disappeasrse with
specialired courses.

The FBME program combined these elements of students, teachers,
and & wide interdisciplinary scope in a setting which also accomodated
and integrated the contributions of several highly skilled NASA
gscientiste. The program brought together diverse aspects of the
global sulfur cyvecle in the persons of highly skilled and motivated
experts from both academic and governmental laboratories, kept them
together long enough for any barriers of reserve to crumble, and
incorporated the whole with NASA researcherse., The small cadre of
dedicated NASA scientists brought indispensible, highly technical
skills and instruments. What evervone took away from the program was
a truly global view of the sulfuwr cycle, an understanding of major
importance for life on earth. The gaps in our understanding of global
anlfur processes were also made evident., Friendships were formed
which will make possible a continuing intellectual contribution to
matters of NASA s interest. This siy week program also advanced
knowledge in areas of NASBA®s specific interestsr early evolution of
the earth and biosphere, and present processes which affect global
habitability.

The FIEME program was also valuable to San Jose State University
(SIS . Several students and faculty attended both specialized and
public lectures, some attending virtually every lecture. 6 {ew
science lteachers from San Jose secondary schools also attended. I¢
the PEME program takes place agaein at 8J6U, we plan to publicize it
more extensively, and provide academic credit for teachers who
regularly attend lectures. Thus, the teaching of science will be even
more benefitted in the future than it was in 1984. The excellent
teaching facilities of SJSU are now better kriown to both the NAEA Ames
scientists and the ather memberse of the PEME group. Several of the

+
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8J8U faculty members learned about the bay area field sites from the
NASA course visitors and some of us hope to use these gites in
teaching our own classes,

The NASA life science program benefits from the PBME summer
research by the generation of advanced knowledge in an important
field. If knowledge gained per dollar spent were qgquantified, the PBME
would probably prove to be an impressive bargain. The accumulated
knowledge will be disseminated in the form of this NASA technical
publication, and, we hope, to an even broader public in the form of a
published book. Less tangible, however, are the benefits to NAS
research which accrue from the infusion of student energy. and from
the insights of experts from diverse fields who have no opportunities
to interact in any other way. NASA iz unigque in its ability to view
the world synopticallyy the value of these world views is increased
by an understanding of the processes which it has the potential to
observe. The 1984 PBEME program went far towards accomplishing this
for the biogeochemical processes at the earth’s suwface which invalve
zul fur.
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CHAPTER I: PBME LECTURE ABSTRACTS AND REFERENCES

M.0. Andreae: BIOGENIC CONTRIBUTIONS TO THE ATMOSPHERIC
SULFUR CYCLE

Biciogical processes emit sulfur gases alt rates comparable

to the S0s flux from fossil fuel burning (order: 100 o
1022 gsviry . HadS drom bacterial sulfate reduction
in anoxic environments is responsible for only a minor part of

s fiwt. The wlitimate souwrce of most of the biogenic sulfur
gases released to the atmosphore is the reduction of sulfate anc
suiisequent biosynthesis of organcsulfw compounds by plants and
algas in oxic environments. Yalatile sulfuw compounds can then
4 oetther directly from photosynthetic organisms (Ea(3ea
dimethyl sulfade from phvtoplankton) or through microbial
deconpoesition processes (e.dg., in leat titter, soils, etc.).

Andreae, M.0. and Barnard, W.R.., 1984. The marine chemistery
of dimethyleuifide, Mar. Chem., 14:287-279.

Andreae, M.0. and Raemdonck, H.. 1283. Dimethvisulfide in
the surface ccean and the marine atmosphere: a global view,
2211744747,

Berresheim, H. and Jaeschke, W., 1283. The contribution of
voalcanoes toe the global atmospheric sulfur budget, J.

Seophys. Res.. @8:3732-3740,

Bolin, B. and Cock, R.B. {(eds.), 19&3. The Major

Hiogeochenical Cyoles and Their interaciions. HCOFE 24.
Jehn Wiley and Sone, Inc., New York.

Bremner, J.M. and Steele, C.G.. 177d. FRole of microorgernsisms
in the atmospheric swltur cyele. In Adwances in Wicrobial
Ecoiogy, M. Alexander, ed.), Voi. 2, Flenum Fress, Noew

Vark, po. =201,

Ferek, R.J. and Andreae, M.0.. 19834. rhotochemical
production aof carbonyi sulfide in marine suwface waters,

MNatuwre, I 148--150,

Kadeta, H. and Ishida, Y.. 1972, #Mroduction of volatile
sl fur compounds by microorganiems, Arnn. Rev. Microbiol.,

-1 38.

Liss, P.S. and Slinn, W.G.N. {(eds.})., 19E3E. Air-Sea

“hange of Gases angd Fardicles., Reildel, Boston.

Vairavamurthy., A., Andreae, M.0., and Iverson, R.L., 15834,

Bioesynthesise of dimethyleuwlfide and dimethylpropiothetin by
Frromonas carterae i relation to sulfw gource and
salintty variations, Limncl. Ooeanog., (10 ressl.
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Figure I-1. (Top) Synthesis of DMSP by a marine praotist.

Sul fur—-containing metabolic products that regulate
intracellular asalt concentration (ocsmolytes) are sowces of
atmospheric sulfur gases. This ias an example of gas production
by a marine haptomonad (synonyms! haptophyte, prymnesiophyte),
a coccolithophorid which develops blooms in the ocean. DMFT is
known to be beta—-dimethyl sulfoniopropionate (DMSP), a

less trivial name.

(Bottom) Osmolytes. Nitrogen osmolytes are thought to be

more prevalent in terrestrial organisms and sulfur more
prevalent in marine organisms where each of these elaements ia
less limiting.




Fiqure I-2. (Top) The relation between dimethyl sulfide
production and the population density of Phaecocystis
poucheti, (a haptomonad protist). The coefficient of
correlation, r, is based on B84 separate measurements and is
highly significant.

{Bottom) The linear relation between photosynthetic

production and dimethyl sulfide released by laboratory
cultures of Phaeocystis poucheti.

¢00r 4—-\~_Z§§;;\\—/

soof Phego(_,asﬁs gmudgd:i

r=0.818
8  N=74

400} L] P<0.001
L]
@
g soof
w
g [ & OCEANIC DOMAN
O OUTER DOMAN
200} O MIDOLE DOMAN
a <i0%
L 4 >0% s SIIN
a >2%
m-
0o
[
0 A i A A i 2 N " . N L . .
0 200 400 600 800 1000 1200 1400
P poucheti celis mL™!
250
200
|
& 150
-
a
&
g 100 DIMETHYL SULFIDE PRODUCTION
BY A MARINE PROTIST
(Haptophytn-Hlpto.onnd-Pry-n..iophyt.)
80
4 'S 4 ' 2 e 1 y 'l

%% 200 400 600 800 1000
PRIMARY PRODUCTION, mg C m-2 day~!
3



PROCESSES THAT FORM
sMAaLL VOLATILE ATMOSFPHERIC
SUL.FUR COMFPOUNDS

1) EXCRETION BY LIVE PHYTOPLANKTON: DMS ‘HsC=~S- CHs

Haptosonads such as Phaeocystis and Hywenomonas

2) EXCRETION BY OTHER MARINE BIOTA OF OTHER SULFUR COMPOUNDS

little known

3) DECOMPOSITION (FERMENTATION AND BROWTH OF BACTERIA)
®.g., cystine:

4C3H>02NS + 6Ha0 —m=—4Ha28 + 4NHz + 7C02 + SCHa
depending on pathway, sany other sulfur cospounds say be produced:

CHsSH, CS8z, polythiols, etc.

4) PULPMILL TYPE REACTIONS:

terrigenic lignins + sulfide
from dissimilatory sulfate reduction:

CBa, CHs8H, COS, DMS, etc.

3) PHOTOCHEMICAL BREAKDOWN OF DMS

0z + organic sulfur—(light)-e=C08 + organic compounds

Meinrat Andreae

Table I-1. Processes that form small volatile atmospheric su}fur
compounds include these. There is a paucity of information
concerning sulfur trace gas production over the land.



S. Awramik: PRECAMBRIAN EVOLUTION AND THE ROCK RECORD

Precambrian time refers to geclogical time prior to the first
appearance of animals with mineralized hard parts {(see Fig I-2.5 for
geological time scale). Rest estimates for this event are around 370
million years ago. BRecause the rock record beging some 3,800 million
years ago the Frecambrian encompasses about 84 percent of geologic
time. The fossil record for this immense span of time is dominated by
prokaryotes and the sedimentary structures produced by them. The
first fossil remains that can confidently be considered eukarvotic are
found in 1,000 million year old rocks. The first animals may be as
ald as 700 million vears.

Like life, the Earth has changed through time. An understanding
af the interrelationship between the physical eveolution of the Earth
and its life is one goal of paleontology. During the Archean Eon
(3,800 to 2,500 million vears ago) salar luminosity was lower than at
present yet suwface temperatures of the Earth were not unlike those of
taday. Free atmospheric oxygen was absent, the crust of the Earth was
thin, and there were higher geothermal gradients. There existed a
preponderance of tectonically short-lived but active marine basins.
Around 2,300 million years ago, at the beginning of the FProterozoic
Eon, some major changes occuwred on the Earth. The crust became
thicker and continents emerged above wave base on a larger scale.
Intercratonic troughs became common, as did extensive, shallow marine
environments with mature, multicycled sediments. Around 2,000 million
vears ago, significant gquantities of free oxygen appeared in the
atmosphere and, about 1,300 million vears ago, the tectonic style
began to change aover to a regime that resembled modern plate tectonics
with large scale horizontal plate motion. The quantity of oxygen as
On increased in the atmosphere though the quantitative details
are not known. Extrapolating from the metabolic needs for oxygen by
all animals it is interred that by 700 million years ago, the time the
first animals appeared, at least 10 percent of the Earth’e present
atmospheric level of Oz was already achieved. No physical or
chemical signals have been identified that corelate with the explaosion
of metazoan evolution at the Frecambrian-Cambrian transition.

The oldest fossils are those from the 3,500 million vear old
Warrawoona Group in Western Australia and the SBwaziland Supergroup in
Sauth Africa. 0Organic-walled, micron-sized filaments have been
preserved three dimensionally in chert, & cryptocrystalline form of
quartz.  The chert is laminated and this lamination mav have been
produced by microbial activity. Stromatolites are organosedimentary
structuwres usually found in the form of laminated rocks. Feroduced by
sediment trapping, binding and/or the precipitation activities of
microbial communities, stromatelites are known from both the
Warrawoona and the Swaziland rocks. The presence of stromatolites
indicates complex microbial activity: presumably photoautotrophic
bacteria were involved. The fossilized communities of microbhes are of
stech simple morphology that little can be said about them. The fossil
record for the remainder of the Archean Eon is spotty, with only a few
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goad examples of microfossilization. Eventually stromatolites become
more noticable in shallow water in tectonically inactive geological
environments. Ry the early Proterozoic, stromatolites become abundant
and exhibit diverse and complex morphologies.

A major benchmark in the history of life is recorded by the
fossils of the 2,000 million year old Gunflint Iron Formation of Lake
Supetrior, Canada. Well-preserved, abundant and diverse microfosesils
are found in both stromatolitic and non-stromatolitic cherts. Fossils
resembling modern coccold and filamentous cyanobacteria as well as
iron-oxidizing bacteria are common. Bizarre forms of uncertain
taxonomic affinity are well represented in the Gunflint. The first
plankters are aiso found in the Gunflint Iron Formation. So, by 2,000
million years ago, stromatolite-building microbes were diverse and
plankton had appeared. Generally spealing, early Proterozoic microbes
of the Gunflint and other foarmations were small (less than 10 um
in diameter) and dominated by cyanobacteria-like faorms.

Stramatolitic foessil micraobes throughout the remainder of the
Froterozoic Eon show a tendency towards increased size and
morphological complexity. Unlike many modern stromatolites,
multitrichomous filaments are very rare. Yet, by the middle and late
Froterczoic Eon stromatolitic micrebiotas had become surprieingly
"modern”" in appearance. The diversity of carbonate stromatolites
increased markedly during this interval. Stromatolites reached the
height of their morphological complexity by about 820 million vyears
aga.  Then, from S80 to 70 million years ago, stromatolite diversity
sharply decreased. The rumber of Proterozoic stromatolitic
microfessil localities is few, somewhere in excess of 200, but there
are thousands of stromatolite localities that do not contain any
preser-ved microfossils.

The firet abundant remains of plankton are found around 1,000
million years age in clastic rocke. These microfossils, which have
acid-resistant organic walls, measure from a few to several tens of
microns in diameter. HMost researchers agree that these microfossils
are remains of eukarvotic plankton. Microfossils show an increase in
diversity throughout the remainder of the Proterozeic, undergoing some
extinctions during the latest Froterozeoic (700 to 400 million years
agal) . Eukaryotic microbes apparently diversified rapidly again in the
garlieast Cambrian time.

The fossil record of Frecambrian life is not representative of
all habitate and groups of aorganisme’ there is an obvious bias towards
aorganismns with the greatest preservation potential. Benthic
cvanobacteria and cyanobacteria-like microbes within microbial mat
habitats had the greatest potential to be preserved. Other
prokarvotes are exceptionally rare. Only the form of the
microorganism is preserved, and in most cases, this form has been
altered by fossilization., Assigning affinities, primarily based on
marphological comparisons with modern analogs, involves guesswork.

Yet the original reports on the microfossils of the Gunflint delivered
A0 years ago by Barghoorn and Tyler were greeted by much skepticism.




Seminal papers did not appear until 19465. The fossil record of the
first 84 percent of Earth history is just beginning to become
understood and hags not come close to reaching its full potential.

Awramik, S.M., 19382. The origins and carly evolution of life. In
The Cambridge Encyclopedia of Earth Sciepces. (D.GB. Smith,
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Awramik, S.M., 1964. Ancient stromatolites and microbial mats.
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Mlackwell and Sons, Oxford, pp. 287315,
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D. Caldwell: AEROBIC SULFUR-OXIDIZING BACTERIA: ENVIRONMENTAL
SELECTION AND DIVERSIFICATION

Sulfwr—oridizing bacteria oxidize reduced inorganic compounds to
aulfuric acid. of lithotrophic sulfuw oxidizers, the
energy obtained from odidation is used for microbial growth.
Haeterotrophic sulfur oxidizers obtain energy from the oxidation of
organic compounds. Im sulfuwr—oxidizing mixotrophs energy may be
derived either from the oxidation of inorganic or organic compounds.
Sulfur—oxidizing bacteria are usuwally located within the
sulfide/onyvgen interfaces of springs, sediments, soil
microenvironments, and the hypolimnion. Colonization of the interface
e necessary since sulfide auvto-oxidizes and becawse both oxyvaen and
sulfide are needed for growth. The environmental stre: oo ascoctated
with the colonization of these interfaces have resulted in the
evolution of morphologicatly diverse and unique aerobic sulfur
oxidizers,

Most salfur-oxidizing bacteria are sulfur-axidizing heterotrophs
and chemolithoheterotrophs. Variations amanget members of these
groups is poorly described partly because of the preccocupation of
microbiologists with the morpbelogical and phyvsicleogical diversity of
aul fur autotrophs. However, {fwther studies of heterotrophic sualfar
onidation will be necessary to understand the global solfw cyvole. In
the sulfuwr spring environment there are two groups of sulfw
oxidizers: acidophilic and non-acidophilic. Acidaophilic communities
freguently result when growth rate exceeds dilution. Metabolic
wasltes, primarily sulfuric acid, accumulate. When the dilution rate
evceeds the growth rate, attachment is regquired to avoid the loss of
populations, and sulfuric acid deoes not accumulate. In sulfw springs
the sulfur oxidizing bacteria posttion themselw within the
sul fide/onvgen interface by attaching preferentially to pywrite which

It
ur

located upstream on the reducing side of the spring.  They form
Lireamers, bundles of trichomes (Filaments) which extend downstroeam
and into the intertace when the organisms are oxvaen—-1limited.
Extremely thermophilic sulfuwr oxidizers from geothermal environments
grow at greater rates to higher cell yields thean analogouvs mesophiles.
Thise sugge £ that the optisum temperatwre for agrcobioc sulfure
oxidizers excesds 70°C, The sulfide/osygen interfaces of

hypolimnia are frequently dominated by photosynthetic sulduw bacteria
which exclude asrobic sulfur oxidizers., Sulfuwr—oxidizing bacteria
found in sediment envirecnments often migrate diurnally in response Lo
shifting gradients of oxygen and sulfide. This reswlte in the
migration of oridizing equivalents, in the form of elemental sulfowe,
within the sediment.

>




Brierley, C.L. and Brierley, J.A., 1982. Anaerchic reduction of
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Microbiocl., 38:241-2564.

Nelson, D.C., and Castenholz, R.W., 1982. Light responses of
Beggiatoa, Arch. Microbiol., 131:144-183.

Starkey, R.L., 1944, {Ouidation and reduction of sul fur compounds
in soils, Soil Sci., 101:297-306.
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S. Chang: ORIGIN OF LIFE

The pathways of organic chemical svnthesis, that is of chemical
evolution on the early Earth leading to life must have been
constrained by the development of the planet by acoretion and core
formation. No doubt the accretion and differentiation into the
core-mantle-—crust-atmosphere system strongly influenced the
temperatuwre and composition of the atmosphere, surface, and interiors
but large gaps persist in ow wunderstanding of these processes. We do
not know the time-span over which Earth aguired its volatiles, the
composition of these volatiles, and the conditions under which
outgassing of volatiles occuwred to form the atmosphere.

Uncertainties in existing models for Earth accretion and early
planetary development allow a wide range of posseible prebiotic
atmospheric compositions at the time and temperature when liguid water
appeared and thermally-labile organic compounds could survive. These
compositions range from strongly reducing atmospheres (doninated by
high abundances of Ha, CO, and CHa) to mildly reducing

ones (containing mostly My with minor to trace amounts of

CD:;_:_- and H:;g).

Synthesis of arganic matter occurs readily in ‘orngly reduacing
atmospheres as laboratory experiments indicate. Organic chemical
syntheses in mildly or non-reducing atmosphores merit much more study.
The conversion of Na to nitrogen-containing organic compourds :

in any prebiotic atmosphere by atmospheric photochemical processes
smist have been limited: production of nitrate by electrical discharges
may have been more effective. Frebiotic organic eyntheses need not
have occurred only in the atmosphered they could have ocourred on
land, in the seas, and at a variety of atmosphere, sea, and land
interfaces. The involvement of inorganic matter in the origin of life
was probably a natwal consequence of the geological context within
which atmospheric and chemical evolution occurred. Metal ions and
minerale, particularly clays, may have served az reactants, catalysts,
and even templates for prebiotic organic synthesis.

Considerable success has been achieved in producing the monomeric
and oligomeric building blocks of proteins and nuclelc acids under
putative prebiotic conditions. But the connections between the model
environmental conditions and the geclogic and meteorologic realities
of the prebiotic Earth remain to be establigshed. Until congstraints
carn be imposed on the range of possible prebiotic atmospheric
compositicons and swface environments, and in the absence of direct
evidence of arganic chemical evolution on the Srchean earth, it is
impoartant to explore and assess pathways for organic synthesis in all
model environments that are consistent with evidence unveiled in the
casmnachemical , geological, and biological recorde.

11



Bunch, T.E. and Chang, S., 1980. Carbonaceous chondrites II.
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conditions, Geochim. Cosmochim. Acta, 44:1543-1577.
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Chang, S. and Bunch, T.E., 1985. Clays and organic matter in
carbonaceous meteorites: clues to early solar system history and
primitive planetary environments. In Clays and the Origin of
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CARBON, HYDROGEN AND NI TROOEN
ISOTOPE FRACTIONATION

VAILUES IN ORGOGANIC MATTER FROM

METEORITES AND EARTH SAaAMPLES

Sumaary of the range of values a

13c' b 15N

Organic Fraction per mil per mil pei ail
Saoluble compounds in 45 to +40 +100 to +500 +56 to +108
sosa carbonacecus

chondrites
Insoluble compounds in -13 to -21 | +668 to +2508 | +1P to +158
soes carbonacecus

chondrites
All natural organic -96 to -10 -250 to +80 -10 to +25
matter on Earth

2pelta values are defined in per mil units as follows, as for
example in the case of carbon:

13,12
- (%, C)sample -1] x 1000
B [13 12
¢/ C‘standard

1
st

The standards for C, H and N, respectively, are Peedee
Belemnite limestone, mean ocean water &nd air.

Table I-2.. Carbon, hydrogen and nitrogen isotopic fractionation
values in organic matter from meteorites and Earth samples.
The fractionation values for carbon 13, deuterium (D) a@d
nitrogen 15 are calculated analogously to the example given

for carbon below Table 1—3.12



CARBON COMPOUNDS
Zrn Che
MURCHISON METEORITE

relat

ive qunntify by weight

Carbonate/co2

Acid Insoluble "Polymer"
Dicarboxylic Acids
Monocarboxylic Acids
Hydrocarbons

Amino Acids

Ketones & Aldehydes
Alcohols

Amines

All Others

‘Table I-3.
Murchison meteorite,
Murchison,

Australia in 19469,

<1

6.2 to 0.4%
1.2 to 1.6%
200 - 460 ppnm
~ 140 ppm

40 - 70 ppm
~ 20 ppnm

~5 pPpm

~5 Pppm

~5 ppm
ppm

SLMMARY:

1.44 - 2.07 per cent

BULK CARRON: 2.1 - 2.4 per cent

Carbon compounds in the Murchison Meteorite.
a carbonaceous chondrite that landed in

was f

The

ound to contain an abundance

variety of extraterrestrial organic matter.
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Y. Cohen: PROTOCYANOBACTERIA: OXYGENIC AND ANOXYGENIC
PHOTOSYNTHESIS IN MAT-FORMING BACTERIA

The oldest record of life, preserved in preFhanerozoic
stromatolites dated 3500 million years old, is most likely of

filamentous mat—forming cyanobacteria. The sedimentary records of
cyanobacterial mats in stromatolites are the most abundant record of
life throughout the preFhanerozoic. Stromatolites persisted into the

Fhanerozoic Eon, yet they become much less pronounced relative to
earlier ones. The abundance and persistence of cyancobacterial mats
throughout most of geological time point to the evolutionary success
of these kinds of microbial communities and their possible role in the
evolution of the earth and atmosphere.

Recent cyanobkacterial mats are restricted to hypersaline
environments, sulfur springs, and alkaline lakes where the grazing
organisms are edcluded or their populations drastically reduced.
Solar Lake cyanobacterial mats serve as good models for the study of
the physioclogy of recent mat-forming cyanobacteria.

Facultative anoxygenic photosynthesis utilizing He8 as an
alternative electron donor for FS5 1 (photosystem 1)-dependent
photosynthesis was described for dszscilletorzia limnpetica isplated
from Solar Lake. Other FS I-dependent characteristics of this
cyanobacterium include the use of Ha as an electron donor
alternatively to Ha85, Hz production from Ha25 under G0
limitation, sulfide-dependent Mz fivation, and
anaerobic respiration with elemental sulfur as the electron
acceptor. These FS I characteristics are found also in other
mat—-forming cyancbacteria.

While PS8 Il of Oscillatorie livnetica is fully inhibited at
sulfide concentrations as low as 10 uM, other mat—forming
cyancbacteria can operate oxygenically even under 35 oM HoS.
Microcaleus chthonoplasxtes, a cosmopolitan mat-forming
cyanobacterium, as well as several isolates from sulfuwr springs, have
a different PS II which ie significantly more resistant to HaS
toricity than planktonic cvancbacteria, algae, and plants. Several
itsolates carry out exclusively oxvygenic photosynthesis under high
sul fide concentrations, while others operate oxygenic photosynthesis
in concert with anoxygenic photosynthesis. Recently Fe*™ ions
were found to serve as a sole electron donor to PS8 I in several
enthic cyanobacteria under anaerobic reduced conditions.
Fe**—dependent Clz photoassimilation is DCMU-sensitive.

However, about 20 percent of the Fe**—dependent carbon dioxide
photoassimilation is carried out in the presence of 5 um DCMU.
This indicates that there may bhe two different sites of
Ferr—dependent COx photoassimilation, one at PS I1 which

iz sensitive to DOCMU and another at PSS I

14



13C values for organic matter in the Solar Lake mats were
found to range between —-& and -8 per mil and thus represent the
heaviest values for organic matter recorded. Freliminary abservations
point to the fact that the ribulose bisphosphate carboxylase system in
several mat-forming cyanobacteria is different from aother
cyanobacteria.

The differences in P I, F5 11, and possibkly the ribulose
bisphosphate carborylase in mat cyanobacteria may point to the
antiguity of this group among cyanobeacteria. Mat-forming
"protocyanobacteria" may well reprezent the prePhanerczolc forms
sponsible for Archean stromatolites and possibly for the Banded Iron
Formations (BIF e). Fe''-dependent carbon dioside
photoassimilation by cvanobacteria may be related to the deposition of
BIFs in the absence of free oxygen.

1" &

Nate: The compound DCMU, 3-{3,4) dichlorophenyl ~1,1 dimethyl urea, is
a selaective inhibitor of photosystem I1, i.e.. of the ongen process in
photoesynthesi s,

Cohen, Y., 1984. (xvygenic photeosynthesis, anodvgenic
photosynthesis and sultate reduction in cvanchbacterial mats. In

Current Perspectives in Microbial Ecology. (M.J. Elug and
Coh. Reddy, eds.), A.9.M., Washington, pp. 435442,

Cohen, Y., Castenholz, R.W., and Halvorson, H.0. (eds.), 1934,
Microbial Maltet Stromatolites, Alan R. Liss, NMew York, 492
nfalm

Padan, E. and Cchen, Y., 1982. Anovygenic photosynthesis., In

The Riology of Cyanobacteria. (M.C. Carr and B.A. Whitton.
eds. ), Hlachkwell Scientific Fress, Oxford, pp. 215-235.
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Y. Cohen: SULFUR TRANSFORMATIONS AT THE
HYDROGEN SULFIDE/OXYGEN INTERFACE IN STRATIFIED
WATERS AND IN CYANOBACTERIAL MATS

Stratified water bodies allow the development of several
microbial plates along the water column. The microbial plates develop
in relation to nutrient availability, light penetration, and the
distribution of oxygen and sulfide. Sulfide ie initially produced in
the sediment by sulfate-reducing bacteria. It diffuses along the
water column creating a zone of hydrogen sulfide/oxygen interface. In
the chemocline of Solar llake {(Sinai) oxygen and sulfide coexist in a
O-10 ocm laver that moves up and down during a diurnal cyvele. The
microbiael plate at the chemocline ie exposed to oxygen and hvdrogen
sulfide, alternating on & diuwnal basis. The cyanobacteria occupying
the interface switch from anoxvgenic pheotosynthesis in the morning to
oxygenic photosynthesis during the rest of the day. This activity
results in a temporal butld up of elemental sulfuwr during the day
which disappears at night due to both oxidation to thiocsulfate and
sul fate by thiobacilli, and reduction to hydrogen sulfide by
Pesal faroponas sp. and anaerobically respiring cyanobacteria.

High dark CDz fixation, which can be stimulated by
sulfide, elemental sulfuwr, and thiosulfate in the presence of onvgen
o nitrate, is found in the chemocline. Over 90 percent of the
primary production in the stratified Solar Lake ococurs wnder sulfide
conditions because of the activities of several cyanobacteria, plates
of Chropatium s=p., and Frosthecochloriy sp.. These sulfur
bacleria exist above the major cyanobkacterial plate of Iscillaetoria
liwnetica which is found at the deepest part of the hypolimniaon.
The relative contribution of anoxygenic photosynthesis to overall
pedomary productivity is a function of light penetration to the
hycdrogen sulfides/oxyvgen interface layer. When only 1 percent of
swface light reach this layer, anoxvgenic photosynthesis accounts
for about 5 percent of the overall primary productivity whereas if 20
percent of the swface light reaches the chemocline (the case in Solar
Lake), anoxygenic photosynthesis accouwts for more than 99 percent of
the photosynthetic carbon dioxide aseimilation.

The study of the hydrogen sulfidesoxvgen interftsace in sediments
regquires the use of microelectrodes for plzn, pH, p82, pHa, and pCOa.
These electrodes, now wsed in several laboratories, were introduced to
microbial ecalogy by NJF. Revsbech of Aarhus University in Denmark.
Sharp gradients of all measured parameters are observed in microscale
{bhe top 110 mm of the sediment column). These result from intense
microbial activities in this thin photic zone.

Diuwrmnal fluctuations at the hyvdrogen sulfide/orygen interface in
sediment are mach more pronouncsed than those of stratified water
rodies, sioce the established gradients in sediment are very stesp and
diffusion in these dimensionse ie very fast. Recauwse of this close
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praximity, the diwnal fluctuations expose cvanchacteria to sulfide at
night and sulfate-reducing bacteria to high concentrations of oxygen
duwring the day

The cyanobacteria cope with e:posuwre to sulfide eilher by
carrying oult facultative anoyvgenic photosvnthesis or by performing
oxvagenic pheoetosynthesis in the presence of sulfide. When pka
electrodes were introduced toe the Pmar zone, a transient peak of
Ha was observed uporn twning on the light, possibly indicating
photolysis of water by cyvancbacteria under these conditions.
Grodllatoria limpetice ware shawn Lo produce Ha in oa
Cla-limit wiment uander both aerobic and anserobic
condiltions,

Sulfate reduoction was found to be enhanced in the light at the
aswrtace of the cyancbacterial mats. Microsulfate reduction
meastrenents showed enhanced activity of sulfate reduaction even wunder
high oxvgen concentrations of Z00-800 oM. Apparent aerobic
804 reduction activity can be eiplained by the co-ocourence of
. The physiology of this apperent sulfate reduction activity
i cwrrently being studied.

Cohen, Y., 1%44. The Solar lLake cveanobacterial mats: Stategies of
photosynthetic life under sulfide. In Fiorobial Matst
Sdromalol ites. (Y. Cohen, R.W. Castenbolsz., and HoOo Halvorson
edae. . Alan R Liss, Mew Yourk, pp. U -1 48,

Cohen, Y., 1%84. Microtechnigue for in situ sulfate redaction
measirement In perosimi by te axvgen, Aol Miorabiolo., {in

Cohen, Y., 1984, Hulfate reducticon wundor oxvgen in cvanobaoct
mats and its coupling to primery production, Lioneol. Oceanoo. .
{dry prreass) .,

Cohen, Y., Aizenstat, Z., Stoler, A., and Jdrgensen, B.B.. 19780,
Microbial geochemistry of Solar Lake Sinai. In Ricecochenist
aof fApncZent and Bodern Environment (F.ie Trudinger and ML
Malter, eds.), Australioan dcademy aof Scisnce. Canberva, pp.
La7-177.

Fe** dependent

Cohen, Y. and Gack, E..
2 L cvanobacteria, Matuwe, (in press).

photosynlthe

Cohen, Y., Padan, E., and Shilo, M.. 1973a. Facultative
anaxyganic photosyntl ig i the cvanobacteriwn Osoilld

lLimneéica, J. Bacteriol., 12:855-841.
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Cohen, Y., J¢rgensen, B.B., Padan, E., and Shilo, M., 1497%5b.
Sulphide-dependent anoxygenic photosynthesis in the
cyanobacterium dscillatoria linnetica, Nature,
257:489-421.,

Cohen, Y., Goldberg, M., Krumbein, W.E., and Shilo, M., 1977a.
Solar Lake (8inai). 1, Fhysical and chemical limnology,., Limnol.
Oceanog. , 22:597-607.

Cohen, Y., Krumbein, W.E., and Shilo, M., 1277h. &Solar Lake
{Binail)., 2. Distribution of photosynthetic microorganiems and
primary production, Limnol. Oceanog., 2250609-410,

Jdrgensen, B.B., Revsbech, N.P., and Cohen, Y.. 1983.
Fhotosynthesie and structure of benthic microbial mats:
Microelectrode and SEM studies of four cyancbacterial
communities, Limnol. Oceancg., 28010751093,

Jgrgensen, B.B., Revsbech, N.P., Blackburn, T.H., and Cohen, Y.,
1979. Diwrnal cycle of oxygen and sulfide microgradients and
microbial photosynthesis in a cyanchacterial mat sediment, Appl.
Environ., Microbiol., 38:46--58.

Oren, A., Padan, E., and Malkin, S., 197%9. Sulfide inhibition of
photosystem Il in cvanabacteria blue green algae) and tobacco
chloroplaste, Biochem. Biophys. Acta, S4461270-2279.

Oren, A. and Shilo, M., 1979. Anaerobic heterotrophic dark
metaboliem in the cvancbacterium Jscillatoria [ipnetical
sulfur respiration and lactate fermentatiorn, Arch. Micrabiol..
122:77-84.

Fadan, E. and Cohen, Y., 1982. Anoxygenic photosynthesis. In
The Riolagy of Cyanohacteria, (MO, Carr and B.A, Whitton,

I S

eds.), Blackwell Scientific, iford, pp. 215-2355,

Revsbech, N.F., Jd¢grgensen, B.B., Blackburn, T.H., and Cohen, Y..
1963, Microelectrode studies of the photosynthetic and
Oy HafS and pH profiles of & microbial mat, Limnol.
(Jeeanog. . 2810621074,

Skyring, F.W., 1584. Sulfate reduction in marine gediments
associated with cvanobacterial mate, Australia. In Microbial
Mats: Strompatol ites, Y. Cohen, F.W. Castenhols, amd H.O.
Halvorson eds.?), Alan R. Liss, New York, pp. 265-276.
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D. Des Marais: CARBON ISOTOPE GEOCHEMISTRY
AND GEOBIOLOGY

The Earth®s carban cycle involves crustal reservoirs that
include atmospheric Clz, oceanic inorganic and organic
carbon, carbon in sedimentary organic matter such as that in
shales, sedimentary carbonate, and igneous rocks. There also
seems to be a relatively low but nontrivial rate of exchange
beltween the carbon reserveir in the Earth’™s mantle and crustal
carbaoan,

Certain processes moving carbon between these reservoirs are
isotopically selective. Fhotosynthetic carbon figation produces
arganic matter which can be belween 0.7 and 3 percent depleted in
1EC reiative to sources of inorganic carbon (Degens. 1974938
Deines, 1980). This preference for *2C ie principally due
to catalyeis in the first step of carbon dioxide fisation
the Calwvin cycle enzvme ribulose bisphosphate carboxyl ased
1978) .  The amount of fractionation is often attenuvated by
processes which transport inarganic carbon tao cellular ovtoplasm
feag., O'leary, 19281). The respiration of organic carben iz also
asgociated with a discrimination against (. The carbon
dioide produced is typically depleted between O and 1.2 percent
in *3 0 relative to the organic carbon souwrce (De Nira,

19773 kEaplan and Rittenberg, 1964).

Gua
et e,

The crganic carbon buwried in sediments cen be isobopiocally
fractionated by sulfate reduction (Fuche, 1979, UWork in our
Taboratory has ghown that oven fersmentation cean produce stribking
discrimination against the *“C isctope.

More deeply buried organic carbon becomas progressively more
reduced by thermal decomposition. I+ this carbon 1s heated to
several hurndred degrees Celsius, it can be converted to graphite
The *™C content of this residual organic mabtier changes
very little until its elemental carbon to hyvdrogern ratio falles
below 0.2 {(Schopf, 1987%). Helow 0.2 the residusl carbon becomes
more @ C-enriched.  Becauwse the *TC value of
sedimentary carbon is so well oreserved, we are acsured bthat the
1EC values in the better preserved sedimentary rocks as old
as 3.5 billion vears reflect ancient microblal processes.

Carbon issuwing from the midocean ridges is about 0.0 percent
depleted in *®C relative to marine carbonates, and about 2
paercent enriched in *™C relative to sedimentary organic
carbon (Des Marais and Moore, 1984)., This midocean vidaoe carbaon
represents the largest single carbon flu from the mantle, and its
isotopic composition 1s the same as the average aof all the crustal
FMESErVOLITS . The crust/mantle exchange of carborn was more intenss
during the early Precambrian BEon and, very likely, ths crust had a
larger carbon inventory then than now {see Des Maraizs” article in
Sundguist and Broeker, 1984).
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Carbon isotope fractionation values have been used to
understand the history of the biocsphere. For example, plankton
analyses confirmed that marine extinctions at the end of the
Cretacecus period were indeed severe (gee Hsu' s article in
Sundguist and Rroeker, 1984). Variations in the isotopic
compositions of carbonates and evaporitic sulfates duwring the
Faleozroic might reflect the relative abundances of eurinic
(anasxic) marine environments and organic deposits from terrestrial
flora (Berner and Raiswell, 1983). The carbon isotopic
composition of Frecambrian sediments suggest that the enzvme
ribulose bisphasphate carboxylase has existed for perhaps 3.5
bBillion years {(Schaopf, 1983). Future work in ouwr laboratory seeks
to elucidate the relationship between the carbon isctopic
compoasition of stromatolites, atmospheric COn, and oxygen
inventories,.

Abelson, P.H. and Hoering, T.C.. 1941. Carbon isotope
fractionation in formation of amino acids by photosynthetic
organisms, Froc. Nat. Acad. Sci., 47:4625-632.

Berner, R.A. and Raiswell, R., 1983, Buwial of organic carbon
and pyrite sulfuwr in sediments over Fhanerozoic time! a new
theory, Geochim. Cosmochim. Acta, 47:83535-862.

Degens, E.T.., 1946%. FBiogeochemistry of stable carbon
isptopes. In Grgaenic Geochewistry., (G. Eglinton and
M. T.Jd. Mwphy, eds.), Springer-Verlaqg, New York, pp. 304329,

Deines, P., 1980, The isctopic composition of reduced organic
carbon. In Handbook of Environmental Isotope
Geochenistry, (F. Fritz and J.C. Fontes, eds.), Elsevier,
New York, pp. 329-406.

De Niro, M.Jd., 1977. I. Carbon isotope distribution in food
chains, Fh.D. thesis, California Institute of Technology.

Des Marais, D.J., Mitchell, J.M., Hayes, J.M., and Meinschein,
W.G.. 1980, The carbon isotope biogeochemistry of the
individual hydrocarbone in bat guanc and the ecolagy of
insectivorows bats in the region of Carlsbad, New Mexico,
Geochim., Cosmachim. Acta, 44:2075-2084,

Des Marais, D.J. and Moore, J.G., 1984, Carbon and its
isotopes in midoceanic basaltic glasses, Earth and Flanetary
Science Letters. (in press).

Estep, M.F., Tabita, R., Parker, P.L., and Van Baalen, C.,
1978, Carbon isotope frationation by ribulose-1,
S-bisphosphate carboxylase from various organisms, Flant
Fhvsiol., &1:680-687.

Fuchs, 6., Thauer., R., Ziegler, H., and Stichler, W., 17279,
Carbaon isotope fractionation by Hedhanobacteriun
thermoautotrophicun, Arch. Microbiol., 120:1355-139.
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Melander, L. and Saunders, W.H. Jr., 1980. Reacétion Rates of
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Figure I-3. Metabolic carbon isotope valuews for classes of
biological compounds as determined by mass spectrometry.
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Figure I-3. Carbon isotopic fractionation ranges for extant
carbon samples from terrestrial sources. Delta 13C scale at
left, boxes represent major reservoirs, arrows @ apresent major
processes that transport and convert the carbon between the
reservolrs.,
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ENVIRONMENTS FOR THE DEFPOSITION
OF CARBON AND SULFUR
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Figure I-46. Reconstruction of the extent of depositional
environments based on carbon and sulfur iscotope fractionation
measurements from ancient sedimentary rocks.

A. Major extant environments where sulfur and carbon
compounds are sedimented indicating the relative
distribution now.

B. Environmental reconstruction of the Cambrian Feriod
based on interpretations of carbon and sulfur isotope
data.

C. Environmental reconstruction of the Permian Period

based on interpretations of carbon and sulfur isotope
data.
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R.C. Fahey: DISTRIBUTION AND ABUNDANCE OF ORGANIC
THIOLS

The role of glutathione (G8H) in protecting against the toxicity
of oxygen and oxygen byproducts is well established for all eukarvyotes
studied except Entamoche histolyética which lacks mitochondria,
chloroplasts, and microtubules. GSH is not universal among
prokarvotes. Entamoeha histolyéica does not produce GSH or key
enzymes of GSH metabolism (Fahey, 1984). A general method of thiol
analysis based upon fluorescent labeling with monobromobimane and HFLC
separation of the resulting thiol derivatives was developed in order
to determine the occurrence of GSH and other low molecular weight
thicls in bacteria. Glutathione is the major thiol in cyanobacteria
and in most bacteria closely related to the purple photosynthetic
hacteria, but GSH was not found in archaebacteria, green bacteria, or
Gram positive bacteria. This suggests that glutathione metabolism may
have been incorporated into eukaryotes at the time that mitochondria
and chloroplasts were acquired by endosymbiosis. I Gram positive
aerobes, bacteria not thought to be ancestral to eukaryotic
aorganelles, coenzyme A occuwrs at millimolar levels and Cod disulfide
reductases have been identified. CoA, rather than glutathione, may
function in the oxygen detoxitication processes of these organisms.

Fahey, R.C., Brown, W.C., Adams, W.B., and Worsham, M.B., 1978.
Occurrence of glutathione in bacteria., Jd. BRBacteriol.,
133111261129,

Fahey, R.C., Dorian, R., Newton, G.L., and Utley, J.. 19&3.
Determination of intracellular thiol levels using bromobimane
fluorescent labeling: Applications involving radioprotective
drugs. In Radioprotectors and Anticarcinogens, (O.F. Nygaard
and M.G. Simic, eds.), Academic Press, New York, pp. 103-120,

Fahey, R.C., and Newton, G.L., 198%. Uccurrence of low molecular
weight thicls in biclogical systems. In Functionx of
Glutathiones Riochemical ., Physiological, Toxicological ., and
Clinical Aspects (A, Lareson <« al, eds.), Raven Fress, New
York, pp. 251-260.

Fahey, R.C.,; Newton, G.L., Arrick, B., Overdank-Bogart, T., and
Aley, S.B., 1984. Entaenochkae histolyticar A eukaryote
without glutathione metabolism, Science, Z224:70-72.

Meister, A., and Anderson, M.E., 1?283. Glutathione. Ann. Rev.
Biochem., S52:1711-760.

Newton, G.L., and Javor, B., 1985. GGlutamyloysteine and

thiosulfate are the major low molecular weight thiols in
halobacteria. J. Bacteriol., (in press).
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U. Fischer: CYTOCHROMES AND IRON SULFUR PROTEINS IN SULFUR
METABOLISM OF PHOTOTROPHIC BACTERIA

Dissimilatory sulfuwr metabolism in phototrophic sulfur bacteria
provides the bacteria with electrons for the photosynthetic electron
transport chain and, therefore, with energy. 0On the contrary,
assimilatory sulfate reduction is necessary for the biosynthesis of
sul fur—-containing cell components, such as amino acids.  Sulfide,
thiosulfate, and elemental sulfuw are the sulfwr compounds most
commonly wsed by phototrophic bacteria as electron donors for
anoxygenic photosynthesis. Cytochromes or other electron transfer
praoteins, like high-potential-iron-sulfur protein (HIFIF) function as
electron acceptors or donors for most enzymatic stepe during the
oxidation pathways of sulfide or thicsulfate. Yet heme— ar
siroheme—-containing proteins themselves undergo enzymatic activities
in sulfur metabolism. Sirchemes comprise a porphyrin-like prosthetic
group of sulfate reductase. Flavocoybochromes (cvbochrome o reductase,
@lemental sulfur reductase, or adenylylsulfate (AFS) reductase) of
phototrophic bacteria react with sulfide. High-spin cytochrome cf
gxhibits sulfite acceplor oxidoreductase, while sulfite reductases may
contain siroheme as a new type of heme prosthetic group.

Feduced sulfuwr compounds at oxidation levels below that of
sulfate serve as electron donorse for anoxdygenic photosynthesis and
carbon dioxide fixation in most phototrophic bacteria. bWhen sul fide
ieg ovidized to suwlfate by purple sulfur bacteria (Chromatiaceae) and
green sulfur bacteria (Chlorobiaceas), one intermediate product formed
ie elemental sulfur (B=)., This is stored as sulfur globules

inside the cells of Chromatiaceae. The puwple sulfur genues
Ectothicrhodospira, however, stores the 59 outside cells

{ag s common for the Chlorobiaceae). Furple nonsulfur bacteria
{(Rhodospirillaceas) capable of utilizing sulfide asg the electromn donor
sidize it either to sulfate without the formation of elemental sulfur
ar only to 85° which is then deposited ocutside the cells and

which cannot be fwther oxidized by them to sulfate. The end product
of anoxygenic sulfide oxidation by cyanobacteria is 8¢ which

can be stowred inside or outside the cells. As an @lectron donor for
photosynthesis, sulfite (503%2) is used by only a few

gpecles of phototrophic bacterias; tetrathionate, as far as known, is
used only by the thioswlfate-utilizing green Chlorobiuan limicola
(forma thiosul fetophiiam). The ability to consume 59 isg

typical of Chromatiaceae and Chlorobiaceae, but not of
Fhodospirillaceae and cyanchacteria. The use of thiosulfate as an
wlectron donor is more extensive in Chromatiaceae and
Fhodospirillaceae than in Chlorobiaceae.

4]

Sulfwr compounds can be either oxidized or reduced by metabolism.
Electron carrier proteins are necessary for sulfur redod reascticns.
Flectron transfer proteins include cytochromes, sirobemes, and
non-heme iron proteins, such as ferredoxin, rubredosin, and HIFITF.
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Figure I-6.5 summarizes the enzymatic steps of sulfur metabolism
where electron transfer proteins are involved.

All enzymatic reactions with the exception of ADP sulfuryvlase and
adenylate kinase involve transfer of electrons. Electron donors or
acceptors are necessary for each of these reactions. Cytochromes and
iron sulfur proteins, probably components of the plasma or
photosynthetic membranes, are able to transfer electrons.

Bartsch, R.G., 1978. Cytochromes. In The Photosynthetic
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Trueper, H.G. and Fischer, U., 1982. Anaerobic oxidation of
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FPhil. Trans. R. Soc. Lond. B., 298:529-54Z.

28



Wermter, U. and Fischer, U., 1983, Cytochromes and anaerocbic
sulfide oxidation in the puwrple sulfuw bacterium Chromatium
warmingii, Z. Matuwrforsch., 38cI960--F47.

Wermter, U. and Fischer, U., 198Z. Molecular properties of high
potential iron sulfur protein of Chropatiunm warmingii, 7.
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G.E. Fox: INBIGHTS INTO THE PHYLOGENETIC POSITIONS OF
PHOTOSYNTHETIC BACTERIA OBTAINED FROM S8 rRNA AND 168 rRNA SEGUENCE
DATA

Comparisons of complete 168 ribosomal ribonucleic acid
(rRNA) sequences have established that the secondary structure of
these molecules is highly conserved. Earlier work with 58 rRNA
secondary structure revealed that when structural conservation
exists the alignment of sequences is straightforward.

Furthermore the constancy of structure implies minimal functional
change. Under these conditions a reasonably uniform evolutionary
rate can be expected so that conditions are favorable for
phylogenetic tree construction.

The sequences of all the 145 ribosomal RNA ocligonucleotides
produced by complete digestion with ribonuclease T1 allows
the construction of rRNA "catalogs" from a large variety of
organisms. Rinary comparisons of these catalogs are used to
generate a matrix of association coefficients (Sae values)
from which dendrograms, thought to be partial phylogenies, can be
constructed. Complete 58 rRNA sequences exist for many of the
same organisms such that separate dendrograms can be made from 59
rRNA data.

The major finding of these studies is that three
well -separated evolutionary lines of descent can be detected
which are at present represented by eukarvyotes, archaebacteria,
and eubacteria (Fig. I-7). Fresumably, all three lines of
descent have diverged from the same ancestral bacterial
populations. This branching may have occurved, however, before
the evolution of the genetic apparatus was complete. These three
lineages differ in morphology of the small ribosomal subunit as
well (Fig. I-8).

Within the two prokarvyotic lines of descent at least twelve
major groups are detectedi two archaebacterial and ten
eubacterial. Five of the eubacterial groups contain
photosynthetic organisms so that it is apparent that the various
types of photosynthesis are polyphvletic (Fig. I-9). 0Only seven
species of cyanobacteria are represented but even so it is clear
that this cyancbacterial lineage includes both Prochloron and
the rhodoplast of Porphyridium. The plant and fuglena
chloroplasts share a common ancestry with those seven
cyancbacteria as they are currently represented on these trees.
Together then the cyancbacteria and chloroplasts define a single
major group of photosynthetic eubacteria. The photosynthetic
flexibacterium Chloroflexus aurantiacus and the Chlorobiaceae
apparently represent unrelated groups. The recently discovered
Heliothrix belongs to the Gram positive bacteria and for the
firet time brings photosynthesis to that order. The nonsul fur
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purple photosynthetic bacteria cluster exclusively into the fifth
group with many non-photosynthetic respiring bacteria (Fig.
I-10). .

The three best-characterized branches of the purple bacteria
are referred to as the alpha, beta, and gamma subgroups. The
majority of the Rhodospirillaceae contain lamellar or vesicular
intercytoplasmic membranes and are in the alpha subgroup where
they can be further subdivided according to criteria such as
helical form, asymmetric cell division, and the presence of a
aplit 238 rRNA. Each of the subgroups contains
non—-photosynthetic genera, suggesting that photosynthesis has
been gained and/or lost several times during bacterial evolution.
The Rhodospirillaceae with tubular intracytoplasmic membranes are
similarly interspersed among non—-photosynthetic organisms in the
"heta" subgroup (Fig. I-10)., The Chromatiaceae, including
members of the genera Chromatium, Thiocapsa, and
Ectothiorhodospira are localized in the '"gamma" subgroup.

The purple group is of special interest because several of
its members have been suggested as being involved in
endosymbiotic relationships which ultimately gave rise to
eukaryotic mitochondria. 585 rRNA sequence has already given
strong support for the origin of plant mitochondria from the
alpha subgroup. Mitochondria are, however, probably of
polyphyletic origin, as they can be readily divided between those
with tubular cristae and those with flattened (lamellar or
vesicular) cristae. 8ince the alpha and beta subgroups of the
purple bacteria can be distinguished by the same criteria, it
seems likely that each subgroup may have separately given rise to
some eukaryotic mitochondria. In the future it may be possible
to localize mitochondrial oriqgins in these two subgroups with
even greater precision.

Bonen, L., Doolittle, W.F. and Fox, G.E., 1979.
Cyanobacterial evolution: Results of 168 ribosomal
ribonucleic acid sequence analysis, Can. J. Biochem.,
57:879-8488.

Fox, G.E., Luehrsen, K.R. and Woese, C.R., 1982.
Archaebacterial S8 ribosomal RNA, Zbl. Rakt. Hyg. I Abt.
Orig C, 117:330-34%5,

Fox, 6.E., Pechman, K.R. and Woese, C.R., 1977. Comparative
cataloging of 168 ribosomal RNA - A molecular approach to
prokaryotic systematics, Int. J. Syst. Bacteriol.,
27:44-57.
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S0S 23S rRNA 1 2900 nucleotides
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308 165 rRNA 1 1540 nucleotide§
proteins 22 different proteins
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Figure I-7. Comparison of ribosomal macromolecules. Five S8
ribosomal RMA sequences showing structures of (left)
nematode (L. elegapns) and E£. coli, a eubacterium.

A summary of the structure and macromolecular composition
of hacterial ribo=omes is shown at the bottom. {(Right) Five
8 RNA from five "archaebacteria." Note the 108 nucleocotide
insertion in Halococcus, nearly the size of the rast of
the S8 KNA molecule.
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Table I-4.
ARCHAEBACTERIA

Defining Criteria of Archaebacterial Prokaryotes

Major lipide are ether linked with phytanol side
chains (Cao). In other bacteria and
eukaryotes major lipids are ester linked.

Based on 1685 ribosomal RNA oligonucleotide
catalogues these organisms are more closely
related to each other than they are to
pukaryotic or other bacterial 165 RMAs. (168
rRMA from small ribosomal subunits is about 1540
nucleotides longl.

Based on the sequence of nucleotides in 58
ribosomal RNA these organisms are more closely
related to each other than they are to
eukarvotic or other bacterial S5 RMAs. (5385 rRNA
from large ribosomal subunit is about 120
nucleotides long, Fig. 1I-7).

Archaebacteria lack peptidoglycan in their cell
walls.

A single DNA dependent—-RNA polymerase with complex
subunit structuwre (more than 6 subunits) is

present in archaebacteria.

Archaebacteria ribosomes have a distinctive shape.
(Fig. I-8), (Lake, 1983.)

Archaebacteria include:

All methanogenic bacteria
Halophilic and thermoacidophilic bacterial

Sul folobus Halococcus
Thermoproteus Halobacterium
Desul furococcus Thermopl asma acidophilum
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Table 1-4,
continued

Ranges of Saes values: 168 ribosomal RNA

The lower limit of the range of Sab values from
oligonucleotide catalogues amongst the
archaebacteria are 0.18 to 0.24, amongst the
eubacteria 0.17 - 0.22. The data for the
chloroplasts (0,28 — 0.32 with cvanobacteria)
and rhodoplasts (0,40 - 0.47% with cyanobacteria)
are included. The Sab values between the
archaebacteria and eubacteria are between 0.06
to .10, between the eukaryotes and
archaebacteria 0.07-0.10, and between the
eukarvotes and eubacteria 0.06 — 0,10,
Catalogues are available for about 400 genera.

RIBOSOME MORPHOLOGY Figure I-8.

head

bill sMAaL_ L
platform )

body RIBOSOMAL
lobes SUBUNITS

Comparative
morphology of
the 30S ribosomal

subunit.
BACTERIA

ARCHAEBACTERIA EUKARYOTES

Fox, G.E.. 1981. Archaebacteria, ribosomes and
origin of euwcarvotic cells. In Evolution Todav.
Proc. 2Znd Intn. Cong. of Sysé. and Evol. Biol..
(Souwdder and Reveal, eds.), Univ. Maryviand Press,
Caolleage Park, MDD, pp. 235-244.

Lake, J.A., 1983, HRibosome evolution - the
structural basis for protein synthesis in
archaebacteria, eubacteria and eukaryotes, Cell,
IJ1I1-319.

Woese, C.R. and Fox, G.E., 1977. Fhylogenetic
structure of the prokarvotic domain: The primary
kingdoms, Froc. Natl. fcad. Sciences, USA,
74:5088-5090.

Woese, C.R., Magrum, L.J. and Fox, G.E., 13278.
Archaebacteria, J. Molec. Evol., 11:24%5-252.
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POLYPHYLY OF PHOTOSYNTHESIS

Figure I-9. Partial phylogenies based on 165 RNA comparative data
suggest that photosynthesis evolved separately in different
bacterial lineages. It probably evolved at least three times
(green photosynthetic bacteria, e.q., Chlorobiun (left),
purple photosynthetic bacteria (left and right) and
cyanobacteria/plastids (left and right). The relationship
between certain respiring and their presumed photosynthetic
relatives is shown in more detail at right.
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PHOTOBYNTHETIC AND mTﬂ RESBPIRING BACTERIA

Figure I-10. Based on 1468 RNA oligonucleotide catalogues there
are at least three groups of photosynthetic/respiring
bacteria. One of which (Bbhodomicrobium, Paracoccus
and many Rhodopseudononas species, those with flattened
membranes) is shown in detail here. Another presumed lineage,
the beta group (lower right), bhas tubular membranes.
Mitochondria of eukarvotes are thought to derive from these
bacterial lineages. Most likely they too are polyphyletic,
those with flattened ocristae (e.g., animals and plants) coming
fr-om the alpha group and those with tubular cristae {(e.Q..
ciliates,chrysophytes) from the beta geroup.
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R.M. Garrels: CARBON AND SULFUR CYCLING THROUGH GEOLOGIC
TIME

Mathematical models of the coupled global systems of
sedimentary reservoirs and fluxes can be used to infer variations
in reservoir sizes and rates of sedimentation over periods of
hundreds of millions of years. FPerhaps most interesting is the
coupled sulfide/sulfate-carbon/carbonate system that controls
global oxygen and carbon dioxide production and consumption.

Berner, R.A., LaSaga, A.M. and Garrels, R.M., 1983. The
carbonate-silicate geochemical cycle and its effect on
atmosphere carbon dioxide over the past 100 million years,
Amer. J. Sci., 283:4641-683.

Berner, R.A. and Raiswell, R., 1983. Burial of organic
carbon and pyrite sulfur in sediments over Fhanerozoic time:
a new theory, Geochim. Cosmochim. Acta, 47:855-867.

Garrels, R.M. and Perry, E.A., 1974. Cvycling of carbon,
oxygen, and sulfur through geologic time. In The Sea.
{E. Goldberg, ed.), Yol. 3, John Wiley and Sons, pp.

J03-3356.

Garrels, R.M. and Lerman, A., 1984. Coupling of the
sedimentary sulfur and carbon cycles — an improved model,
Amer. J. Sci., 284: 98914007,

Holland, H., 1973. Systematics of the isotopic composition
of sulfur in the oceans during the Fhanerozoic and its
implications for atmospheric oxvygen, Geochim. Cosmochim,
Acta, JI7:2605-2616.

Schidlowski, M. and Junge, C.E., 1981. Coupling among the
tervrestrial sulfur, carbon, and oxygen cycles! Numerical
modeling based on revised Phanerozoic carbon isotope
records, Geochim. Cosmochim. Acta, 45:589-394.

Schopf, J.W. (ed.), 1984. The ELarth’'s farliest Biosphere:d

Its Qrigin and Evolution. Princeton University Fress,
Frinceton, 543 pp.
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ORGANIC CARBON CONTENT OF SHALES AND SLATES
AS A FUNCTION OF AGE (AFTER SCHIDLOWSKI, 1982)

C org (%)
e &

AGE (10° YR)

Robert Garrels .

Figure I-11 Carbon isotope fractionati
on ranges (left) and carbon
i;:::cnt (right) in organic matter found in shales and
s,

pz=Paleozoic Era, mr=Mesozoic Era. The stretct :
time left of Pz is the prePhanerozoic. v e
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M. Goldhaber: SULFUR DIAGENESIS IN MARINE SEDIMENTS

Bacterial sulfate reduction occurs in all marine sediments
that contain organic matter. Agqueous sulfide {(H5--, Ha8),.
one of the initial products of bacterial sulfide reduction, is
extremely reactive with iron-bearing minerals: sulfur is fixed
into sedimente as iron sulfide {(firet FeS and then
Feabz)., The sequence of biological and chemical
alterations that occur in sediment once the sulfur has been
deposited is called sulfur diagenesis. Diagenesis involves
variable and complex reactions at different rates. The rate of
the first step, sulfate reduction, varies in different
environments by a factor of as much as 109, Such _
variation is due to the kind and amount of organic matter
wtilizable by sulfate-reducing bacteria. Sediment accumulation
rate dramatically influences the kind of organic matter buried
and brought to the zone of sulfate reduction by controlling the
enposure of organic matter to degradative oxic conditions near
the sediment/water interface.

Aqueonus sulfide reacts during sulfur diagenesis with
hydrated iron oxide (goethite), which is the major form of
reactive iron in most sediments. At the pH of marine pore waters
the product of this reaction is mackinawite (tetragonal -

FeSo.e). Subsequently mackinawite transforms to greigite

{cubic FexSa) and fimally to pyrite {(cubic

FeSal. I believe there occurs in the sediments an

addition of elemental sulfuw to mackinawite and greigite but the
source of this sulfur and its trangformations remains obscure.

The guantity of sulfur in pyrite which accumul ates in marine
sediments is frequently much greater than the sum of the
guantities btrapped in the pore fluid as sulfate ions plus that
entering the sediment as detrital organic sulfuw. The excess
sulfur is supplied by interchange of pore fluids with overlying
sea water caused by the bioturbational activities of the animals
and the diffusion of sea water sulfate into sediments. These
sources of sulfate are abundant enough to insure that pyrite
formation ie not limited by sec water sulfate availability.
Since the amount of pyrite seaswed in marine sediments is
directly proportional to that of organic carbon, 1 suggest that
the gquantity and qgquality of organic matter controls pyrite
formation.

BRerner, R.A., 1975. Diagenetic models of dissolved species
in the interstitial waterse of compacting sediments, Amer. J.
Sci., 275:88-94.
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Berner, R.A.., 1978. Sulfate reduction and the rate of
deposition of marine sediments, Earth and Flanetary Science
Letters, 3714924983,

Berner, R.A., Baldwin, T., and Holdren, G.R., 1979.
Authigenic iron sulfides as paleocsalinity indicatore, J.
Sed., Fetrol., 49013451350,

Chambers, L.A. and Trﬁdinger, P.A., 197%. Microbiological
fractionation of stable sulfuw isotopes: a review and
critique, Geomicrobiel. J., 1:249-293.

Goldhaber, M.B. and Kaplan, I.R., 1974. The sulfuwr cycle. In
The Sea. (E.D. Goldberg, ed.), Vol. 4, John Wiley and
Sons, Inc., New York, pp. S69-6835.

Goldhaber, M.B. and Kaplan, I1.R., 1975, Controls and
consequences of sulfate reduction rates in recent marine
sediments, Soil Science, 119:42-8535.

Goldhaber, M.B. and Kaplan, I.R., 1980, Mechanisms of sulfur
incorporation and ieotope fractionation during early
diagenesis in sediments of the Bulf of California, Mar.
Chem., 2:93-143.

Goldhaber, M.B., Aller, R.C., Cochran, J.K., Rosenfeld, J.K.,
Martens, C.S., and Berner, R.A., 1977. Sulfate reduction,
diffuzion, and bictuwbation in Long Island Sound sediments:
report of the FOAM group, Amer. J. Sci.. 277:193-237.

Jorgensen, B.B., 1977. The sulfu cycle of a coastal marine
sediment (Limfjorden, Denmark), Limnol. Oceanog..
22:814-832.

Jgrgensen, B.B., 1%79. A theoretical model of the stable
isotope dietribution in marine sediments, Geochim,
Cosmachim. Acta, 43:363-374.

Kaplan, I.R. and Rittenberg, S.C., 17464. Microbiological
fracticnation of sulfur isotopes, J. Gen., Micrabiol.,

Kaplan, I.R., Emery, K.D0., and Rittenberg, S.C., 19&42. The
distribution and iscotopic abundance of sulphuw in recent
marine sediments of southern California, Geochim. Cosmochim.
Acta, B7:297-331.

Pyzik, A.Jd. and Sommer, S.E., 1981. Sedimentary iron

manosul fides: kinetics and mechaniem of formation, Geochim.
Cosmochim. Acta, 4514687698,
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in nature varies from -2 to +b4.
fides are the most common

and sul

Sulfur is easily oxidized and reduced: its valence
Sulfates, elemental sulfur
forms of the element.
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R. Guerrero: ECOPHYSIOLOBY OF PHOTOTROPHIC SULFUR BACTERIA IN
LAKES: VERTICAL DISTRIBUTION OF PLANKTONIC POPULATIONS

Farple and green sulfur bacteria typloally stratify in
sul Fide-containing anaerobic waters, often accumulating massively
arcl placing themselves at the depth where physico-chemical
conditions mo taver their growth. The three main UFﬂF@HHLbeP%
Yo photasyrthesis of puwrple sulfuwr (Chromatiac 2 ) ««md
sul Fur (Chloarobilaceas) bacteria are light, absenc :
the availability of a switable electron donor, wesually sul: ]
Cvar Gemerden ard Beeftimd, 1983 . In the present ecosphere, thie
i & combdnation only achieved in agquatic, shallow, and
pligotrophic or mescobrophic envicronments such as ponds, lakes,
Tt d @, Urider suwch conditions, planktonic purple and gree
,nJ Far ke @ria may periocdically form thick, spectacularly colored
wy e most freguent b b owt,  oireen, ink, and variations

el

ard

(54

taf pink (Hiebhl and FPfennig, 197%).

During stratification in summer Chromatileceass freguently
aminate in these bhacterial lavers, constitubting up to 20 percent
of the total biomass (Guerrero et al., 1980). Sl though the
phiveiology of purpgle csulfuwe b @l a hag b o wxbenslively studled
im the laboratory (Pfenndg, 197880 van : , Yo little
attention has been devoted to their metabolism in nature. In
natural ekt ey wmharg phyvsico-chemicsl gradiente are often
establishad. & conssguence, heterogeneous conditions within
thie bacterial laver result in differences of the phvsiological
atate of the cells along the gradients (Fig I

The study of purple and green sulfwr Dacterial populations in
rrature af interest for the following reasonss (a) high
graantities of bhiomass, with low species diversity can be collected
o study of planktonic life permits us to underutﬂnd thie
e 1L ST , Fuctural as well prlvyesd ol agld ; ad bad v
their vertical position without sinking, and (@) because they are
capable of sl fuw oxidations and reductions that act as lmoportant
intermediates in the global sulfw oyvele. Farple and green
photosyrnthetic Dacteria, moreover, may he responsible for ¢
geclogical deposits.

sl

The purpose of awr v arch was the analyvsis of planktonic
photeterophi o swlfwr bacteria in relation Lo their vertical
ghistribution in the water column, to soas Lhe factore, incluching
competitian for light, that determing their sedimentation rates
argdh bhe numerical changes i species and populations.
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Figure I-14. Shading and light filtering effect of
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stratification., (Right) (A Chromadianr laver, 1in
vive  absorpbion spectrum. (B) Spectral distribution of
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phagobacteroides (m————-) andg Chiorobium linicola {(——1
cultures isolated from the layers of Chloroibram.
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and by the Chrowsséiuan laver.
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In correlated field and laboratory experiments the buoyant
densities of populations of selected Chromatiacege and
Chlorobiaeae were measured and investigated for the association
between cell density and cytoplasmic inclusions (Buerrera, 1984).
The influence of buoyant density on sedimentation was also
studied.

Annual changes in Chromatiur and Chlorobiun
populations were documented (Pedros-Alio, 1983) as was
competition, both intra- and interspecific, for light. The
competition observed was between two species of Chlorobium,
€. limicola and {. phacobacteroides (Montesinos, 1983) and
between Chromatium sp. and different chlorobia. The species
of Chlorobkium that develops depends on the presence of
Chromatium sp. When conditions of light and sulfide are
adegquate Chronmpatium easily forms as the overlying lavers
because it is motile, it resists low concentrationse of oxygen, and
it tolerates a high light intensity. Chlorohium Iimicola
develops under this Chromatium layer because it can use the
light either filtered by water or by the overlving purple
photosynthetic bacteria vhereas Chlorobium phacohactercides,
which requires greater light intensity, does not develop
underneath (Fig. I-14).

These bacteria, found vertically stratified in lakes, are not
equally capable of reproduction: only the Chromatiun cells
receiving sufficient light at the surface of the bacterial laver
grow and divide. Cells incapable of maintaining themselves at the
top of the layer progressively accumulate at a lower level in the
water column, one which is more densely populated but in which the
cells are less active. Cells of this layer are replete (from
their previous photosynthetic metabolism) with sulfur globules and
glycogen and have a correspondingly higher buoyant density
(Guerrero, 1984).

As the Chromatiuam cells slowly sink further and further
away from the light, they may remain viable for variable periods
of time (van Gemerden, submitted for publication). This is
apparently done by the conversion of glycogen inteo
poly~-beta-hydronybutyrate, the accumulation of which also leads to
high buovyant densities of the cells (Guerrero., submitted for
publication). Thus, as the populations develop throughout the
vear, the bottom of the bacterial layer increases in widbth and in
cell concentration. The sinking cells eventually reach the
anaerobic sediment at the bottom where rich populations of
sulfate-reducing bacteria are present (Fenchel and Reidl, 19703
Nedwell, 1982). The remains of the photosynthetic bacteria
contribute a significant portion of the organic matter necessary
to complete the anaerobic carbon and sulfur cycles of lakes. This
anaerobic, photosynthetically-driven cycling of carbon and sulfur
probably provides an example of the kinds of processes typical of
the early ecosystems on Earth.
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W.T. Holmer: GEOLOGY AND GEOCHEMISTRY OF SULFIDE AND SBULFATE
DEPOSITION

Sulfide deposition is dominated by the bacterial reduction
of marine sulfate to HE~, which is then sequestered as
Fei,-wS. and eventually reacts with another sulfur source
to be permanently deposited as pyrite, FeSn. That shallow
and shelf marine sites are more important than the deep sea is
shown by the fact that the flux rate from the shallow marine
zones is 3.3 % 10** moles per year whereas that from the
deep ocean sediments is about 0.7 % 10** moles per year
(Holser, 1983). Sulfate deposition is dominated by the
geological accidents leading to evaporite formation that deposit
gypsum/anhydrite, halite, and potash facies minerals (potassium
minerals, primarily carnallite and sylvite), in that order. The
special conditions of high net evaporation and semi-isolation
{but not complete isolation) from sea water input and reflux
occur only sporadically in geolagical time, but when they do
cccur they fill up any pre-—formed basins with these evaporite
minerals at a catastrophically high depositional rate.

The isotope ratio of sulfur in sea water, as recorded in the
"age curve' of sulfate in evaporite rocks, provides a running
account af the relative importance of sulfide {(heavier sulfate
isotopes) and sulfate (lighter isotopes) in the world reservoirs,
Comparison of sulfur and carbon (in carbonate) isotope age curves
reflects the balance of oxidation and reduction in these two
global cycles.
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EVAPORATION SEQUENCE

NAME S8ALT CONCENTRATION OF SEA
WATER WHEN SALT
PRECIPITATES
Anhydrite
Calcium sulfate 3I~4 times
CaS0as
Bypsum
Calcium
sul fate.2 waters I-4 times
CaS0a.2H..0
Salt
NaC1l 10 times
Potash facies
Potassium chloride 60-70 times
KC1
Magnesium sul fate
MgSOa
FPotassium magnesium chloride
KMgClx. &6H-0
Tachyhydrite

Magnesium calcium chloride
MQCICI ~oH.0

(In nature, tachyhydrite is found in the evaporation sequence whereas
in the lab bischoffite (MgCl.é6H:0) is produced at a concentration
of about 70 times

MAJOR MINERALS OF THE POTASH FACIES (" BITTERNE')

Sylvite KCI1
Carnellite KMgClx
Kienmrite

Kainite

Schoenite

Figure I-15. As sea vater ev
: 2. aporates salts com i
in this determined sequence., ® out of solution
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B. Javor: MICROBIOLOGY OF SOLAR SALT PONDS

Salar salt ponds are shallow ponds of brines that range in
calinity from that of normal seawater (3.4 percent) through NaCl
saturation. Some salterns evaporate brines to the potash stage of
concentration (bitterns). All the brines (except the bitterns, which
are devoid of life) harbor high concentrations of microorganisms.
Oligotrophic brines, ranging from ca. 2X to 4X seawater, have thick
bottom mat communities whereas very eutrophic systems harbor dense
planktonic populations or benthic and planktonic microbial
communities. Gypsum precipitates as grains or solid rock in brines
that are concentrated ca. 4X to 7X from seawater. Planktonic
papulations dominate these brines perhaps because mat-—forming
communities cannot develop due to rapid bwial by CaS0a. The
diversity of eukaryotes decreases with increasing salinity, and only
one metazoan thrives in 20 percent NaCl brines (the brine shrimp
Artemia salina). In NaCll-saturated brines, which hatrbor plankton
only, the microbiota consists of the green alga, Junaliella,
halobacteria, and some moderately halophilic bacteria. Fopulation
densities increase with increasing brine concentration in
NaCl ~satwrated brines, but this increase may be due to passive
concentration as a result of evaporation., The bitterns may be devoid
of life because concentrations of essential ions are too high or too
low, or because the low water activity of such brines (less than 68
per cent) precludes life.
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J.F. Kasting: EVOLUTION OF THE ATMOSPHERE

The Earths atmosphere must be of secondary origini that is, it
was outgassed from the interior rather than captured from the solar
nebula. The evidence for this is the strong fractionation of rare
gases (Ne, A, Kr, Xe) relative to solar abundances. These gases could
not have been lost over time by escape to space or by chemical
interactions with the crusti hence, their concentrations would be much
higher today if the atmosphere were originally derived from nebular
materials. If the Earth’s crust has always been close to its present
oxnidation state, as seems likely, the "excess volatiles" that were
outgassed would have consisted primarily of Hz0, COx and N», with
smaller amounts of CO, Ha, S0=, CHa, and H,S. The composition of such
an atmosphere might be described as weakly reducing.

The climate of the Archean Earth would have been influenced by
the fact that solar luminosity was approximately 25-30 percent lower
than it is today. 8ince liquid water existed on the Earth’s surface,
the early atmosphere must have contained some infrared absorbing
"greenhouse" gases in addition to those present today to compensate
for the low solar flux. The most likely scenario involves greatly
enhanced levels, perhaps 100-1000 the FPAL (Present Atmospheric Level)
of C0». There are additional reasons to believe CO»
levels were higher in the past, involving differences in the
carbonate—-silicate geochemical cycle. Because of increased volcanic
and tectonic activity the weathering of calcium silicate
(CO0=+Ca8i0x CalOx+5i02) would have been slower, while
the reverse reaction, which occurs during metamorphism, would have
been faster.

The Oz content of the prebioctic atmosphere can be
estimated by balancing sources and sinks of He. The governing
equation may be written as:

Pesc(H + 4 x R(H200) =Pout(H) + 2 x R(H20z2)

where esc({H) is the rate at which hydrogen escapes to space,ééout(H)
is the volcanic flux of reduced gases, and R{H200) and R{Hu0z)

are the rainout rates of formaldehyde and hydirogen peroxide,
respectively. The rainout terms become important at COz levels

much higher than those of today. Model calculations yield Ha

mixing ratios on the order of 107% tao 107 and extremely

low surface Oz mixing ratios (Zida—2=2,)

The effect of life on the atmosphere was probably small until the
evalution and subsequent widespread distribution of bacterial
photosynthesis. With bacterial photosynthesis Ha levels would
have been lowered and atmospheric CHs levels would have risen
as a result of the activities of methanogens. Distribution of
methanogens on a global scale may be recorded by the wide spread ir
delta *3C values in the organic material in sediments around
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2.8 billion vears ago.

Evidence in the geonlogical record for onygenic photosynthesis
dates from at least 2.5 billion years ago, the time at which the
Hamersley iron formations of Western Australia were deposited.
However, the oxygen—producing photosynthetic process of bacteria may
have originated much earlier. The effect of oxygenic photosynthesis
on the atmosphere depends upon the relative rates of supply of reduced
and oxidized materials to the atmosphere, surface ocean, and deep
ocean. The surface occean and atmosphere may have switched from
reducing to oxidizing about 2.4 billion years ago, based on evidence
from detrital uraninites, fluvial deposits {(redbeds), and paleosols.
The deep ocean apparenty remained anaercbic until approximately 1.7
billion years ago, at which time the banded iron formations
disappeared. The interpretation of the geoclogic record is clouded by
the possible importance of atmospheric osidants other than Oa,
specifically Hz02.

Atmospheric Oz levels must have reached some relatively
high, stable value (10-3-10"2 PAL) by about 1.4 billion
vyears ago, the time at which eukarvyotes first appeared. The origin of
metazoa, saome 600 million years to 1.0 billion years ago, presumably
required still higher 0: levels (107210 pPAL? - see Schopf,
chapter 13). The emergence of land life during the late Silurian (480
million years ago) indicates that Oz levels probably esceeded
10— pPAL, the amount required to generate an effective ozone
screen against solar ultraviolet radiation. These are all lower
limits on atmospheric O0a. Oxygen concentrations may have been
much higher than this, perhaps reaching the present level as early as
1.7 billion years ago. In this case the appearance of shelled
organisms at the beginning of the Cambrian and the emergence of land
life during the Silurian would be completely unrelated to changes in
atmospheric oxygen, contrary to suggestions by Cloud {(1972) and
Berkner and Marshall (1964). Fuwrther analysis of the geologic record
is needed to more accurately estimate the history of atmospheric
oxygen.
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Michael J. Klug: SULFUR CYCLING IN FRESHWATER SEDIMENTS

Organic sulfur—-containing compounds represent greater than 80
percent of the total sulfur in sediments of eutrophic freshwater
lakes. Although sedimentary sulfur is predominantly in the form of
organic compounds, more sulfur is transformed by sulfate reduction
than by any other process. Rates of sulfate reduction in these
csediments average 7 mmol/m*/day. This rate is 19 times greater
than the net rate of production of inorganic sulfuwr from organic
compounds on an annual basis.
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J.E. Lovelock: SOME THOUGHTS ON GAIA AND THE SULFUR l:.:YCLE

Hypotheses are tested by the accwacy of their predictions.
The gaia hypothesis etates that the composition, oxidation-reduction
state, and temperature of the troposphere are actively regulated by
the biota for the biota (Lovelock, 1979). One of the early
predictions of the gaia hypothesis was that there should be a sul fur
compound made by the biota in the cceans. It would need to be stable
gnough against oxidation in water to allow its transfer to the air.
Either the sulfur compound iteelf or its atmocpheric oxidation product
would have to return sulfur from the sea to the land suwrfaces.  The
most likely candidate for this rale was dimethyl sulfide.

This gaian prediction has beern handsomely confirmed by
abservations of M. Andreaa. DMS was found to be abundantly praduced
by algal bklooms, particularly those over the continental shel#
regions. The production is o large that DMS can be considered to be
the principal sulfur carrier of the natural environment.

¥

Many biologists who might otherwise favor the gaia hypothesigs
find it difficult to comprehend the chanmnel of communication that
instructe marine microorganisms to produce DMS for the "benefit" of
the land biota. The scenario that follows is one possible explanation
of the development of thie link.

The synthesis of propiothetin {(that is, beta dimethyl
sul fonioproprionate or DHMSF), DHMS, and DMSU probably began as a device
for the protection of marine microcorganisms against salt stress (see
Fig. I-2). It may not be so well known that DMSO is the mast
effective neutral solute for protection against the adverse effects of
dehydiration or freering. I proposed ite wse for this puwrpose in 1937
and it has been used since then, perhaps unwisely, to freeze human
embryos in a viable state. Propiothestin and betaines are able to
protect against salt stress (they are csmolytes) (see Fig. I-1). The
protective action of betaines and their relation to DMS has been noted
{findreae and Raemdonck, 1926835, DMS is a byprodouct and an and product
of the metabolism of DMBO and of OHMSP.

Imagine some early, possibly Archean ecosystem existing on the
tidal reaches of the shore of a land mass. When the tide receded the
organiems left behind would be subjiect to severe desiccation and salt
strecss. The production of the DM30O family of compounds would be one
answer to these immediate praoblems. AN uwnintended consequence would
be the escape of DMS to the air as a byproduct. On-shore breecces
would deliver sulfuw from the DMS to the land bhiota that previously
had been depleted in sulfw. They would then flowish and in time
this would lead to an increase in the runoft of nutrients such as
nitrates and pheosphates from the land., This would encouwrage the
further growth of algae and so on. This process cowld easily be
modeled:  there would be a spread of land bicta inwards as the DMS
penetrated further inland and a spread of the DME producers as the
nubtrients spread into the ocean waters. These arguments apply to
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the production of volatile compounds of other essential elements
{e.qg., selenium and iodine).

Do the phaecophyte algae, Lamiparia, that produce methyl

iodide in surprisingly large quantities, contain an iodonium betaine?

CHs. I*.CHo. CH=. COO™

Laminarians might be the major source of tropospheric methyl
iodide.

Another sulfur compound of interest from a gaian viewpoint
iz C82 (carbon disulfide)., If (5= is a biological
product arising from anaerobic biosynthesis in the sediments,
then its production could provide an economic form of climate
regulation. U8z oxidizes to COS (carbonyl sulfide) in the
atmosphere. The compound CO8 has a residence time of months, long
enough to ensure its transfer to the stratosphere. Once in the
stratosphere it odidizes fuwther to form the sulfwric acid
aerasol and the presence of this aeroscol alters the Earth’s
radiation balance causing a cooling of the surface.

Bob Garrels wonders if C8z played a major role in
early fArchean biogeochemistry as a surrogate for COx in
the metaboliem of the photosynthetic sulfur bacteria. Can
CSa be used as a carbon source instead of Clz in
anaerobic photosynthetic sulfur bacteria or cyanobacteria? The
biochemistry of C8z production might be rewarding to
study.

Andreae, M.0. and Raemdonck, H., 1983. Dimethyl sulfide in
the swface ocean and the marine atmosphere: a global view,
Science 221: 744-747,

Lovelock, J.E., 1979. Gaiat A New Look at Life on Earéh,
Osiford University Press, Oxford, U.E.

NOTE: Unfortunately Dr. Lovelock was unable to attend the
FERME cowrse. That his enthusiasm for it was unbounded is
attested to by this voluntary contribution which he
submitted on July 1%, 1984. For further references, please
see the lecture abstract of M. Andreae at the beginning of
this volume.
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L. Margulis: FROM MICROBIAL COMMUNITIES TO CELLS

The eukaryotic cell, the unit of structure of protoctiste,
plants, fungi, and animals, is not at &ll homologous to prokaryotic
ceells. Instead the eukarvotic cell is homologouws to communities of
microomganisms such as those of the sulfuretum. Waste of some members
hecame food of others just ae Jesul Furomonas and Chliorohium ar
Prosthecochloris form symbiotrophies. We are testing the
hypothesis that at least fouwr different interacting community members
entered the original associations that, when stabilized, led to the
emergence of eukaryotic cells. These arel host nucleocytoplasm
(Thermpoplaspa—like archaebacteria), mitochondria (Paracoccus
or Bdellovibrio-like respiring bacteriadl the alpha group of
hacteria on p. 33), plastide {(cyanobacterial) and undulipodia
{epirochetes). We have recently found tubulin-like protein in the
free-living spirochete Spirochacta bajacaliforniensis and in
several other spilrochetes. FRobert Obar, who has purified the
tubulin~-like protein, is determining amino acid sequence to see if the
spirochete protein is homologous to the tubulin of undulipodial and
mitotic gpindle microtubules. The symbiotic theory is considered to
have been demonstrated for plastide and mitochondria (Gray, 1983).
Even if the spirochete aspect of the symbiotic theory fails to be
proved the recognition of the microbial community status of eukaryotic
cells still leads to the concept that plant and animal development and
cell differentiation are aspects of the evolution of co-evolved
microbial communitios.

Fracek, S.J. and Stolz, J.F., 1983. Spirochaeia
bajacaliforniensis sp. n. from a microbial mat at Laguna
Figueraoa, Baja California, Mexico, Arch. Microbiol., {in
press).

Gray, M.W., 1983. Racterial ancestry of plastids and
mitochondria, Blioscience, HPI-ELFF

Gray, M.W. and Doolittle, W.F., 1982. Haz the endosymbiont
hypothesise been proven? Microbiol. Rev., 46:1-42.

Margulis, L.., 1982. Early Life, Science Books
International, Boston, MA.

Margulis, L., 1981. GSyapbioxis in Cell Evolution, W.H.
Freeman (Co.. San Francisco.

Margulis, L., Chapman, D., and Corliss, J.0., (eds.)., 1783,
The Protoctistat The Structure,., Cultivadion, Hahitats and
Life Cycles of the Fukaryotic Microorganisms andg Their
Nescepdants. Jones and RBartlett FPublishing Co., BRoston, {in
preparation).

Marqulis, L. and Sagan, D., 1983. Origins of Sex. Yale
University Fress, New Haven, CT, {(in press).
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Tllustrated Guide to the Phvia of Life on Earth. W. H. Freeman
Co.. San Francisco.

Margulis, L. and Stelz, J.. 1983. HMicrobial svstematics and a
Gaian view of the sediments. In Bilomineralization, (.
Westhroek and E. dedono., eds.). Reidel Publishing Co., Dordrecht,
The Metherlands, pp.d7-54..

Obar, R.. 1985, The purification of a tubulin-like protein from
Spirochacta bajacaliforniensis, FhD Thesis, Boston University
Graduate Scheol.

Sagan, D. and Margulis, L.. 1985, The Expanding HMicrocosn.
Four Rillion Years of Evolution. Summit Books, Mew York, {in
press) .
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Figure I-19. The emergence of eukaryotic cells from bacterial
communities. {(from Margulis and Sagan, Origine of Sex, Yale
University Fress, 1983, in press).
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C.8. Martens: SULFUR AND CARBON CYCLING IN ORBANIC-RICH
MARINE SEDIMENTS

Nearshore, continental shelf, and slope sediments are important
sites of micrabially-mediated carbon and sulfur cycling. Marine
geochemists have investigated the rates and mechanisms of cycling '
processes in these environments by chemical distribution studies, in
sitd rate measuwrements, and steady-state kinetic modeling. Fore water
chemical distributions, sulfate reduction rates, and sediment-water
chemical fluxes were used to describe cycling on a ten vear time scale
in a small, rapidly depositing coastal basin, Cape Lookout Right, and
at general sites on the upper continental slope off North Carolina,
U.8.A. In combination with ®*“Fp sediment accumulation rates,
these data were used to fFstablish guantitative carbon and sul fue
budgets as well as the ra2lative importance of sulfate reduction and
methanogenesis as the last steps in the degradation of organic matter.

Berner, R.A., 1980. Efarly Diagenecsis. A Theoretical Bpproach.
Princeton University Frees, Frinceton, 241 pp.

Berner, R.A., 1984, Sedimentary pyrite formation: An update,
Geochim. Cosmochim. Acta, 48:605-615.

Crill, P.M. and Martens, C.S., 1983. Spatial and temporal
fluctuations of methane production in anoxic coastal marine
sediments, Limnol. Oceancg., 28:1117-1130.

Goldhaber, M.B. and Kaplan, I.R., 1974. The sulfur cycle. In
The Ses, (E.D. Goldberg, ed.), Vol. 4, John Wiley and Sons,
Inc., New York, pp. 5&69-655.

Goldhaber, M.B. and Kaplan, I.R., 1980. Mechanisms of sulfur
incorporation and isotope fractionation during early diagenesis
in sediments of the Gulf of California, Mar. Chem.,

2:95-143,

Jorgensen, B.B., 1977. The sulfuw cycle of a coastal marine
sediment (Limfjorden, Denmark), Limnol. Oceanaq.,
22:814-832. .

Jorgensen, B.B., 1982. Ecology of the bacteria of the sulfur
cyvcle with special reference to anoric-oxic interface
environments, Fhil. Trans. R. Soc. Lond. B, 298:343-5&61.

King, 6.M. and Klug, M.Jd., 1982. Comparative aspects of sulfur
mineralization in sediments of & eutrophic lake basin, Appl.
Environ. Micraobiol., 43:1406-1412.
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marine sediments, Arch. Microbiol., 1328:330-335.
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Martens, €.5. and Klump, J.V., 1984. FRiogeochemical cycling in an
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for sediments dominated by sulfate reduction and methanogenesis,
Geochim. Cosmochim. Acta, 48:1987-2004,

Reeburgh, W.S5., 1983. Rates of biogeochemical processes in anoxic
sediments, Ann. Rev. Earth Planet. Sci., 11:2469-298.

Sansone, F.Jd. and Martens, C.S5.., 1982. Volatile fatty acid
cycling in organic—rich marine sediments, Geochim. Cosmochim.
Acta, 46113751589,

Troelsen, H. and Jorgensen, B.B., 1982. Seasonal dynamics of
alemental sulfuwr in two coastal sediments, Estuarine, Coastal and
Shelf Science, 15:255-2646.
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A. Matin: CHEMOLITHOTROPHY AND PHYSIOLOGY OF
BACTERIAL NUTRIENT LIMITATION

An overview of the physiology of chemolithotrophic bacteria,
particularly the thiobacilli, was presented. In these bacteria unique
physiological traits are expressed duwing nutrient-limited growth.
Different physiological types of chemolithotrophs, pathways of sulfur
oxidation, and electron transport in the thiobacilli, problems
encountered by chemolithotrophs in the generation of reducing power,
and some explanations of the phenomenon of obligate chemolithotrophy
were considered. Mixotrophy in the thiocbacilli has been studied
extensively both under nutrient excess and limitation. In nature,
bacteria usually grow under nutrient limitation. VYet the bulk of our
knowledge of microbial metabolic function is derived from bacteria
grown in laboratory batch cultures containing a great abundance of
nutrients. Microbial behavior in these two types of environments can
be very different, indicating the need for basing an understanding of
microbial ecology on studies that rely on cultivation of
microorganisms uwnder nutrient limitation. Nutrient-limited bacteria
differ in several ways from those growing in large guantities of
nutrients. They have different surface structures and make a much
fuller use of their metabolic potential, especially by the synthesis
of unique pathways of catabolic enzymes.

Harder, W. and Dijkhuizen, L., 1983. Fhysioclogical responses to
nutrient limitation, Ann. Rev. Microbiol., 37:1-23.

Kelly, D.P., 1978. BHiocenergetics of chemolithotrophic bacteria.
In Companion to Microbiolagy, (A.T. Bull and F.M. Meadow,
eds.), Longman, London, 363 p.

Lu, W.P. and Kelly, D.P., 1984, Oxidation of inorganic sulfur
compounds by thiobacilli. In Microbial &Growth on €,
Compounds, (R.L. Crawford and R.5. Hansaon, eds.), American
Society far Microbiolaogy., Washington, D.C., p. 34.

Matin, A., 1978. Organic nutrition of chemolithotrophic bacteria,
Ann. Rev. Microbiol., 32:433-448.

Matin, A., 1979. Microbial regulatory mechanisms at low nutrient
concentrations as studied in chemostat. In Life Sciences
Research RAeport, (M. Shilo, ed.), Vol. 13, Verlag Chemie,
Weinheim, FL.

Matin, A., 1984. Mixoctrophy in facultative thicobacilli. In
Hicrobial Chemoautotrophy, (W.R. Strohl and 0.H. Tuovinen,
eds.), Ohio State University Fress, Columbus, Ohio, pp. 57-78.

Matin, A., 1984. Mixotrophy and chemiosmotic apects of
acidophilism in facultative thiobacilli., In Microbial Growth on
-1 Cowmpounds, (R.L. Crawford and R.S8. Hanson, eds.), American
Society of Microbiology, Washington, D.C.. p. 62.
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K.H. Nealson: POSSIBLE ROLES OF MANGANESE REDOX CHEMISTRY IN
THE SULFUR CYCLE

Manganese commonly exists in two valence states, which are easily
interchangable by chemical redox reactions. These are the soluble
Mn(lIl) ion, and the Mni{lV) ion, which is usually found as one of
sever-al possible inscluble odides or manganates (designated as
MnO=). Oxidation is favared in alkaline {(high pH) and
oxidizing {high Eh) environments, whereas reduction is favored by
acidic and reducing conditions. Hacteria can catalyze both oxidation
and reduction.

Sulfate-reducing bacteria (SRB) are very potent MnOs
reducers by virtue of their sulfide production: HaS reacts
rapidly with MnOs to yield Mn(II), elemental sulfur, and water.
In manganese-rich zones, Mn cycles rapidly if sulfate is present to
drive the reduction and the MnOz precipitates and sinks into
anaerobic zones. The production of sulfide (by organisms requiring
arganic carbon compounds) to reduce manganese oxides might act to
cauple the carbon and sulfur cycles in water bodies in which the two
cycles are physically separated. Iron has been proposed for this
provision of reducing power by (Jorgensen, 1983), but since MnS is
soluble and FeS i= very insoluble in water, it is equally likely that
manganese rather than iron provides the electrons to the more odidized
surftace layers.

Burdige, D.J., 1983. BRiogeochemistry of Mn redox reactions, Fh.D.
thesis, SBoripps Institution of Oceanography, Univ. California,
San Diego, La Jolla, CA.

Jdrgensen, B.B., 198%. Ecology of the bacteria of the sulfur
cycle, Fhil. Trans. R. Soc. London B, 298:543-561.

Stone, A.T., 1983. Reduction and dissolution of MnR(III) and
Mn (IV) osides by organics, Fh.D. thesis, Division of Earth and
Flanetary Science, California Institute of Technology, Pasadena,
CA.
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H.D. Peck: SULFATE-REDUCING BACTERIA:
MICROBIOLOGY AND PHYSIOLOGY

Recent discoveries have changed ouwr concept of the
sul fate-reducing bacterial formerly considered a small group of
anaerobes with limited metabolic capabilities we now recognize
they are a large group of bacteria with diverse metabolic

that

capabilities. The sulfate bacteria are essential members of the

microbial food chain in anaerobic high sulfate marine water but
also flowish in low sulfate fresh water as hydrogen—-producing
bacteria (they produce hydrogen for interspecies hydrogen trans

they

fer).

The sulfate-reducing bacteria vary greatly in their modes of growth:

disgimilatory sulfate reducers can grow heterotrophically using

a

large number of organic substrates including acetate and long-chain

fatty acids up to Cia, aromatic compounds, alcohols, and
hydrony acidsi they can grow autotrophically with hydrogen or f

armate

plus sulfates they can ferment the simple organic compounds pyruvate,

fumarate, lactate, choline} they can utilize inorganic pyrophos

phate

as a source of energy for growthi they can reduce nitrate rather than

sul fate as a terminal electron acceptor, growing in association

with

photaosynthetic bacteriai and they can grow using hydrogen derived from

other bacteria. All sulfate-reducing bacteria are strict anaer

obhes.

Thydrogenases are important in the bioenergetics and biochemistry of

digssimilatory sulfate reduction. The sulfate reducing bacteria
contain two types of periplasmic hydrogenase, & nickel-non-heme
hydrogenase with four redox centers and a (non—-nickel) non-henea

iran
irron

hydrogenase with three redox centers. ERoth hydrogenases utilize

periplasmic cytochrome cx (MW = 13,000) as their cofactor for
the reduction of low molecular weight electron transfer protein

S

The sulfate reducing bacteria, the first non-photosynthetic

anaerobic bacteria demonstrated to contain c-type cytachromes,
eglectron transfer coupled to phosphorylation. A new biocenerget
scheme for the formation of a proton gradient for growth of
Pesul fovifhrio on organic substrates and sulfate involving
vectars/electron transfer and consistent with the cellular

perform
ic

localization of enzymes and electron transfer components has been

proposed. Hydrogen is produced in the cytoplasm from organic
substrates and, as a permease molecule diffuses rapidly across
cytaplasmic membrane, it is oxidized to protons and electrons b

the
v the

periplasmic hydrogenase. The electrons only are transferred across

the cytoplasmic membrane to the cytoplasm where they are used t
reduce sulfate to sulfide. The protons are used for transport

drive a reversible ATFase. The net effect is the trancsfer of p
across the cytoplasmic membrane with the intervention of a prot
pump. This type of He cycling is relevant to the bicenergetics
of other types of anaerobic microorganisms.

Akagi, J.M., 1981. Dissimilatory sulfate reduction: mechanisti
aspects. In Biology of Inorganic Nitrogen and Sul fur. (E.
Bothe and A. Trebst, eds.), Springer Verlag, pp. 169177,
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D.L. Peterson: BIOGEOCHEMICAL CYCLING AND REMOTE
SENSING

Research is underway at the NASA Ames FResearch Center that is
cancerned with aspecte of the nitrogen cycle in terrestrial
ecosystems. An interdisciplinary research group is attempting to
corelate nitrogen transformations, processes, and productivity with
variables that can be remotely sensed. Recent NASA and other
publications concerning biogeochemical cycling at global scales
identify attributes of vegetation that could be related or explain the
gpatial variation in biologically functional variables. These
functional variables include net primary productivity, annual nitrogen
mineralization, and poszsibly the emission rate of nitrous oxide from
s01ls.

Leaf area index of temperate coniferous forests has been
estimated using remote sensing. Leaf area index (LAI), the one-sided
projected area of canopies to a unit of ground area, has been
consistently identified as a key structural variable. Canopy
radiation models show that increased leaf layers in a canopy produce
increased reflectance in the infrared region and that this property is
asymptotic at LAI=7-8 (Fig. I-20). The reflectance in the infrared
region is measured by band 4 (0,90 microns) on the Thematic Mapper
{TM) satellite or by simulated TM data obtained by the Daedalus
scanner on the NASA U-2 aircratt. Fhotosynthetically active
radiation, especially in the red region, is strongly absorbed by
leaves. In fully developed forests, the reflectance in the red region
is very low and asymptotic at only LAI=2-3. The red region
measurements are complicated by radiance added due to atmospheric
scattering and the variation due to transmittance as a function of
path length through air masses. We are evaluating these effects with
helicopter measurements divectly above the canopies of ouw chosen
research sites using a portable field radiometer. In addition, the
lack of reliable atmospheric correction algorithms for land scenes
force us to compensate by using only relative values or ratios. We
wese band 3 to normalize the band 4 measwements which compensate for
emall differences between sites. However, this ratio does not remove
the influence on sensitivity that preliminary calculations show reduce
the sensitivity to LAI by a factor of about four.

To obtain a range of LAI, we selected sites that follow a
temperature-moistuwre gradient across west-central Oregon. Leaf
development in Oregon coniferous forestse respond to this gradient from
mild and moist temperatuwes on the coast to hot temperatuwres and dry
gites in the desert (Fig. I-21). Net primeary productivity was related
to LAT by Henry Gholz (Fig. I-22). Most of the forest stands (sites)
are dense, matwe forests with nearly closed canopies (a major source
af variation in remotely sensed data). Dimensional measuwwements were
made at sach site and applied to allometric relations to derive stand
level leaf biomass and area. The relationship of these LAI estimates
te the ratio of bands 4/3 {infrared/red reflectance) is shown in
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Figure I-23. A goad predictive relationship exists between both the

linear and logarithmic curves. The log relationship appears to match
the asymptotic behavior best, and this is more consistent with model

expectations.

We are beginning to use high spectral resolution remote sensing
data for deriving canopy biochemistry. Data are being synthesized
from several well-established research sites in Alaska and Wisconsin
and other areas for forests of different fertilities and contrasting
environments. The synthesis will be used to develop and test a
semi-mechanistic process—level model that combines plant-water
relations, carbon assimilation—allocation, and nitrogen—-phosphorus
cycling. Estimates of total canopy nitrogen, phosphorus, and lignin
content together with microclimate will be used to drive the model.
This model is designed to use remotely sensed inputs, particularly
leaf chemiastry.

Total canopy nitrogen, phosphorus, and lignin content are the
required inputs for remote sensing. Nitrogen, for example, is bound
up primarily in chlorophylls and the proteins of leaves. Each organic
constituent of leaves has unique absorption properties due to specific
stretching frequencies of the chemical bonds. This fine spectral
information cannot be observed with broad-band satellites such as the
TM. Howevelr, new scanners are now available to make high spectral
resolution (10 nm) between 1400 and 2400 nm {later from 400 to 2400
nm) measurements using the Airborne Imaging Spectrometer from JFL.

The spectral curves for the fouw major leaf constituents — proteins,
water, oils, and carbohydrates - are shown in Figure I-24. Through a
combination of wet chemical and spectrophotometric analyses, we plan
to develop multi-linear regressions and related corelation technigues
which can be used to infer these biochemical variables from the
scanner.

Chance, J.E. and LeMaster, E.W., 1977. Suits reflectance models
for wheat and cotton: theoretical and experimental tests, Applied
Optics, 16 407-412,

Spanner, M.A., Peterson, D.C., Hall, M., Wrigley, R., and Running,
S.W., 1984.  Atmaspheric effects on remote sensing of forest
leaf area index. Proc. 18th International Symp. Remote
Sensing of Environment, Paris.

Gholz, H.L., 1982. Environmental limits on above ground net

primary ptroduction, leaf area, and biomass in vegetation mones of
the FPacific Northwest, Ecology., &1:469-481.
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Figure I-24. Organic constituent spectra and typical composite
‘spectra for grain (wheat berries).

Spanner, M. A., Teuber, K., Acevedo, W., Peterson, D. L., Running,

' - W., and Card, D. H., 1984. Remote sensing of the leaf area
index of temperate coniferous forests. Proc. 10th
International Symp. Machine Frocessing of Remotely Sensed Data,
pp. 3I62-370.

Hruschka, W. R. and Norris, K. H.. 1982. Least squares curve
fitting of near—infrared spectra predicte protein and moisture

oy 2

contents of ground wheat., Applied Spectroscopy, 361261265,
Goetz, A. F. H., Rock, B. N., and Rowan, L. C., 1983. Remote

sensing for exploration: An overview, Economic Geology.
78:5373-5%90.
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T.M. Schmidt: STRUCTURE AND PHYSIOLOGY OF BEGGIATOA
AND THIOTHRIX

Reggiatoa and Thiothrix are genera of filamentous,
colorless, sulfide-oxidizing bacteria. These organisms are
microaerophilic, oxidizing sulfide to sulfur in the presence of
oxygen. The sulfur accumulates in intracellular sulfur globules - the
outstanding morphological feature of these bacteria. Some strains are
able to further oxidize the sulfuwr to sulfate aerchically or reduce
the sulfur to sulfide anaerobically. This metabolic versatility makes
these bacteria important links in agquatic sulfur cycles.

Jdrgensen, B.B., 1982. Ecolagy of the bacteria of the sulpbur
cycle with special reference to anoxic-oxic interface
enviraonments Fhil., Trans. R. Socc. Lond., B298:543~61.

Jdrgensen, B.B., an and Thioploca Ann. Rev. Microbiol.,
37:341-47.

Nelson, D.C., and Castenholz, R.W., 1981. Use of reduced sulfur
compounds by Reggiatoa sp.., J. Bacteriol., 147:140~-154.

Nelson, D.C. and Jannasch, H.W., 1983. Chemoautotrophic growth of
a marine Reggiatoa in sulfide-gradient cultures, Arch.
Microbiol., 136:262-69.

Strohl, W.R. and Larkin, J.M., 1978. Enumeration, isolation, and
characterization of Beggiatoa from freshwater sediments Appl.
Environ. Microbiol., 3&:753-70.

Strohl, W.R. and Schmidt, T.M., 1984. Mixotrophy of the colorless,
sulfide—oxidizing gliding bacteria Reggiatoa and
Thiothrix, In Microbial Chemoauatoétrophy (W.FR.Strohl and
0.H. Tuovinen, eds.), (Ohio State University FPress., Columbus.
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s positive

- negative
+/- some strains positive

? unknown

CHARACTERISTIC PESGIATOA turornaix ¥ IIoPLACH

Trichome formation N . .

Sheasth - . + tconmon
Holdfast - . -

Rosette formation - . _
Hormogonium formation o~ . » mw..".
Bliding of intact trichoses - - .

G11ding of hormogonia - . 2

Bulfur inclusions from sulfide - . .

Bulfur inclusions froa thiosul fide .- . »
Cytochomes b,c.a,0 ¢, (othera?) ?
Quinones - o »

Acetate assimilstion - . .

Acetate oxidation to COs - N »

COa sssimilation . low moderste -

Reduced sul fur regquiremsent - . »

Bul fide~dependent oxygen consumption N . s

M Data pertaining to Phiothrix used in this study

&M TIhiopleca has not been cultured umi:llly, hora., § hormogonia

Table I-S. Morphological and physiological comparison
Thiothrix, Beggiatoa, and Thioplaca.
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H.G. Trueper: PHOTOTROPHIC BACTERIA AND THEIR ROLE IN THE
BIOGEOCHEMICAL SULFUR CYCLE

An essential step that cannot be bypassed in the biogeochemical
cycle of euvlfuwr today iz dissimilatory sulfate reduction by anaerobic
bacteria. The enormous amounts of sulfides produced by these are
oxidized again either anaerobically by phototrophic bacteria or
aerobically by thiobacilli and large chemotrophic bacteria
(Reggiatoa, Thiovaluw, etc.) Fhototrophic bacteria use sulfide,
sulfur, thiosulfate, and sulfite as electron donors for
photosynthesis. The most obvious intermediate in their oxidative
sulfur metabolism is a long chain polysulfide that appears as
so-called sulfur globulez either inside (Chromatiaceae) or outside
(Ectothiorhaodospiraceae, Chlorobiaceae, and some of the
Fhaodospirillaceae) the cells. The enzymes involved in phototrophic
bacterial sulfur metabolism are cytochrome c, flavocytochrome o,
reverse sircheme sulfite reductase, thiosulfate sulfur tranceferase,
thiosul fate! acceptor oxidoreductase, adenylylsulfate reductase, RADF
sulfurvlase, ATF sulfuwylase, and sulfitelacceptor oxidoreductase.
Molecular oMygen is not involved in any of these steps. The amount of
carbon assimilated by phototrophic bacteria per mole sulfide oxidized
to sulfate ie about 10 fold higher than that assimilated by
chemolithotrophic sulfur—~pxidizing bacteria. Phototropbic sulfur
bacteria therefore are the predominant primary producers in the
aul furetum. During dark periods uwnder anoxic conditions phototrophic
bacteria paerform a slow fermentative maintenance metabolism, duwring
which they reduce elemental sulfw and polysulfides to Hz58. At
low partial presswes of oxygen several species of the Chromatiaceae
{e.g., Chromatium vinosum, Thiocystis violacea) are also
capable of axidizing reduced sulfur compounds in the dark. They
possess an energy metabolism like that of chemolithotrophic bacteria.
The assimilation of sulfur compoundese in phototrophic bacteria i in
principle identical with that of non-phototrophic bacteria. However
the Chlorobiaceae and some of the Chromatiaceae and Rheodospirillaceae,
wnable to reduce sulfate, rely upon reduced sul fur for biosynthetic
PUITPOSES.

Kondratieva, E.N., Ivanovsky, R.N., and Krasilnikova, E.N., 1931.
Light and dark metabolisem in purple sulfur bacteria, Soviet
Scientific Reviews, 2:0825-364.

Pfennig, N., and Trueper, H. G., 1933, Taxonomy of the
photosynthetic green and puwrple sulfuwr bacteria, Annales de
Microbiologie {(Institut Fastewr), 134EH:9-20,
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Trudinger, P.A. and Loughlin, R.E.., 1981. Metabolism of simple
srlphur compounds. In Comprebensive Riochewmistrge. (M. Florkin
ard E.H., Stotz, eds.), Vol. 124 (A. Meuberger and L.L.M. wvan

Deenen, eds.), Elsevier, Amster am, pp. 165-254,

Trueper, H. G.., 1%81l. Fhotolithcoterophic sulfuw oxidation. In
Riology of Inorganic Nitrogen and Sud fur. (Ho Bothe and A,
Trebst, eds.), Spoinger Verlag, New York, pp. 199-211.

Trueper, H. G. 178d4a. Microorganisms and the sulfur cyele. In
Sul far - The Rignificance for Chemistry, Riology and Geology.
(A. Mueller and Bo Frebs, eds.), Elsevier, Amsterdam.

Trueper, H. 6. 1784L. Fhototrophic bacteria and their salfar

metabalism. I Sulfur - The Signivyicance for Chewiséry, Riology

and deolaogy. (A. Mueller and B, Hrebs, eds.), Elsevier,
Amstardam.

Trueper H. G. and Fischer, U., 1982, Anaerobic oxidation of
sulphuwr compounds as electron donors for bacterial
phaotesynthesis, Phil. Trans. R, Soc. London B, 298529542,

Starr, M.F., Stolp, H., Trueper, H.G., Balows, A., and Schlegel,
H.G., {(eds.), 198l1. The Prokaryotes, Springer Yerlag, New
Yok
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Metabolic type
(all anaerabic)

Mechanisms

Microorganisms

Disasimilatory
Sulfate
Reduction

Electron acceptors:
Sulfate
Thiosulfate
Sulfite

Electron donors?
Organic compounds

or H=

Product: Ha

Carbon socurce: organic
compounds or CO=

Desulfovibrio

Desul fotomaculum
Desulfomonas

Desul fobacter

Desul fobulbus

Desul fococcus
Desulfosarcina
Desulfonena
Thernodesul fobacteriunm

Electron acceptors: Sulfur

Electron donors: Organic com~
pounds or Hx

Product: HzS
Carbon scurce: organic
compounds ©r COx

Desul furomonas

Desul fovibrio (some)
Campylobacter (some)
Nolinella
Chromatiaceae (dark)
Chlorobiaceae (dark)
Beggiatoea
Thernoproteus
Thernodiscus
Pyrodictium
Thermococcus

For list of references see Trueper,

Table I-6.
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Metabolic type

Mechanism

Microorganisms

Phototrophic
Sul fur
Oxidation

(anaeraobic)

Electron donars: Sulfide
Sul fur
Thicsul fate
(Sulfite)

Photosynthesis
(COz Fixation)
Product: Sulfate
Carbon source: COx

and/or organic compounds

Chlorobiaceae
Chromatiaceae
Ectothiorhodospira
Rhodaspirillaceae {(some)
Chloroflexaceae
Cyancbacteria (scme)

Chemotraphic
Sul fur
Oxidation

(anaerobic)

Electron donors! Sulfide
Sul fur
Thiosul fate
(Sulfite)

Electron acceptor: Nitrate
Product: Sulfate
Carbon source: CO-=

Thiobacillus denitrificans
Thiomicrospira denitrificans

Chemotrophic
Sul fur
Oxidation

(aerobic)

Electron donors: Sulfide
Sul fur

Thiocsul fate
(Sulfite)

Electron acceptor: 0O
Product: Sulfate
Carbon source: CO

Or organic compounds

Thiokacillus
Thiomicrospira
Sulfolobus

Thermothrix

Paracoccus

Pseudomonas

Beggiatoa

Thiothrix

Thiospira

Thioploca

Macromonas

Achromnatium

Thiobacterium .
Chromatiaceae (dark, some

species)
Many heterotrophs

Table 1-7.

For list of references see Trueper,

bacteria.
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J.H. Yopp: THE ROLE OF SULFUR IN OSMOREGULATION AND SBALINITY
TOLERANCE IN CYANOBACTERIA, ALGAE, AND PLANTS

Organosul fur compounds are involved in osmoregulation and
salinity teolerance in some cyanobacteria and photosynthetic
eukarvyotes,

Glycinebetaine, the ocsmolyte of the halotolerant cyanocbacterium,
Bphanothece halophytica, requires the sulfonium compound,
S—adenosyl-methionine (SAM) for its synthesis. Glutamate is the
nitrogen souwrce, SAM ig the methyl-carbon and serine the carbon
"hackbone" source of this unique osmolyte. Inhibitor studies suqggest
that photorespiration interacte with sulfur metabolism to control
betaine synthesis in cyanobacteria. The limiting factor for SAM
synthesis is formate from photorespiration. 8AM is, in twn, the
methyl donor for betaine synthesis from serine. The nitrogen
component of serine is from glutamate (Fig. I-26). Betaine synthesis
is hypothesized to be regulated via potassium.

The biosynthesis of dimethyl-RB-propiothetin (DMPT, which is the
same as beta-dimethyl sulfoniopropionate - see Fig I-1), and
diacylsulfoquinovosylglycerol have been elucidated as have their roles
in osmoregulation and salinity tolerance. The relation between these
sulfolipids and the sulfuw cycle was discussed.

Challenger, F., Bywood, R., Thomas, P., and Haywood, B.J.., 1737.
Studies on biolegical methylation. ¥VII. The natural occurence
and chemical reactions of some thetins, Arch. Biochem. HRiophys.,
62:514-523., )

Craigie, J.S. and McCandless, E., 1979. Sulfated polysaccharides
in red and brown algae, Ann. Rev. Fl. Fhysiol., 30:41-353.

Greene, R.C., 1962. BRiosynthesis of dimethyl-I-propiothetin, J.
Biol. Chem., 237(7):2251-2254.

Ishida, Y. and Kadota, H., 19468. Participation of
dimethyl ~-3F-propiothetin in transmethylation reaction in
Gyrodinium cohnii, Nippon Suisan Gakkaishi, 34:699-703.

Kylin, A., Kuiper, P.J.C., and Hansson, 6., 197Z2. Lipids +from
sugar beet in relation to the preparation and properties of
sadium and potassium-activated ATPases, Fhysiol. Flant.,
26:271-278.

Larker, F., Hammelin, J., and Stewart, G.R., 1977.

3-Dimethylsulfonium propanocic acid from Spartine anglica,
FPhytochem., 1&6:2019-2020.
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Miller, D.M., Jones, J.H. and Yopp, J.H., 1974. Ion metabolism in
a halophilic blue-green alga, Aphanothece halophytica, Arch.
Microbiol., 11:145-149.

Reed, R.H., 1983. Measuwrement and osmotic significance of
B-dimethylsul fonio-propionate in marine organisms, Mar. HRiol.
Lett., 4(3):173-182.

Stuiver, C.E.E., Kuiper, P.J.C., and Marshner, H., 1978. Llipids
from bean barley and sugar heet in relation to zalt resistance,
Fhysiol. Plantar., 42:124-128.

Tindall, D.R., Yopp, J.H., Schmid, W.E., and Miller, D.M., 1%977.
Frotein and aminc acid composition of the obligate halophile,
Bphanothece halophytica, J. Phycol., 13:127-133.

Pavlicek, K.V. and Yopp, J.H., 1982. Hetaine as a compatible
soluute in the complete relief of salt inhibition of
glucose—é6-—phosphate dehydrogenase from a halophilic blue-green
alga, FPlant FPhysiol., &%9:58%5.

Venable, W.C., Miller, D.M., and Yopp, J. H., 197%. FPFulsed NMR
study of an obligately halophilic blue-—green alga, Fhysiel. Chem.
Fhys., 10(5):405-414,

Yopp, J.H., Miller, D.M., and Tindall, D.R.., 1%978. Isalation,
purification and evidence of the ocbligately halophilic nature of
the blue-green alga, Aphanothece halophytica, Fhycologia,
17:172-178.

Yopps J.H., Tindall, D.R., Miller, D.M., and Schmid, W.E., 1978.
Regulation of intracellular water potential in the halophilic
blue~green alga, Aphanothece halophytica. In Energetics and
Structure of Halophilic Microorganisms, (S5.R. Kaplan and M.
Ginzburg, eds.), Elsevier Fress, pp. 619-624,

Yopp, J.H., Miller, D.M., and Albright, 6., 197%9. Effects of
antibiotics and UV radiation on growth and mutation of the
halophilic blue-green alga, Aphanothece halophytica, Bot.
Mar., 22:267-272.

Yopp, J.H., Pavledes, R., Solarz, J., and Shasteen, P., 19684,

Origins of the osmolyte glycinebetaine in the halophilic
cyanobacterium, Aphanothece, Plant Fhysiol., 75146855,
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CHAPTER II

SULFUR CYCLING AND METABOLISM OF FPHOTOTROPHIC
AND FILAMENTOUS SULFUR BACTERIA

Frot. R. Guerrero
D. Brune
R. Poplawski
T.M. Schmidt

Introduction

Sulfur,. an abundant element in the biosphere, is rarely a
limiting nutrient for organisms. Its proportion in living
material has been estimated to be 1 atom of 8§ for 15 atoms of N
and 100 atoms of C. The element sulfur exists in oxidation states
from -2 to +6 in organic and inorganic molecules. Microorganisms
catalyse the oxidation and reduction of different forme of sulfur,
setablishing & cycle that involves sulfur incorporation into
organic matter (anabolic, structural, slow cycling) or the use of
different sulfur compounds as acceptors or donors of electrons
(catabolic, energetic, rapid cycle). Nonassimilatory sulfuwr
metabolism coupled with the carbon cycle may represent the oldest
energy cycle in the biosphere, one used by the earliest
avtotrophic prokaryvotes to obtain energy (Clark, 1981).

Hvdrogen sulfide is a highly reactive, extremely toxic
compound subject to both biological and nombiological oxidation.
Sulfide can be oxidized to sulfur and sulfate by bacteria under
agroblic as well as anaerobic conditions. Some bacteria oxidize
sl fide aerobically to generate enerqgy. Beggiatoa and
Thiothrix, for instance, are filamentous, microaerophilic
bacteria capable of oxidizing sulfide, and depositing sulfur
globules within the cells:

2 HzB + Oz —) 268 + 2 Hal

Irn the absence of sulfide, the sulfuw globules are oxidized
further to sulfate. These are typical "gradient organisms,"
positioning themselves in the interfaces of anaerobic environments
{sultate-reducing sediment or sulfide-rich lavers of water) with
averlying, partially oxygenated waters.

Hydirogen sulfide is also subject to biological photeooxidation
“in anaerobic environments.  Fhototrophic sulfur bacteria
(Chromatiaceae and Chlorobiaceas) are able to photoreduce carbon
dioxide while aridizing sulfide, first to elemental sulfur and
later to sulfate (CHa0 symbolizes photosynthate):

COz + 2 HaE —» CHwuD + 28 + H0
3 002 + 28 + § HaQ b 3 CHa0 + 2 HaS04
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Chiromatiaceae are also capable of accumulating internal sulfur
globules {(the genus fcéothiorhodospira is the only exception,
and accordingly will be separated into a new familv). Same
Chromatiacese can tolerate low concentrations of oxygen and thus
are also concsidered "gradient organisms,"

Although oxidation of sulfide to sulfate by different
microorganisms is well known, the use of internal sulfur globules
as electromn acceptors to oxidize or derive energy from storage
compounds such as glycogen in the absence of an external source of
energy {(endogenous metabolism) was hypothesized a long time ago
(Dawes and Ribbons, 19643 van Gemerden, 1248) but not definitively
demonstrated.

To investigate different aspects of the ecophysiology of
purple and green bacteria the following studies were performed:

1. FPhototrophic sulfuwr bacteria taken from different
habitats (Alum Rock State Fark, Falo Alto =salt marsh, and
Big Soda Lake) were grown on selective media,
characterized by morphological and pigment analvysis, and
compared with bacteria maintained in pure culfure.

2.0 A study was made of the anaerobic reduction of
intracellular sulfur globules by a phototrophic sulfur
bacterium (Chropatiun vinosumw) and a filamentous

aerobic sulfur bacterium (Reggistoa albal.

3. Buoyant densities of different bacteria were measured
in Fercoll gradients. This method was aleo used to
saeparate different chlorobia in mixed cultwes and to
assess the relative hamogeneity of cultuwres taken directly
or enriched from mnatural samples (including the purple
bacterial layver found at a depth of 20 meters at RBig Soda
L.ake.)

4. Interactions between sulfide-oxidizing badteria were
studied., Faire of sulfide-oxidizing species competed for
electrons (sulfide was the only available electron donor
in the medium common to a pwple sulfur bacterium
{(Chropatium vinosum), a green sulfur bacterium
(Chlorobiuam phacobacterecides) and a cyanobacterium
{Oscillatoria limnetical). These bacteria, selected
because of their sulfide requirements and the fact
they can co-exist in agquatic enviroments where inte
giradients occur, were handled pairwise by placement in a
common madium separated by a membrane filter. Competition
betwesen two of these species at a time was measured under
conditions where metabolites and toxins (but not cells)
passed easily through the common culture medium.
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ENRICHMENTS FOR PHOTOTROPHIC BACTERIA AND CHARACTERIZATION
BY MORPHOLOGY AND PIGMENT ANALYSIS

D. Brune

Introduction

The purpose of this investigation was to examine several
sulfide-containing environments for the presence of phototrophic
bacteria and to obtain enriched cultures of some of the bacteria
present. The field sites were Alum Rock State Park, the FPalo
Alto salt marsh, the bay area salt ponds {(see map 1), and Big
Soda Lake (near Fallon, NMevada). Bacteria from thesze sites were
characterized by microscopic examination, measwement of iIn
vitro absorption spectra, and analyeis of caroctenoid pigmente.

Field observations at one of the bay area salt ponds, in
which the salt concentration was saturating (about 30 percent
MaCl) and the sediments along the shore of the pond were covered
with a gypsum crust, revealed a layer of puwple photosynthetic
bacteria under a green layer in the gypsum crust. Samples of
this gypsum crust were taken to the laboratory to measure light
transmission through the crust and to try to identify the purple
photosynthetic bacteria present in this extremely saline
environment.

Materials and Methods

Water samples from Alum Rock State Park and from the Falo
Alto salt marsh were collected in small screw—-cap bottles or
tubes. Fieces of the gypsum crust from the salt pond were placed
in plastic bags. Water samples taken from different depths in
Big Soda Lake using a sampling bottle were transferred to 150 ml
glass bottles and to 300 ml and 1 liter plastic bottles that were
completely filled and kept on ice during trangportation to the
labaratory.

In order to stop the movement of motile bacteria and to
compress the bacterial cells being examined into one focal plane,
agar slides were used for microscopic examination. The agar
slides were prepared as follows (Dr. D. Caldwell, personal
communication):
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1. Difco bacto agar was dissoved in boiling HaD

to form a 0.73 percent solution.

2. The Q.75 percent agar was poured into 250 ml flashks
to a depth of about 1 cm and allowed to solidify.

Z. Saltes were dialysed from the agar by washing with 3
changes of distilled Haf) aver a 24 hour period
while swirling on an orbital shaker.

4. A layer of clean microscope slides was placed on a

clean, wet surface. (Plater under the =slides and on the
edges of touching, adjacent slides inhibits secpage of

agar around and under the slides.)

Sie The agar was melted by auvtoclaving and powed over

-

the slides to a depth of about 3 mm.

. A glass plate was placed a few inches above the
slides to protect them from gathering dust and the slides
were allowed to dry aver night.

7. The slides were then separated and stored in a box at
roam temperatuwe {for future use.

Water samples from the study areas were uwsed to inoculate a
culture medium for green and puarple sul fur bacteria prepared as
described by van Gemerden and Beefltink (1983). PFure bacterial
cultures provided by Dr. R. Guerrero were also grown in thils
medium, MaCl (3 percent) was added to the medium for bacteria
from the Falo Alto salt marsh. Seamples of gypswn crustht
containing a distinct purple layer were placed in the same
culture medium modified by including autoclaved water from the
salt pond (500 ml/1 of medium), thus giving a final salt
concentration of about 13 percernt. To discowage the orowth of
algae and cyanobacteria in thise medium the inoculum was
illuminated through a filter made Ffrom 2 lavers of red and 2
layers of blue cellulozse acetate. This filter absorbs vieible
light reguired for algal and cyanobacterial growth but transmits
infrared light used in bacterial photosynthesises, The
transmission spectrum of this filter is shown in Figure [I-1.

Ahsorption and transmiesion spectra were obtained wsing a
Varian Techtron model &35 UV-Vis spectrophotometer equipped with
arn XY recorder. Two methods were examined for obtaining In
vive spectra of photosynthetic sulfur bacteria. In the
eimplect method, cells in agueous suspension were placed in the
sample cuvette and water in the reference cuvebtte. The cuvettes
ware oriented =0 that the measuring beam of the gspectrophotometer
passed thirough the frosted rather than the clear glagses faces of
the cuvelttes. This minimized the effect of light scattering by
the bacterial cells by imposing & larger and nearly identical
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Figure II-1. Transmission spectrum of cellophane filter.
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scattering on the light beams passing through the reference and
sample cuvettes.

In the other method (Trueper and Yentsch, 1947), the
bacterial cell suspension was loaded into a syringe. The
bacteria were then collected by forcing the suspension through a
Swinney filtration device with a fiberglasz or millipore filter.
Fieces of aluminmun foil with rectangular slits about 15 mm » 4 mm
were placed over the windows separating the spectrophotometer
gsample compartment from the photomultiplier compartment, with the
slite aligned so that the reference and measwing light beams
passed through them. The filter with the collected bacterial
cells was taped over the slit on the sample side while an
identical filter moistened with distilled water was taped over
the slit on the reference side of the spectrophotometer.

Fieces of the gypsum crust from the salt pond sediment were
prepared for light absorption measurement as follows., Loose
particulate matter on top of the crust and black mud below the
crust were removed by washing with tap water. BSections of crust
about 1 cm x 2 to 2.5 cm were cut ocub using a hack saw blade.
Fouwr distinct layers seen in cross section through the gypsum
crust could be observed. The uppermost layer was tan and about 2
mm thick., Under thie was a green layer of similar thickness.
Below the green layer was a thinner, somewhat irregular purple
layer, and below this a very irregular, rather crumbly black
laver. Using sand paper on the 1 cm x 2-2.53 cm blocks, it was
possible to remove lavers from the lower suwface selectively and
thus to obtain slabs consisting of the tan and green layers and
the tan laver only. An attempt to obtain the puwple laver only
by removing the layers above was unsuccessful, although it was
possible to obtain discontinuous patches of the purple layer
attached to a green layer backing. 8Spectra of these lavers were
obtained by placing them in the sample cuvette holder of the
spectrophotometer or taping them over a slit on a piece of
aluminum foil taped over the window of the spectrophotomelter
sample compartment. (A piece of white tissue paper was placed
over the window to the photomultiplier on the reference side of
the sample compartment to partly offset light scattering by the
gypsum crust,)

Carotencids were extracted from bacterial cells and
separated by thin layer chromatography as described by Montesinos
et al (1983) with minor modifications. Chromatography was
performed on both neutral alumina (Merck Type E, &0 F 254) and
silica gel (Merck Fieselgel &40) plates without activation by
heating prior to use. Colored spots were scraped from the
chromatography plates and extracted with about 1 ml of acetone.
After centrifugation to sediment the powdered silica gel or
alumina, the liquid was decanted and placed in a microcuvette (1
cm pathlength, 0.6 ml volume) for measurement of the absorption
spectrum.
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Cells from Rig Soda Lake used for carotenoid determination
were collected by centrifugation from 1 liter of water collected
from a depth of 20 m. The extract from the puwple layer of the
gypsum crust was made using a culture somewhat enriched in purple
sulfur bacteria by growth under infrared illumination. This was
not a pure cultuwe, however, and also contained some filamentous
cyanobacteria.

Carotenonids from these natural samples were chromatographed
simul taneously with extracts of known carotenoid composition from
cells of Thiocapse roseopersicina, Rhodopseudomonas capsul ata,
Chropatium vinosum, and Thiocystis gelatinosa for
comparison. These extracts were provided by Dr. R. Guerrera.

Results and Discussion

Figures II-2 throuwgh II-3 show the in viveo absorption
spectra of 4 species of purple sulfur bacteria. These spectra
were obtained using the first of the methods described, although
similar spectra could be obtained using the second method (cells
collected on filters). The first method is generally preferable
with pure cultures because of its simplicity. The second method
ts useful, however, for concentrating cells from large dilute
samples (e.g.. the bacterial plate from Rig Soda Lake) or samples
in which settling of bacterial cells from an aquecus suspension
prevents using the first method.

Figures I1I-2 through 1I-5 demonstrate that the absorption
spectra of the pure cultures of purple sulfuwr bacteria differ
significantly in wavelength, which ranges between 800 and 200 nm
and between 430 and 5850 nm. Light absorption between B00O and 900
nm is due to bacteriochlorophyl (Bchl a). Differences in
absorption in this part of the spectrum are due to different
interactl .« of Bchl a molecules with each other and with
proteins (Thornber et al., 1978). Differences in absorption from
420 and 350 nm is due to the presence of different carotenoids.
Although the absorption spectrum of a bacterial species depends
on cultuwre conditions, particularly light intensity (Thornber et
al., 1978), Figure I1-5 demonstrates, that absorption spectra may
be characteristic enough to distinguish bacterial species.

The absorption of an enriched culture of a green sulfuw
bacterium obtained from a Falo Alto salt marsh water sample is
shown in Figure II-6. The absorption maxima at 756 and 457 nm
are characteristic of Bchl ¢ (Ffennig, 1978). The cells
failed to grow without MaCl added to the culture medium.
Microscopic examination showed spherical cells about 1 um in
diameter. This green bacterial species was identified as
Prosthecochloris acstuarii.

The absorption spectrum of a green sulfur bacterial culture
obtained from Alum Rock State Park is shown in Figure II-7. BHchl
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Figure 1I-3. Absorption spectrum of Chropatium minutissimum.
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Figure II-5. Absorption spectrum of Thiocystis gelatinoéé.
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Figure I1I-7. Absorption spectrum of Chlorobium limicola.

97



¢ is the principle photosynthetic pigment. (Arn absarption
band at 855 nm ie due to the presence of unidentified purple
photosynthetic bacteria in the culture.) MNo added salt was
required for growth. The cells were short rods, often joined end
to end to form chains., 0On this basis these bacteria were
identified as Chlorobium limicola.

The absorption spectra of the tan upper laver of the gypsum
crust and of this layer together with the adjacent green laver
are shown in Figures II-8 and II-9. The absorption spectrum of
the green layer alone was obtained from another piece of the
crusti: it was practically identical to the spectrum in Figure
11-9. The gypsum crust itself absorbs short wavelength light
very strongly and becomes increasingly transparent with
increasing wavelength (Figure 1I-8). This crust is sufficiently
transparent to red light to permit growth of cyanobacteria, which
contribute a prominent absorption peak (about 673 nm) in the red
peart of the spectrum. Roth filamentous and coccoid cyanchacteria
wetre observed during microscopic examination of scrapings from
the gypsum crust. The filamentous form grew profusely in
bacterial culture medium with about 13 percent NaCl. The tan and
greaen layers together absorb most of the incident light at
wavelengthe below about 700 nm but are transparent to longer
wavelength (infrared) radiation. The ability of EBchl to absorb
infrared light clearly is important for the growth of purple
sulfur bacteria in the gypsum crust.

The relatively high transmission of infrared light by the
gypesum crust makes this natural light filter rather sinmilar to
the artificial filter constructed from red and blue cellophane
(Fig. II-1). Bacterial cultures grown by illumination through
this artificial filter were dominated by purple sulfur bacteria
while a control culture grown in unfiltered light was completely
avergrown by cvancbhbacteria. Thus the artificial filter mimics
the natuwral filter in providing a light environment which
selectively encouwrages the growth of purple sulfur bacteria in
the presence of cyanobacterial competitors.

Attempte to obtain a continous piece of the puwple bacterial
layer large enough to obtain an absorption spectirum were
unsuccessful. However, the absorption spectrum of a portion of
the greern layver with discontinuous purple patches adhering to it
ig shown in Fig. II-10. Infrared absorption bands at about 830
and 7935 nm, typical of Bchl a in purple photosynthetic
bacteria, are present in this spectrum.

Figure II-11 shows the absorption spectrum of photosythetic
bactarial cells taken from a plate located Z0 m below the surfae
af Big Soda Lake. To obtain this spectrum cells from 1 liter of
lake water were concentrated to a volume of about 2.9 ml by
centrifuging and resuspending. This spectrum strongly resembles
the abesorption spectrum of a pure culture of Thiocystis
gelatinosa Fig. 11-5), except for the presence of a small
absorption band at about 673 nm. This absorption peaks at 675
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a very tightly adsorbed (Rf=0) orange pigment. The absorption
spectrum of this orange carotenoid is shown in Figure II-15.
Meither the vellow nor the orange carotenoid was identified. It
is possible that one or both of these are cyancbacterial
pigments, since the culture from which the extract was made still
contained cyanobacteria and the imitial extract in 90 percent
acetone contained about 40 percent as much Chl a as Bchl

@, judaging from the absorption spectrum of the extract.

Although an extract from Chromatium vinosum was used as
the standard for rhodopin, the spot for spirillexanthin in the
chromatograms of the €. vinosum extract was slightly larger
than the spot for rhodopin. An absorption spectrum obtained from
the spot identified as rhodopin is shown in Figure II-16.

To complete the identification of the bacterial cells
obtained from Rig Soda Lake, they were examined micrascopically
and are described as follows: Individual cells that contain
intracellular sulfur gleobules were spherical and about 2-3 um
in diameter. 8Slime capsules surrounded the cells that occur as
diplococci, tetrads, and larger clumps. Gas vacuoles were
absents motility was not observed. Figments were Hchl a
and okenone. wcept for the lack of motility, these
characteristics describe Thiocystis gelatinosa, which may be
immobile in natwal samples (Pfennig and Trueper, 1974). These
bacteria were therefore identified as Thiocystis gelatinosa.

The bacteria grown from the gypsum crust were also examined
micirosocpically and may be described as follows: Cells,
containing intracellular sulfur globules, were thick rods (34
am wide and &9 um longs dividing cells sometimes more
than 10 wam long). Individual cells were colorless: clumps
were pink-violet. Cells formed large aggregates, but individual
cells were motile, especially when the aggregates were disrupted.
Slime capsules and gas vacuoles were absent. The cells ococur in
highly saline environmentse and were grown in medium with 135
percent NaCl. ¥Bcechl a, spirillaoxanthin, and 2 unidentified
carotencide were found in an extract from an enriched cultwre.
On the basis of these characteristics, these bacteria were
probably Chronatiun buderi, although the carotenoid present
in described strains of Chromatian buaderi is rhodopinal
rather than spirilloxranthin (Ffennig and Trueper, 19745 Trueper
and Pfennig, 1978). FRhodopin has & single absorption maximum at
498 nm (Good, 1973) and therefore cannot be oneg of the
unidentified carotenoids.
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P Rhodopsuedomonas capsul ata Chromatium vinosum
Thiocapsa roseopersicina o . (Rhodepin standard)
(8pirilloxanthin standard) (Spirilloxanthin should g
be present) ’
Rf Color Identity R¥ Color Identity | Rf Color Identity
o Blue Bchl a? 0.48 Pale yellow p.d. o "‘Blue Bchl a?
0.62 Pink Spirilloxanthin | 0.66 Pink Spirilloxanthin? 0.44  peach Rhodopin
0.73 Pale yellow N-d- 0.60 Pink Spirilloxanthin
Thiacystis gelatinosa Big Soda Lake Sample Gypsum Crust Purple Bacteria
(Okenone standard) ]
' Rf Color Identity
RE Color Identity | ge Color  Identity | © Orange n.d.
0.48 Pink Okenone 0.56 Pink Okenane 0.62 Pink gpirilloxanthin
0.73 Yellow ned.
(SBeveral other faint bands
were also cbserved.)
n.d. Not determined

? The spot was not examined spectroscopically, but a likely

identity is suggested.

Table 11-1. Separation of bacterial carotenoids on silica gel
with Rf values, colors of observed spots and the identities of

the spots listed under each bacterial
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Thiocapsa ro:cohor:icipq, Rhodopsuedomonas cab:ul.ta Chraosatium vinosu»

RE Color Identity RE Color Identity Rf Color Identity
0 Blum Bchl a? 0.62 Pasach n.d. 0 Blue Behl a?
0.77 Pink Bpirilloxanthin) 0.75 Pink Spirilloxanthin?| 0.45 Peach Rhodopin

0.75 Pink Bpirilloxanthin

Thiocystis gelatinosa Big Soda Lake Sample Gypsum Crust Purple Bacteria
Rf Color ldentity | Rr¢ Color Identity | Rf Color Identity
0.49-0.467+ Pink Okenone 0.77 Pink Oksnone o Orangs n.d.
0.75 Pink Spirilloxanthin
0.84 Yellow n.d.

+ The mpot was a smear, probably because an excass of

pigeent was applied.
n.d. Not determinad

? The spot was not examined spectroscopically, but a likely

identity is suggested.

Table 11-2. Separation of bacterial carotenoids on alumina with
Rf values, colors of observed spots and the identities of the
spots listed under each bacterial species.
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ANAEROBIC REDUCTION OF ELEMENTAL SULFUR
BY CHROMATIUM UINOSUM AND BEGGIATOA BLBA

T.M. Schmidt

Introduction

Chromatium vinosum, a flagellated photosynthetic rod
bacterium, and Reggiatoa alba, a gliding filamentous
bacterium, both oxidize sulfide to sulfur, which is stored inside
their cells in the form of sulfur globules. Although these
bacteria are morphologically and physiologically distinct, they
both helong to the purple bacterial group as determined by their
38 rRMA sequences (kKrieg, 1984).

Filaments of Reggiatoa glide through sediments so that
they are situated at the oxic/anoxic interface where sulfide and
oxygen coeMist. At this interface, sulfuw is accumulated by the
cells., 8Since this interface rises at night and falls during the
day, Beggiatoae filaments must be able to generate energy under
both odic and anoxic conditions as they glide towards the
interface. The aerobic oxidation of acetate by Beggiatoa has
beern well documented and shown to be responsible for energy
generation {(Strohl, 1981). However, there is no known mechaniem by
which Reggiatea can generate energy in the absence of oxygen.

Chromatiup is found in the anoxic lavers of lakes.
Electrons released from the oxidation of sulfide are used in
anodygenic photosynthesis., The sulfur that accumulates from thisg
reaction increases the buoyant density of the cells. As sulfur
globules accumulate, the cells sink out of the photic zone 1if the
bacterial layer is concentrated enough to limit the light
available for photosynthetic energy production. Once below the
photic zone Chromatium gains maintenance energy from the
aoxidation of polyglucose to poly—~ ~hydroxybutyric acid (FHR) and
the reduction of sulfur to sulfide (van Gemerden, 1968). Decrease
in the amount of intracellular sulfur globules reduces the buoyant
density of the cell and may permit cells to return to the photic
zone.

This project examined!:

1) The effect of sulfur globules on the buovant density of
Chrowatium vinosun and Beggiatoa alba.

2) The potential use of sulfur as a terminal electron acceptor
in the anaercobic metabolism of Beggiatoa albas. and

3) The effect of the reduction of intracellular sulfur during
dark metabolism on the buoyant density of €. viposum.
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Culturing Freshwater Strains of Beggiatoa N
(Type straini: B. alba RIBLD)

STOCK SOLUTIONS BASIC GROWTH MEDIUM

Modified Pringsheim’s

Microelement Solution S mlsl
NHaCl {5 percent) 3 ml/l
CaClla {13 percent) 3 ml/l
Mgsla7H=0 (1 percent) 1 mi/1
KHaF0s (1 percent) 1 ml/1
Sodium acetate 0.5 g/l
Sodium sul fide .24 g/l

Adjust the pH of the medium to 7.4 with 1IN NaOH and
auvtocl ave. Add neutralized and sterilized sulfide to a final
concentration of 1 mM. Use a 10 to 1% percent inoculum and
gently agitate the culture for best growth. Cultures can be
grawn in the presence or absence of sulfide.

MODIFIED PRINGSHEIM®S MICROELEMENTS

HxBx - 0.001 percent

NaaMola 7Ha0 ~ 0.0001 percent
Fe50s 7HR0 ~ 0.07 percent
MnS0a 7H20 QL0002 percent

!

CoCla &HL0 -~ 0.0001 percent
inbla 7Ha20 - 0,001 percent
Cu804 -~ 0.0000005 percent

EDTA - 0.2 percent

Frepare in ddH,0 and add 1 mi/) HCl to prevent
praecipitation of iron.

Maintaining Cultures on Agar Plates

Cultures can be maintained for two to three weeks on agar
plates. Prepare the growth medium as described above except
lower the acetate concentration to 0.1 g/1 and add 0.1 g/l yeast
extract. Sulfide should be added to 1 mHM after autoclaving.

Trangter plate cultuwres every twoe to three weeks by cutting
out a slab of ager and gently sliding it over the surface of a
new plate.

Starting Suspension Cultures from Agar Plates

Frepare 100 ml of 2 percent agar in a 250 ml flask.
Artoclave, then add nevtralized and sterilized sulfide to a final
concentration of 1 mM. After this solidifies, add 100 ml of
basic growth medium {(+ sulfide) and inoculate the flask with a
section of the agar culture. Agitate gently. Growth should
cccur in two days. The agar plug will provide a continuous
release of sulfide into the mediuvm. BReggiatos survives best
under microaerophilic conditions.
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Materials and Methods

Fure cultures of Chroratiuw vinosum and Reggiatoa
alba were grown under conditions where elemental sulfur was
accumul ated by the cells. The cultures were then transterred
to the apparatus diagrammed in Figure 11-17. In the
erperiments with Reggiatoa, the culture was centrifuged and
washed twice in basal salts (Strohl and Schmidt, 1984) before
being transferred to the apparatus. Nitrogen was flushed
through the system and the ocutflowing gas was bubbled through
two test tubes that each contained 10 ml of 2 percent zinc
acetate to precipitate sulfide. The zinc acetate tubes were
changed every how dwing the couwrse of the experiments. This
apparatus permitted the continuous removal of sulfide so that
sulfide towicity did not limit metabolic rtion of sulfuwr
globules in the cell (Table II-3). ¢. vipnosumw and A.
alba reduced the intracellular sulfur to sulfide at similar
rates (Fig. 1I-18). HBeggiatoa filaments that lacked sulfur
inclusions produced no sulfide, suggesting that
sulfuwr-containing amino acids were not the souwrce of the
sulfide measuwred,

The buoyant density aof Chromatium cells was increased
to 1.130 g/cm by providing illuminated cells with 1 oM sulfide
4 hows before the density measurement. This enswred that the
lfur to sulfide during six hows did not make a significant
change in the buoyant density of the cells. Although sul fur
reduction to sulfide with corelated decrease in buoyant density
is not a mechanism by which Chromatiur retuwns to the
photic zone athter &6 hours, it may be important to cell
maintenance as the sulfuwr continues to decrease for several
days.

Since Reggiatoa can also reduce sultfur to sulfide, we
hypothesized that sulfur to sulfide 1s part of an anaerobic
energy—generating system. This pathway was previously
suggested to exigt in Reggriatos (Nelson and Castenhol=z,
1981). Ouwr work provides evidence to confirm such a
suggestion. Carbon stored as PHE may be oxidized with the
concomi tant reduction of sulfur to sulfide. Additional
research is required to determine whether the oxidation of FHE
using sulfur as a terminal electron source provides energy in
Reggiatoa and whether this is sufficient to maintain cells
and provide energy for movement back into the oxic zone.
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Figure 1I-17. Apparatus for continuous removal and measurement of
sul fide.

N::!
out ™™

cul tiire
| medium

Trap 1 Trap 2

In Acetate traps

_d hsmEE——

magnetic stirrer

111



Organism Sul fur Buoyant

inclusions density gm/cm™>

R, alba + 1.115
R. alha - 1.095
€. vinosum + 1.087
€. vinosuw o 1.130
" "

after 3 houwrs

dark incubation ++ 1.130
1] "

after 6 hours

dark incubation ++ 1.130

Table II-3. Buoyant densities of B. alba and C. Vinosum
with varying amounts of intracellular sulfur.

umoles S2
mg protein

Beggiacpa {w/a Se)
’

Y -

&0 120 180 240

time (min.)

Figure I11-18. Reduction of intracellular sulfur to sulfide.
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BUOQYANT DENSITIES OF PHOTOTROPHIC SULFUR BACTERIA
AND CYANOBACTERIA

R Guerreroc

The bucyant densities of bacterial cells can be greatly
influenced by the accumulation of intracellular reserve

material. The buoyant density of phototrophic bacteria that are
planktonic is of particular interest, =zince these organisms must

remain in the photic zone of the water column for optimal
growth. GSeparation of cells by their buoyant density may also

be of use in separating and identifving organisms from a natural
population.

The bacteria used in this study were obtained from pure
cultures, enrichments, or samples taken directly from the

environment. Table II-4 lists the bacteria, their buoyant
density, and the source of the zample.

density color of density
gm/cm> marker bead
-
1. 017 R R blue
1 . 83% HIDOIEXR TR LRt orange
" S gr‘eeh
1.062 SENS N red
1.074 blue
1.088 organge
1.100 green
1.119 red
1.141 violet

Figure 1I1-19. Percoll gradient with density marker beads.
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ﬂﬁoyant density

gllcm 3

1.160

1.140

1.120 | /

Beggiatoa (w/ S°)

1.100 X )
' . Beggiatoa (w/o §°)
Chromatium vinosum (w/ S=)
1.080 [
1.060 T
Thiocapsa roseopersicina
1.040 [
Chlorobium limicola
1.020 I

L " L i 1 5 3

20 30 40 50 &0 70 80

‘relative distance from meniscus (%)

Figure II-20. Bouyant density of phototrophic sulfur bacteria and
cyanobacteria. '
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ORGANISH

Thiocystis gelatinosa
Thiocystis gelatinosa
Thiocapsa roseopersicina
Chropatiun vinosun
Chronatium minputissinun
Chlorobium phaeobacteroides
Chlorobium linicola

Chlorobium vibrioforne
Prosthecochloris sp-
Rhodopsuedononas sphaeroides
Rhodopsuedomonas capsulata
Rhodopsuedomona palustris
Ectothio rhodospira sp..
Anacystis nidulans h
Synechocystis gp.

Oscillatoria sp.

Qocystis Sp- {eukaryotes}

chlorophyte)

DENSITY
‘g/em=

1.040
1.030
1.054
1.087-1.130
1.078
1.072
1.025
1.014

1.100
1.045
1.068
1.074
1.095
1.080
1.119

1.020

1.119

1.017

SOURCE OF SAMPLE

Pure culture
Big Soda Lake
Pure culture

Pure culture
Pure culture

Pure culture
Pure culture
Enrichment

Pure culture
Enrichment Salt marsh
Pure culture

Pure culture

Pure culture

BRig Soda Lake

Pure culture
Enrichment

Alum Rock, Site III

Enrichment
Alum Rock, site III

Big Soda Lake

.Taﬁle 1I-4. Buoyant densities of purple and green phdtotrophic'
bacteria and cyancbacteria at 20%.
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INTERACTIONS AMONG SULFIDE-OXIDIZING BACTERIA
F. Foplawski

Introduction

Alternations between aercobic and anaerocbic conditions
prevail in aquatic enviromnments., Such conditions promote various
interactions ampng bacterium, including synergism, a phenomenon
whereby bacterial growth is amplified as a result of proximity to
another strain. Another is competition, whereby rivals interfere
with each aother’s growth in a negative fashion (Atlas and Bartha,
1981) . The aim of these experiments was to study the responses
of different phototrophic bacteria in a competitive experimental
system, one in which primary factors such as HeS5 or light
limited photometabolisem. Two different types of bacteria shared
ore limited souwce of sulfide under specific conditions of light.
The selection of a purple and a green sulfur bacteria and the
cyanobacterium was based on their physiological similarity and
also on the fact that they occur together in microbial mats.

They all share anoxygenic photosynthesis, and are thus probably
part of an evolutionary continuum of phototrophic organisms that
rune from, strictly anaerobic physiology to the ability of some
cvarnabacteria to shift between anoxygenic bacterial-style
photosynthesis and the oxygenic kind typical of eukarvotes.
Hartman (198%) and Trueper {(1982) suggest parallelism among such
bacterial photosystems.

Chlorobium phacobacteroides 1s a strictly anaerobic
green sulfur bacterium that uses sulfide as an electron donor for
carton dioxide photoassimilation. In the course of carbon
diosiide reduction sulfide is odidized to sulfur which is stored
outside the cells. Some strains further oxidize sulfuwr to
sul fate. Froduction of sulfur corresponds with the equation:

?.Hf::S“'CO:a '-’ 28+H,‘.’30+ (CH‘;:O) (Fondrati 2Va, 1979)

Oeocillatoria livnetica is a facultatively oxygenic
cyanobacterium which can use hydrogen sulfide anaerobically in a
reaction that oxidizes hydrogen sulfide to 89, The strain
performs anoxygenic photosynthesis, driving electrons from
hydrogen sulfide to FS 1. 0. lipnetica is capable of

anoxvgenic photesvnthesis at low HaS concentrations

0, 1-0.3 mM). A lag period of 2 hours is required for the shift.
nce adaptation is complete, 0. linpetica can grow
photoautotrophically under anaerobic conditions with the same
efficiency as it does by oxygenic photosynthesis {(Cohen et al..,
1975 a.b). Sulfide itself 1s a weak dibasic acid, with a pH of
.78 and 11.946 at the ionic strength of the reactions. The
caoncentration of the ionized and undissociated Ha8 will
drastically change in the pH between 7 and 8. Sulfide may cause
deleterious effects on the cells and probably is the reason for
the lag period. It ie possible that the low redox potential
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2licits a process in which reduction of an electron carrier
causes it to become sultfide-resistant and thereby functional in
the use of sulfide electrons. Addition of sodiun thiosulfate to
cell suspensions allows elimination of the preincubation period.
It also decreases pH, turning most sulfide into HaS

{Belkins, unpublished). Sulfide is oxidized to sulfur according
to the equation:

2H=5+C0. — (CH.0) +28+H.,0

82 is expelled from the cells as refractile globules
either free in the medium or adhering to the filaments.

Chromatium vinosum, a purple sulfur bacterium, forms
5® inside the cells dwing anorygenic photosynthesis.
These sulfuwr globules provide a reservoir of photosynthetic
electron donors for Clz fivation. £0n is fixed as
part of an anaerobic, obligately phototrophic metabolism. The
final result of HaB utilization corresponds to the
equation:

HES“'ZCD:&"‘ZHED -3 H:.3504+2CH;::0

C. vinosum is inhibited by oxygen. Important redoy enzymes
are probably poorly protected.

MATERIALS AND METHODS
Semi—-open system

A semi-open system was used with two of fow 210 ml flasks
taken from an Ecologen model E-40 (no. 57435, New Brunswick
Scientific Co.’. Each flask has two rubber-stoppered slits to
facilitate sample extraction. The two flasks were connected by
plastic covers attached with eposy glue. fApertures (3.7 cm) for
the filter membi-ane were drilled through the plastic covers. The
membrane was glued with epoxy to a plastic and cardboard circular
base from both sides to prevent leakage (Fig. 1I-21).

Light Measurements

Since light intensity can play an important role in
determining the sepecies composition among phototrophic bacteria
in natural environments, the light emitted by one or two 60 watt
incandescent lamps was measuraed by a Li Cor quanta meter which
defined ouw light intensities. Under conditions of high light
intensity (saturation conditions) the brown &.
phavobacteroides and the purple €. viposuam have similar
generation times, although the latter need more light.
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Millipore Membrane

A3 um Millipore membrane was used between the two cell
SUSRaENSG1 Ong. The beacterial linear dimensions were smaller than
the membrane pores (1,504 um in length as determined by
Coulter Counter, 9.883 by transmission electron microscopy, 0.431
by scanning electron microscopy for Chromatiuw vinosum, and
around 00328, 0,225, and 0,053 am™ for Chlorobiuw
speciaes (Montesinos et al., 1983)). Monetheles=s, bacterial
passage from one to the other system couwld not be confirmed by
microscopy. Sulfur content per cell seems to determine cell
valume in Chrowaetiam vinosur {(Guerrero et al., 1984). 4.
Limnetica forme filaments larger than pore size,

Bacterial Strains

Chropatiun vinosuan UA 001 was jsolated by H. van
Gemgrden from Lake Ciso (Banyoles, Spain). Chlorobium
phacobacteroddes Us 3001 was isolated from Vilar, Cico, and
other Spanish lakes. Oscillatoria linpnetica was isolated
fram Solar Lake in the Gulf of Akaba in the Fed Sea.

Growth Conditions

Cultwres of Chromatiam and Chlorobiun were grown in
Ffermmia®s medium under nitrogen atmosphere. Initial inocula were
o from etationary cualtuwres (10 ml tubes) and inoculated into
150 ml bottles in Pfennig and Lippert medium {van Gemerden and
Beettink, 1983 for two to three davs before experimente.
Cultures were incubated at room tesperabtuwe under light (2030
bl m—® 2 pefore dnoculation in the semi-open
ayaten. 4, Iipnedica was grown in agar tubes and inoculated
to CHULTL medium improved by Y. Cohen Waterbury and Stantier,
1981) .

Chemical and Biological Farameters

Hydirogen sulfide was measuwred by colarimetric assay (Cline,
1969) . Elemental sulfur was measwred according to Bartleti and
Shoog (197610, The difficulty in obtaining a el Fur
solution was that only relative absorbance measwements ara glven
but even these provide wseful gualitative information.  Sulfate
Wé determined according to Tabatabail (1974). Frotein
doterainations were carried oult according to the method of
Bradiord C1974).

e lnentes were done as follows: 210 ml cell suspensian of
@ach bacteria containing 2% mM bufter HEPES/MaOH, pH 7.1, and 100
il MaaCls were illuminated by one or two &0 Watt

incande vk Lamps which provided 2630 gl ;=

gt hetweern the bhottom and surface of the flas at

il Inocula were maintained under Nz, The whole

e was kept in the dark for fifteen minutes, atlber which
iples for sulfide determination were taken. The system was
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stored in the light, and sulfide was added in the initial defined
concentrrations., SHamples were taken every four hours in

the dark for Hz, 59, and S042~. Every 8 hours protein

was determineds samples, taken with disposable syringes, were
immediately fixed, filtered, or frozen as required.

Chlorobiumn~-Chromatium: Initial sultide concentrations were
5.18 mM and 2.39 mM, respectively. Light intensity was set
att 2029 ubE m™#® g=1 feor both systems.

Orcillatoria-Chlaorobium: Initial sulfide concentration was
0.8 and 0.7 mM HaS respectively and light intensities
were set at £26-31 and 1.15-1.19 uE m—= g1,
respectively.
Low redox potential in the dscilladoria limmetice system
was abtained by the addition of 1.2 mM dithionite, which
eglicits a one to two hour lag period. pH was adjusted to 7.0
by 25 oM buffer HEPES/NaOH and 25 mM NaQH.

. limpetica-C. viposan: Initial sulfide concentration was
established at 1.3 mM for both bacteria and light intensity
was 2631 uE 7 571 for both systems.  As
in the Gscillatoria limnetica-Chlorofium interaction, low
redaoxr potential was obtained by 1.2 mM dithionite and pH 7.0
was fived by 285 oM buffer HEFES/NalOH.

o~

Results and Discussion

Digsimilatory sulfide oxidation performed by two sulfur
bacteria present together in aquatic habitats was eslamined
experimentally to demonstrate H:S axidation to &
and 80a. In the Chlorobium-Chromatiun experiment
hydrogen sulfide was oxidized rapidly to 8¢ during the
first 12 hours. Chlorobhium more efficiently oxidized sulfide
than Chromaétice (D.33 mM Map8 h=?* and O.272 mM
Ha8 h=* respectively.) Nevertheless, the rate of
sulfide oxidation was higher in Chromatium. pparently
eglemental sulfur was produced first by Chlorobiuam but only
Chropmatian onidized 85° to sulfate. {(Hydrogen sulfide
at pH 7 represents 25 percent of the total sulfide). After 12
houwrs €. vinosar had left only about 0.115 mM Ha8 free
in the medium while increasing amouwits of elemental sulfur
produced by its counterpart were probably passively diffusing and
used as an cenergy source. The use of either HaS8 or
elemental sulfwr by . vinosum to form Habo,,
the high light intensity, and the temperatuw e were the main
factors which inhibited sulfate formation by O.
phacobacteroides. Chiorobiur may not have had high
atfinity for the elemental sulfuwr, which was used by its
competitor,
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Sulfate concentration only increased after 14 hours. ITte
rate of production was almost linear throuwgh the next 16 hours in
the Chromatien system while Chiorobian did not oxidize
sl fur.

Frotein was synthesized at a high rate during the first 146
howrs in Chropatiam vinosuam with a doubling time of 8 hours.
The initial rate was 0.13 ug ml™* k-, followed
by a slower rate duwing the next 20 hours (0,004 uq
ml=* k1), Chlorokiup failed to grows it
showed a negative rate of protein synthesis. This can be
explained by the partial dilution of the cell suspension when
sample volumes are replaced by fresh medium.

The changes in chemical and biological parameters are shown
in Figures II-22 and 1123, fs a preliminary conclusion,
Chlorobian may have a higher affinity for sulfide than for
59, but other factors such as light, high tesmperature, and
the presence of possible todic end metabolites produced by its
counterpart did mot permit more than a maintenance metabolism.

Odecillatoria-Chlorobtiun: Competitive interaction for
Hz8 was carried out in similar conditions as in the
experiment above with Chromadéiur and Chlorobkium. To
prevent light satwation damage, intensities were lowered.

Both bacteria are capable of using He as an electron
donaor. Saodium sulfide concentration decreased rapidly duwring the
fivrst 4 hows (Fig. I11I-24). Ohlorotiuw used Ha5 nore
efficiently than the cyanchbacterium. Sulfide oxidation rates
were 1735 mM Maz8 h~* and 87 mM Naob
h=*y respectively. Both bacteria produced and expelled
elemental sulfuwr which remained free in the medium. Only
Chromatian further oxdidized 82 to sulfate, providing
itself ancther energy sowce besides HeS5.  When
Chlorobivm grows wider sulfide limitation the ability to use

S° can bhe observed.

Chlorobian probably uses the passively diffused
8 vielded by Oscilladoria. During 24 hours S<
increases in both svstems, thus there is no evidence about the
source of 89 used as electron donar by Chlorobiaw.
However, sulfate increased atter 4 hours with a rate of 45.8
ug swlfate 17 h=r in the Chlorobianm
syvetem (Fig. I1-24). Sulfate is present in large amounts in CHULL
medium, thus some sulfate probably diffused to the Chlorobiuw
systom., Nevertheless, the rate of sulfate production decreacsed
when sulfide was added (not shown) .
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Figure II-21. Diagram of two culture media.

mg S04%" e—-1
m HaS8 Chlqrobiam Chromatium 9 °
= NaS 0 = Na=S
8¢ ¢ =8 0O =8 |
4 = S0.4=- A= 50a="
F 30.0
0.35
’ R 27.5
0. 30 . 25.0
L 22.9
0.28 | co.0
|, 17.5
Q.20
- 15,0
0,15 F 12.5
P 10.0
0. 1Q
[ 7.50
P S.00
0.05
[ -2.50
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system, illuminated by 60 Watt incandescent lamps, at
280 C. sarved as electron donor only to

Chi um winosar, which ]

Pagis ]

pefoarmed Fallo oosadalbion Lo

122



ma/ml

protein
0;4 Ci_tronati um
0.3
0.2
0.1
Chlorobium

L} v 1
T T T T T .

4 B8 12 6 20 24 28 .36 40
hours

Figure 11-23. Protein synthesis. Effective growth is performed only
by €. wvinosum. Descending Chlorobium line represents
effect of semicontinuous dilution and/or death of the culture.
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Figure 11-24. Changes in chemical parameters during sulfide
oxidation to sulfur and sulfate
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The absence of sulfide available as electron donor for 4.
limnetica atter 8-16 houwrs probably caused the shift to
oxygenic photosynthesis, vielding oxygen toxic to the green
sulfur bacterium. Frotein synthesis increased during the first 8
hours, and some other growth occurred between 8 and 16 hours and
then decreased rapidly after 16 hours (Fig. I1I-24).

Chlorohium phacobacteroides® requirements for large
amounts of sulfide, low light intensity., and low temperatures
place this green sulfur bacterium in an ecological niche with no
competitors. In aquatic habitats the uppermost limit of the
green bacteria growth layer must be confined to a level of
permanent sulfide production. €. limnnetica, however, is
substantially independent of Ha8, and it can shift between
photosynthetic systems as environmental conditions require.

Oscillatoria-Chropatium were cultured together in the
seml—~ogpen system to test competition for sulfide as it probably
occurs in nature. Most Chromaéiar dependent upon sulfide are
inhibited by oxygen. They lack an assimilatory sulfate reduction
metabolism. €. vinosup can grow under low sulfide
concentrations and high light intensities. Competition for
suwlfide in a semi-open system with the cyancobacterium grants an
advantage to €. vinosum with respect Lo the use of S
free in the medium, the sulfur being a product of hydrogen
sulfide oxidation. Sulfuric acid is produced by photometabolism
of C. vinosun.

Hydrogen sulfide was utilized by both bacteria as an
electron donor. No net growth occurred during oxidation of
52 to sulfate as indicated by protein determination,
perhaps due to damage caused by oxygen production by
Oscillatoria. Some growth or maintenance metabolism possibly
occurred since sulfate increased during the first 8 hours. This
could not be determined accurately with ow techniques (Fig.
Ir—-27).

Chlorobiurn cells are non-motile, strictly anaerocbic, and
sulfide—dependent. These cells will be found in the microbial
community with no other phototrophic bacteria, i.e, over a
sulfide~-rich layer where they can absorb light energy from above.
Yet purple sul fiu- bacteria, due to their motility and their
ability to store §° inside their cells, can adjust their
sulfide environment and ambient light. Competition at low
sulfide concentrations and at high light intensities favors
Chromatium vinosumw, which can efficiently utilize either
hydrogen sulfide or sulfuwr. G. limnedica, occupying the
swface laver in microbial communities, has another strategy
since it can use either Hab or water as an electron donor.

Other strains, such as dscillatorie c-will, isolated from

Wilborg Spring in California, always perform oxygenic
photosynthesis and have a high resistance to sulfide presence
{Cohen, et al., unpublished data). When sulfide concentration is
not limiting, phototrophic bacteria that seem to have a higher
affinity and efficiency for sulfide are naturally selected over
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Figure I1-25 Figure 1I-27

mg/ml=~* protein 9

3 T v L4 T )

1 ] R S
20 . 24
hours 4 g 12 16 20 24 o a4 8 12 16 20. 2

)

Figure II-25. Protein in Chlorobium phacobacteroides during the
first sixteen hours of experiment.

Figure II-27. Lack of growth of €. vinosuas may have been caused by
increasing toxic levels of 0. due to shift back to
oxygenic photosynthesis in 0. lisnetica-
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Figure I1-26. Sulfur

transformations in Chlorobium-0scillatoria
cultures.
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cyanachacteria., Ecological niches for anaerobic phototrophs are
provided in agqueous habitats., where metabolic end products are
the primary compounds for their phototrophic metaboliem. Maximum
efficiency is accomplished by physiological stratification in the
microbial populations. Stratification results from competition
when primary elements such as Ha8S and light become

limiting factors.
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CHAPTER II1I

SULFUR REDUCTION IN SEDIMENTS OF MARINE
AND EVAFPORITE ENVIRONMENTS

Frof. M. Eluag
F. Boston
F. Francois
F. Gyure
B. Javor
G. Tribble
f. Matravamurthy

Introduction

Estimates of the earth’™s current crustal reservolrs of

sl fuwr minerales indicate that 200280 » 109 poles of

sulfur in the form of sulfate ocowr in evaporite deposits as
agypsum (Cablla), 200280 3 109 moles of reduced

sulfur (as FeBa) are found in sediment., and anly 4042 o

1018 pmoles of sulfwr are found dissolved in the oceans and

in the atmosphere (K, Barrels, personal communication). Duwring
the Fermian Feriod and at other times during the Earth’™s history,
the development of large basine of restricted circulation, (i.e.,
evaporite UHVlrﬁanHt oresulted in widespread evaporite
sadlmentatlon Calla, NaCl and potash minerals — see Fig.
G4 result of this sedimentation was a sequestering of sulfur as
Cabla. Although it is estimated that nearly 50 percent of

the total sulfuwr pool i in the form of sulfate, little ie known
abrout the roles of sulfuwr-reducing microorganisms as regards
elther the deposition or the diagenesis of this sul fate.

The microbkial ecology of evaporite environmnents such as the
Fearaiarn Gul+, the Great Salt lake, and the Dead Sea are most
often characterized by extensive micorobial mat communities
covering bthe sediments and/or high biological activity in the
plamkton of the bhrines. Al though the distribution of
microorganiamns within these communities has been studied, the
interrelationship of microbes and transtormations in the
sedimentary sualfuwr cycle environments remaing poorly understood.

b

Geomicrobiological studies of evaporite environments have
been retarded by logistical problems including the absence of

adaeguate on-site laboratory facilities. It haes been difficult to
eramine temporal developmental aspects of these environments such

as the effects of increasing salinities over time on the
geomicrobiology of evaporites.

Solar salt ponds serve as omodel systems for studying the
geomicrebiology of sediments in normal marine and evaporite
ervironments. A solar salt facility maintains
geavater—concentrating ponds in & ﬁ@r’&? af brines of increasing
density, amalogouws to a river with a series of dams. Seawat er
enters the svetem and flows bhrough H)e: ponds sa that
Callsx and CaBilia precipitate betore the brines reach the stage
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of NaCl saturation. The trange of salinities in any one pond
throughout the year depends on the management pracedures of the
salt company. These ponds provide opportunities to examine the
effects of increases in salinity on the biological processes in
the water column and sediments.

The accessibility of the FPRME program to the Alviso salt
pondes in San Francisco Bay Wildlife Refuge (Map 2) allowed us to
examine transformations of sulfur in sediments of ponds ranging
in salinities from that of normal seawater to those of brines
saturated with saodium chloride.

Ouwr investigations focused on the chemistry of the sediment
and pore waters with emphasis on the fate of sulfate and sulfide
and on the specific rate measuwrements of sulfate reduction. The
effects of increasing salinity on both forms of sul fur and
microbial activity were determined.

Site Description

The Alviso salt pondse, near the east side of the Dumbarton
Bridge, are about 80 vears old. 0On the average, brines have &
residence time of about 9 vears from the time they enter the
system from San Francisco Bay until the time the brines are
pumped from the NaCl crystallizer ponds to harvest salt. Table
IlI-1 (provided by Leslie Salt Co.) summarizes the brine
salinities measuwred between 25 March, 1983, and 20 July, 1984, in
the ponds from which our sediment samples were taken. The data
show that pond A2 varied the least (from 20 per mil to 89 per mil
salinity). FPond 4 varied from roughly 43 per mil to 180 per mil,
pond 3 varied from about 35 per mil to 133 per mil, and pond i
varied from approdimately 105 per mil to 280 per mil,

The ponds support very dense planktonic communities,
egpecially when their salinity is greater than about 42 per mil
galinity. Visibility through these brines was about 10 am.

In pondes with brines ranging up to approximately 3 times
seawater salinity, small fish {(sticklebacks and topsmelt) are
found. In ponds of higher density only a few invertebhrates are
found {Ephydra fly larvae and the brine shrimp Artenia
salina). A. rallina, a filter feeder, probably fails to
limit phytoplankton both because it is harvested commercially and
because of extremely high rates of primary productivity. Brine
shirimp growth must also be limited by other factorsi the shrimp
do not thrive in brines of greater than about 200 per mil
salinity. These brines typically have dense blooms of primary
producers {(the cyanobacterium Rphanothece halophytica and the
green algeae Dunaliella salina and U. viridisi,

Falobhacter, and other halophilic bacteria. Microbial mat

devel opment on the surface of sediment occurs in ponds up to
about 200 per mil salinity. The extent of mat development is
limited by shading by dense plankton communities and rapid
chemical precipitation of gypsum (at salinities of greater than
20 per mil) and halite {(at salinities of greater than about 250
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NAMES OF PONDS ¢ Date

(this study)
3/25/83

4/8/83
4/15/83
4729483
5/6/83
3/13/83
10/7/83
11/4/83
11718/83
1272183
12/16/83
1/6/84
1/13/84
2/3/84
2/10/84
2/24/84
372184
3/16/84
3723/84
4/6/84
4/27/84
3/25/84
6/8/84
6/29/84
7/20/84

SALT PONDS

{(see Map 2)
Pond A2 Pond ! Pond 4
42 33 _ 150
35 105 42.5
35 113 42.5
30 {13 47.5
49 145 47.5
37.5 13 47.5
40 115 50
60 215 125
40 200 148
55 153 30
52,5 158 90
47.5 130 $2.5
45 128 40
45 128 60
47.5 130 4]
47.5 128 85
47.5 125 65
47.5 128 85
50 128 47.5
47,5 130 70
50 140 80
60 168 100
80 220 a 133
63 213 178
42,5 225 155
37.5 250 150

a Pond was essentially dry
b Named for guantity,
per eil, of salt measured in July 198
¢ Salt marsh =san pond
d Same as pond A4 imap 2)

{aap 2}

Pond 5
0
33 d
35
37.5
42.5
42.5
45
115
133
90
90
75
$7.5
47.5
70
70
$7.5
67.5
87.5
70
80
100
13
123
125
100

13
14
14
14
15
15
21
19
11
i1
14
13
10
12
13
14
{5
16
16
13
14
16
15
19
24

Table III-1. Salinities and temperatures of Leslie Salt Co.

concentrating ponds in 1983 and 1984,
were ;alculated from salinometer readings.
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per mil). Data obtained from sediments at an intertidal
gnvironment, the marsh site adjacent to the ponds, were used in
comparison with those obtained from the pond sites.,

Materials and Methods
Chemical Analvyses

Salinities in the overlying water were measuwred with a
hand-held refractometer (American Optical). Values of reported
salinities are accurate to within 1 per mil.

Cores were obtained with hand-held extruded polycarbonate
core barrels (7.9 om inner diameters). Cores over 50 om in
length were obtained with the aid of an internal piston to avoid
compaction of the core profile. Cores, stoppered and returrned to
the laboratory at 8.J4.8.U, were proceszed within & houre of
cellection.

Pore water from sediments was obtained by exbtruding the
cores in an oxygen—-free environment. The labtter was obtained by
placing & collar over the core and passing oxygen-free Ng
ar carbon diovide over the extruded section. Subsamples of the
extruded material were placed in vials (10 o) pre~flushed with

Hygen—-free N, stoppered with butyl rubber stoppers, and
centrifuged for 30 minutes at 12,000 x g in an RE-2 Sorvall
centrifuge. Fore water was removed and immediately analyeed for
swl fate, sulfide, and chloride. FPore water for analyses such as
volatile fatty acids not sensitive to odygen was obtained by
centrifuging larger samples in 50 co polypropylene tubes.

Sulfate was analyzed turbidimetrically according to the
method of Tabathabai (1974)3 sulfide was analyzed
colorimetrically using the methylene blue technigue Cline,
196%) . Chloride was determined titrimetrically with silver
nitrate {(American Fublic Health fssoc., 19768).

Volatile fatty acids were analysed after the method of
Loviey and Elug (19€92). Hriefly, 10 ml of pore water are made
basic (pH 8.2) and slowly dried in & sand bath with a maximum
temperatuwre of 5090 to avoid basic hydrolyses of longer
chain esters. Dried samples are made acidic with 10 percent
phosphoric acid and vacuwam steam distilled. The distillates were
analyzed on a Hewlett Fackard {(Avondale, Fa.) HF 38300 gas
chromatograph eqguipped with a flame ionization detector. Acids
were separated on a 2 m glase column packed with 10 percent
GF-1220 and 1 percent phosphoric acid coated on ANS Chromosorb
100/120 mesh (Suppelco, Avondale, Fa.). Operating conditions
ware: Coluwnmn oven 1359C) detector 1735908 Injector 1795903
flow rate (Naz) 18 ml/minute. Output of the colwnn was
integrated with a HPFP 38304 integrator coupled to the above
chromatograph.

At each sampling depth subsamples of sediment were also
transferred to a preweighed vial and dried for 18 houwrs at
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702C in order to obtain a wet/dry conversion value. After
drying, a subsample of the sediment was transferred to porcelain
crucibles and combusted at S409C for 20-24 hours in a

muffle furnace. Organic content of the sediment was calcul ated
as the percent weight loss following ignition.

For the analyses of acid volatile sulfide (AVS) soluble
sulfur subsamples of sediments taken from cores including those
used for other analyses were ltreated withe aqua regia
(HMOx~HC1 2:1) and frozen at -70°C in plastic bags.

They were processed within one week. Samples were weighed and
suspended in 30-30 ml distilled deionized water (ddw) warmed, and
sparged with oxygen-free M in a gas train. The train

consisted of the flask with the sediment, followed by a flask
with a S percent Hzx8504 solution to trap any free

chloride during acidification of the sample, and a tube
containing 10 percent Aghllsx to trap sulfide as an

Aga8 precipitate. After sparging, 2330 ml of

concentrated HCl was added to the sediment and the reaction was
continued until no further Ag=8 precipitation was

obeerved. The flask was again briefly warmed to remove the last
traces of AVE. The AgzH precipitate was filtered on

Whatman 50 paper, washed, dried, and weighed. The HCl-treated
sediment was filtered on Whatman 30 paper and washed. The
filtrate was analyzed for sulfate. The sediment was subjected to
agua regia ostidation by wetting the sediment with approximately 5
ml ddw and adding 20 ml agua regia. The sediment was left at
room temperature for 146 hours, heated to just below boiling for 2
howes, then filtered on glass fiber GF/A filters (Gelman
Instrument Co.), washed with 80 ml ddw. The filtrate was
analyvzed for sulfate. Sulfate was estimated according to the
method of Tabathabai {(1974).

Sulfate Reduction Rates

Sultate reduction rates were obtained using a modification aof the
technigue of Ivanov (1964). Subsamples of sediments were
obtained with S ml plastic syringes with the needle end cut off.
The subcores were extruded into preflushed (oxygen—free

MNz) 30 ml serum vials and stoppered. Each bottle received

3 microcuries (uc) Na™" S04 in 1 ml of

anonic sulfate-free seawater. Samples were mixed and

incubated at In situ temperature (23°C) for 6-8 hours.

The reaction was stopped by injecting 1 ml of 5 percent zinc
acetate; then the samples were frozen {(-70°C) until

processing. All experiments were done in duplicate for each core
section. Samples were assayved and rates determined using the
procedure described by Smith and Klug (1981). These methods only
accounted for the recovery of reduced sulfate in the free

5%~ and AVS pool. Hates therefore should be considered
uwnderestimates of total sulfate reduction.
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Results and Discussion
Chemical Frofiles

Values measuwred for the sulfate, sulfide, and acid volatile
sulfide (AVS) pools in sediments collected from an intertidal
marsh site near pond 1 (33 per mil), pond A2 {42 per mil), pond
A4 (90 per mil), pond 4 (130 per mil), and pond 1 (300 per mil)
are shown in Tables I1I-2 through 1I1-6 and Figuwes II1I-1 throuwgh
ITI-5. Hereafter, sampling sites will be referred to by their
salinities.

The percent sediment dry weight generally increased as a
function of pond salinity due to the precipitation of gypsum and
halite which are relatively dense constituents of hypersaline
sediments. The oarganic content of the sediments (measured as a
loss of weight wpon ignition) was very high, ranging from about
10 percent to 20 percent of the dry weight. The lowest value
recorded was 7.8 percent (300 percent salinity) and the highest
value recorded was 23.1 percent (90 per mil site). Organic
carbon content appeared to increase with salinity in sediments to
a maximum in 90 per mil sediments, and then to decrease somewhat
with continued concentration of brine. In all cases the organic
content was higher than that found in the intertidal marsh
sedimaent 335 per mil).

The salinity of the superficial brines in the salt ponds was
estimated with a refractometer. RBecause calcium precipitates
primarily as CaB0a in brines concentrated greater than
four-fold (about 140 per mil) and Nall precipitates when brines
are concentrated to greater than about 230 per mil, the actual
ion content of concentrated brines in the study sites could not
be calculated by simply multiplying the concentration of each ion
by the factor of concentration measured with the refractometer.
With the exception of the Z00 per mil site, estimates of seawater
concentiration were possible by measuwements of Cl1-
concentration, since this ion is conservative until the brine
reaches the stage of Nall saturation. For this reason, the
calculation of sulfate/chloride ratios in sediment pore waters
shown in Tables 1II-2 through 1Il-4 and Figures 11I-1 through
TIT1-% give a reasonable estimate of the amount of steady state
sultate reduced as a function of salinity and depth below the
oxnygen interface.

In every site except the 300 per mil site, the
sulfate/chloride ratio decreased with depth in a manner typically
found i marine sediments. The sediment profile in the 200 per
mil site (Table I1l-&) may be complicated by the fact that
although the chlorinity decreased with depth somewhat
continuously, gyvpsum precipitation in various layers increased
both the salid and soluble sulfate pools in localized horizons.
Sulfate reduction rates (discussed on the following pages) were
aignificant in this cored therefore the absence of biological
activity can not explain the unpredictability in the pore water
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Depth 8%~ S0.=- (1~ EQgil Vfdry Zorg‘“mol“ amole
(cm) mM mp M Cl- wt matter AVS  ARS
overlying 27.5 0.345 0.080
water
0-1 1.39 19.1 0.453 0.042 4.0 11.7 148 181
1-2 0.88 18.8 0.444 0.042 9.4 9.9 177 21
2-3 1.27 16.4 0.424 0.039 3.2 9.8 180 196
3-3 .1 19.1 0.403 0.047 32.1 9.7 242 181
5-7 2.38 16.4 0.378 0,043 3.2 9.9 186 193
9-11 2.47 11.7 0.355 0.033 30.4 i1.4 153 357
11-13 1.48 11.7 nd nd 32.3 9.6 107 375
13-15 1,24 7.8 nd nd 3.1 9.5 195 254
17-19 .29 7.8 0.335 0.023 13.4 9.0 108 347
21-23 2.22 6.3 nd nd 34,5 8.3 57 574
23-25 2.84 10.5 0.339 0.031 35.9 8.1 44 478
26-28 2.84 8.6 nd nd 37.9 8.2 41 444
28-30 2.72 8.0 nd nd 38,5 8.1 3t 49
J0-32 2.16 12.5 nd nd 39.5 8.6 26 488

® arid volatile sulfur per g dry weight
b aqua regia soluble sulfur, per g dry weight

Table III-2. Chemical profiles of 33 per mil sediments.

Table III-3a.
7/23/84.

Depthysz“ 5642“'x dry pumol™ gmol®e

fem)  mM . wt AVS | ARS
overlying 21.9

water

-1 1.7 24,1 20.0 97 179

1-2 3.4 33.4 24, 156 187

2-3 3.4 28.9 26,5 181 135

3-7 5.0 24.5 23.3 124 204
9-11 5.0 18.2 26.6 108 315
13-15 nd 16.4 23.2 156 209

* acid volatile sulfur per g dry weight
® agua regia soluble sulfur, per g dry weight

Chemical protiles of 42 per mil sediments,
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Depth S04~ 1+ G042~ %dry % org
{om) - miM M c1- wt matter

0-3 28.4 0.818 0.035 25.1 14.9
3-6 20.9 0.856 0.027 A.7 17.7
4-9 17.8 0.930 0.023 37.6 10.8
9-12 13.5 0.975 0.019 30.9 14.1
12-15 1.1 0.980 0.017 21.3 16.3

15-18 9.2 0.988 0.009 27.3 16.3
18-21 8.6 0.975 0.009 28,5 19.4
21-24 4.3 0.978 0,004 26,2 19.8
27-30 4.8 0.973 0.003 1.1 17.2
3-36 3.9 0.973 0.004 321 13.4
39-42 3.9 nd nd 28.2 13.8
45-48 4.3 0.983 0.004 32.2 15.4
31-54 4.5 nd nd 30,6 15.9
57-60 3.9 nd nd 1191 15.6
63-66 2.5 0.980 0.003 29.6 15.9
69-72 3.9 0,963 0.004 29.2 15.0
72-12 5.2 0,953 0.006 30.6 14.6
78-81 L7 0.948 0.004 36.2 13.5
83-86 4.1 0.968 0.004 34,9 12.9
Bb-89 3.3 0.949 0.006 38,3 11.9

Table III-3b. Chemical profiles of 42 per mil sediments,

7/28/84.

Depth 827 g0a=~ Cl~  ga,2~ . dry % org

(om)  mM m M Cl—  wt matter
0-1 0.9 81.7 1.17 0.053 17.9 20,9
1-2 2.3 44.9 1.19 0.039 23.2 15.1
23 8.7 45.9 1.24 0.038 23.1 17.2
3-5 10.2 32.8 1.28 0.026 22,5 11,9
3-7 9.9 25.8 nd nd 19.2 23.1
7-9 12,0 16.4 1.29 0.013 19, 22.5
9-11 12.9 13.7 1,26 9.011 22.8 17.3
11-13 18.¢ 10.9 nd nd 23.5 18.1

Table 111-4. Chemical profiles of 90 per mil sediments.
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Table II1I-5.

Depth &*-
(em) it

overlying
water

0-1 2.01
1-2 3.2
2-3 3.35
3-4 4.09
4-6 6,10
6-8 6.49
8-10 8,23
10-12 8.73
12-14 10.27
14-16 10.81
18-20 8.03

Depth 8=~ gO,,=~
{cm) mb mM
overlying 103
water
0-1 3.0 84.0
{-2 4,63 87.8
2-3 4,87 74.0
3-3 5.06 b4.6
5-7 5.81 $8.7
7-9 6.75 40.2
9-11 §.43 35.8
11-13 5.23 30.8
15-17 6.37 49.5
17-19 4,87 42.9
19-21 5.47 45,1

cl—

2.5

ra
- . » -
L= ¢ B~

..
(4] o~
aougagrigene

s b s b gea ke B BRI RO
-

e e~ O

SUa™7~ % dry % org

cCl-
0.047

0.041
0.039
0.037
0.030
0.042
0.040
0.037
0.037
0.038
0.038
0.040

* gypsua layer in this sedisent interval

wt

nd

27.4
26.4
28.3
36.4
38.9
42.2
3iR.2
30.2
44,7
43.9

matter

nd
16,2
17.4
18,2
15.0
12.4
12,1
14,7
9.7
8.3
9.4

Chemical profiles of 150 per mil sediments.

162
172
162
149
122
148
119
108
204
17
87

6.0
6.0
5.81
5.5
4.56
4.88
3.83
2.63
10,63
4.4
2.63

henthio s SO

1

0.0270
0.0287
0.0279
0.0271
0.0268
0.0303
0.9328
0.0411
0.0192
0.0264
0.0331

* acid volatile sulfur per g dry weight
b agua regia soluble suldfur, per g dry weight
< gvpsua layer in this sediment interval

Table I1I-6. Chemical profiles of 300 per mil sediments,

7/28/84.

24rY % org umole umolb mi

wt

48.6
43.7
43.0
46.0
44,3
44.6
44.6
45.2
40.1
40,3
39.4
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matter AVE

12.1
14.0
13.2
3.5
3.1
15.2
16.0
15.0
14.5
1.0
10.9

9.3
38
7
62
39
62
&7
67
70
o4
78

ARS

41.8
46.4
62
88
71
10
143
368
203
249
185

0.90
1.10
0.71
1,61
0.93
.21

0.9
2,03
0.38
0.51
0.28
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{at 14 cm) but the variation may be due to a combination of a
localized halite lamina and analytical error.

Sulfate is reduced to sulfide by sulfate-reducing bacteria,
but sulfide may then react either biclogically or
non—-biologically. Thus the sulfide pool is not an absclute
indicator of the degree of sulfate reduction. It is therefore
uwsaful to measure the various sulfide pools as well as the
suwlfate/chloride ratioe 1in order to evaluate hthe effects of
bacterial sulfate reduction on the cycling of sedimentary sulfur,

In all sediment pore waters, sulfide was present in
millimolar concentrations, typically between 1 and 10 mM.
Sulfide typically increased with depth in all the salt pond
sites. In the 42 per mil and 130 per mil sites, sulfide levelled
off below about 10 om depth, and in the 200 per mil site, it
leveled off below around 14 cm. In the 20 per mil sediment
sulfide increased with depth to at least 1% cmi no further
profiles were measuwred below this point. Sulfide remained low
with no general increase in the 33 per mil marsh sediment down to
22 cm.  This type of profile may be typical of an intertidal
marsh from which pore water is constantly pumped in and out with
tidal changes in the nearby tidal creek. The steady—-state values
recorded for the salt pond sediments reflect sulfide
concentrations that result from in rita sulfide production
and paseive diffusion in the absence of tidal pumping.

In anaercbic sediment in which Fe®* is present, free
sul fide reacts with Fe®* to produce FeS and FebSa.
Fehl is primarily responsible for the black color of reduced
sediments. Fel is somewhat refractory to redissolution by
microorganisms but it ie readily oxidized by 0Oa. FeS
reacts in an unknown way to form FeSa (pyrite), an ,
extremely recalcitrant mineral that is not significantly oxidized
non-biologically by O=. Analyses of Fel and pyrite in
sediment profiles through a wide range of salinities would
indicate whether well-described trends in pyrite formation for
marine sediments hold true for organic-rich evaporite sediments
as well. For thise study AVE and aqua regia-soluble sal fur
profiles were determined in the 35 per mil, 43 per mil, and 300
per mil sediments. Pyrite was the major iron sulfide phase found
in all three sediments (Figs., I11I-5 and 7). In the 42 petr mil
galinity site, the pyrite pool was nearly twice as large as the
AVES pool within the top cm of the sediment. Fyrite content in
all three sediment cores increased with sediment depth. In the
X per mil core, as is typical for marine sediments, AVE
decreased with sediment depth down to at least 22 cm. HBecause
the 42 per mil sediment protile was only measwed down to 14 cm
ro definite trend could be ascertained. The AVS pool increased
with depth to at least Z4 cm in the 300 per mil salinity
sediment. These ftindings may be of importance in evaluating the
mechanisms of Feb-Feba transformations especially since
the soluble and solid sulfate pools in this core were extremely
large. )
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Total iron sulfides, esstimated from the sum of AVS plus agua
regia soluble sulfide in the 33 per mil, 42 per mil, and 200 per
mil salinity sediments, were compared. Total iron sulfides
decreased with increasing zalinity. The one anomalous point at
10-12 cm in the 300 per mil sediment corresponds to the sediment
underlying a several mm—-thick gypsum crust at this horizon. The
relatively high concentration of iron sulfides at this sediment
interval may have resulted from incomplete solution of gypsum in
the HC1l treatment which caused additional sulfate to appear after
aqua regia treatment. Total iron was not measured in any of the
sediments in this part of the investigation. The lack of iron in
hyperealine sediments in combination with lower sulfate reduction
rates may account for the lower abundance of iron sulfides in the
evaporite sediments.

Sulfate Reduction

The rates of sulfate reduction were determined in duplicate
samples at six different horizons in sediments of each pond
(Figures [I1-8 and I11-9),. In all sediments except those from
the 300 per mil salinity site, the greatest rates of sulfate
reduction were recorded in the top firet centimeter. BSulfate
reduction measured in the first centimeter sediment of the I0Q0
per mil pond may have been low because the swface, intermixed
with halite crystals, was capped by a several mm—thick halite
crust.

In sediments below 1 cm sulfate reduction rates were
somewhat similar in most of the samples. In the 33 per mil
salinity sediment, where the highest sulfate reduction rates were
measuwred in the swficial 1 om, negligible sulfate reduction was
recorded below a depth of 7 cm. There was less than 1 mmol of
dissolved sulfate in the pore water per gram wet weight,
indicating that the sulfate reduction was most likely
sulfate-limited.

Sulfate reduction rates in the top 1 cm of the 42 per mil
salinity sediment were nearly ten-fold less Chan those recorded
for the 23 per mil salinity sedimenti: both ponds harbored
extensive microbial mat communities. However without data on the
mat community productivity and on differences in bioturbation, an
explanation for these differences is most likely not due to an
increase in salinity since the values for reduction in the lower
horizons are more comparable.

The higher rate of sulfate reduction recorded in the 13-13
cm interval of the 42 per mil sediment corresponds to the
relatively high concentration of AVS and the low abundance of
pyrite in thise haorizon. This e just below a point where sulfide
reaches a maximum concentration.

Sulfate reduction rates in the 90 per mil salinity sediment
were very high in the surficial 1 am, and much lower below the
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surface, although they were never completely attenuated. The
dissolved sulfate pool remained high in subsurface sediment, and
was never less than 19 mM per gram wet weight in contrast to
those measurements recorded for the 33 per mil sediment.

Gypsum deposition may have altered the typical sulfate
reduction profiles in both the 130 per mil and 300 per mil
salinity sediments. Gypsum precipitation probably precluded the
local accumulation of organic-rich sediment found in lower
salinity sediments, and increased the potential pool of soluble
sulfate in adjacent horizons by acting as a sulfate reservoir.

In all but the 33 per mil site sulfate concentration did not
seem to limit sulfate reduction. Organic matter content and
concentrations of volatile fatty acids {(Tables I11I1-7 through
ITI-11) increased in relation to increased salinity. When the
sulfate reduction rates are compared on the basis of salinity, at
depths below the top 1 cm a general trend of decreased activity
is observed from ponds with a salinity greater than 70 per mil.
To determine relationships of salinity to rates of sulfate
reduction more studies are required.

Volatile Fatty Acids

Acetic acid was found in the greatest concentration of any
volatile fatty acid (VFA) from the pore waters of sediments of
any site (Tables I1I-7 through I1II-11). Isobutyric acid was the
second most predominant VFA identified. It was followed by an
unknown "acid volatile" compound which eluted between isovaleric
and n-valeric acid at a retention time of 7.35 minutes. Another
unknown acid eluted between butyric and isovaleric acids at a
retention of 5.23 minutes. Figwe III-10 (a-c) compares the
chromatograms obtained for a standard series of VFATs (Fig.
IlI-10a); chromatograms obtained from the depth interval of 19-20
cm in the 70 per mil site (Fig. III-10 b)i and the composite
chromatogram illustrating the elution pattern of the 7.35 minute
peak (Fig. III-10c).

The number of identifiable VFA s increased markedly with an
increase in salinity. No clear trend was noted in the
concentrations of acetate to increased salinity except for the
large increase noted in the 300 per mil site.

Acetate concentration generally followed that of sulfate in
pore water {(the 33 per mil and 42 per mil sites, Figures I1I11-11
and III-12). This relationship did not strictly hold (Tables
1179, (11-10, III-11). The concentration of acetate reached a
minimum at the sulfate concentration minimum and subseguently
increased with depth. These data strongly imply that acetate is
a major precursor of sulfate reduction and that the reduction of
sulfate and acetate consumption are linked. They {further suqggest
that sulfate reducers are the major sink for acetate in these
sediments. Another acetate-consuming process, methanogenesis,
was examined in the 42 per mil site. The methane vs sulfate

147



'Deptb

{ca) a b c
0-1 19.7 - 0.12
-2 20,59 0.44 0.2
2-3 19.62 0.83 0.51
4-5 9.62 - -
7-8 10.44 - -
10-11 10.44 - -

14-15 8.69 0.48 0.45
18-19 8.20 0.381 0.37
-23-24 3.4 0.028 0.99

‘2 = acetic acid amol/liter pore water
= isobutyric acid asol/liter pore water
¢ = volatile fatty acid 7.35 arbitrary unit/liter pore water

Table I1I-7. VYolatile fatty acids in pore waters from the 33 per
mil site. 7.38 refers to the retention time in
relationship to acetic and ischutvric acide.

Depth
{ca) b € d
9-3 43,64 0.49 .27 2,73
3-6 59.30 - 2,82 2.8
6-9 19.17 - .22 .23
9-12 13.04 - 2.24 2.14
12-13 15,88 - 1.57 1.40
15-18 14,51- 1,02 0.99
18-214 9.34 - 0.82 0.96
21-24 30,64 - 0.71 0.68

27-30 40.73 2.3 1.90 1.49
33-36 39.78 0.7 .21 0.90
39-42 26,09 0.95 0.67 0.52

31-54 34.38 - 0.07 0.28
57-60 20.72 - 0.55 0.57
£3-66 29-47 - 1.57 1.50
$9-72 13-82 - 0.31 0.31
12-73 13.97 - 0.40 0.40
78-81 11.75 - 0.30 0.42
83-86 1363 - 0.34 0.57
85-89 B8.19 - 0.12 0.23

a = acetic acio umol/liter pore water
b = isobutyric acid amol/liter interstitial water
¢ = propionic acid umol/liter interstitial water
= volatile fatty acid 7,35 arbitrary unit/iiter interstitial water

Table III--_Bi Vglatiiewiatty acids in pore waters from the 42 per
mf _s;te. 7. 35 refers to the retention time in
relationship to acetic and tsobutviric acids.
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Depth

{ca) a b c d e
v-1 Vetrs 0.- - 0.13 -
1-2 16.98 0.03 - 0.21 -
2-3 21,56 2.0 - 2,50 -
4-3 37.38 b.b44 - 8.25 0.17
7-8 20.76 2,51 - 2.9 -
10-11 .74 4.59 - S.14 0.15
13-14 37.64 3.3 - 3.01 0.04
16-17 42.62 9.7 - .73 0.24
19-20 45.42 10.467 - 9.09
22-23 18,79 2.47 - L3 0.18
23-26 32.34 8.48 - 8.33 -

a = acetic acid «mol/liter pore water

b = isobutyric acid amol/liter interstitial water

£ =n butyric acid usol/liter interstitial water

d = volatile fatty acid 7.35 arbitrary unit/liter interstitial water
e = volatile fatty acid 5.29 arbitrary unit/liter interstitial water

Table III-9. Volatile fatty acids in pore waters from the 90
per mil site. \

Depth a b c d e
{ca) :
0-1 16.00 1.61 1.77 0.09

-2 2.4 3.82 0.30 3.81 0.27
2-3 36.00 3.16 0.28 3.29 0.27
2-3 36.00 3.16 0.28 3.29 0.27

4-5 20.63 4.73 - 7.16 0.2t
7-8 35.87 7.35 - 11.09 0.77
10-11 40.70 8.90 0.41 1.31 0.06
13-14 19.80 1.22 - 1.27 -
16-17 18.435 1.27 - 1.18 -
19-20 45.76 3.8t - .27 -
22-3 30.63 1.90 - 1.95 -

25-26 35.30 1.48 - 1.9 -

a = acetic acid amol/liter pore water
b = iscbutyric acid umol/liter interstitial water
€ = n, butyric acid umol/liter interstitial water
= volatile fatty acid 7.35 arbitrary unit/liter interstitial water
e = volatile fatty acid 5.25 arbitrary unit/liter interstitial water

Table III-10. Volatile fatty acids in pore waters from the 150
per mil site.
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Depth

{en) a b . d e ¥ @
0-1 802,33  9.95 128.76  5.88 5.92 B83.92 4,70
1-2 736,97 4.4 150.40  2.4% 3.85 114,06  2.88
2-3 309.66 - 34,53 1,07 - 26,83 1.77
4-5 288.94  0.73 45.05 2,63 2.30 32,96 2,00
3-8 248,94 0,73 63,05 2,45 .30 32,96 2,00
12-13 45,31 - 14.48 - - 6,78 0.28
20-21 27.47 - 7.0% - - 3.15 -
24-25 39.25 6.84 - - 3.03 -
28-29 57.36 - 7.3 - - . -

-3 = acetic acid anol/liter pore water
b = propionic acid ueol/liter interstitial mater
¢ = ischutyric acid umol/liter interstitial water

~d=n butyric acid uacl/liter interstitial water
e = isovaleric acid amol/liter interstitial water
f = volatile fatty acid 7.35 arbitrary unit/liter interstitial water
g = volatile fatty acid 5.25 arbitrary unit/liter interstitial water

fable III-11. Volatile fatty acids in pore waters from the 300
per mil site.

150



; 1.43  Acetic

<.54 Propionic

3.33 lIsobutyric
4.49 n-butyric

5.93 lsovaleric

8.27 n-valeric

!
-43  n-caproic
il b — 837 T B8.36
e w—  }1.53 Acetic
3.435  Isobutyric
7.41 VFA 7.35
E

— a.28

- 1.49 Acetic
é— ¢.53 Propionic

< 3.37 lIsobutyric
4.38 n-butyric

5.93 Isovaleric

?2.35 VFA 7.35
g.41 n-valeric

.46 n-caproic

Figure 11I-10. {(a) Chromatogram of standard volatile fatty acid
mixtureid (b)) chromatogram of volatile fatty acids in the 19-20
cm profile of sediments from the 70 per mil site: {(c)
composite chromatogram of {(a) and {(b).
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Figure III-12. Fool size of acetic acid and sulfate in sediments
from the 42 per mil site.
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profiles are illustrated in Figwe I1I-13%. Although a steep
gradient of methane was observed, no production of methane could
be measwred within a 60 cm profile from this site. Without
further data, based on the observed profiles of sulfate, acetate,
and sul fate reduction rates, we can only speculate that the major
acetate consuming process is sulfate reduction.

The concentration and increase in diversity of total VFA™s
in relation to salinity suggests that the production of these
compounds through fermentation exceeds their consumption. The
general increase in chain length of the acids would be predicted
if the products of fermentation, such as acetate are not consumed
{(Wolin, 1974). The presence of sulfate and acetate at
concentrations well above the Km for sulfate reducers for sulfate
and acetate down to 20 or more centimeters in sediments of the 90
per- mil, 150 per mil, and 300 per mil sites, suggests that
something other than low sulfate and acetate concentration
inhibited sulfate reducers.

Conclusions

A uniqgue set of chemical profiles and sulfate-reducing
activity was found for the sediments of each of the sites
examined. The quantity of organic matter in the salt pond
sediments was significantly greater than that occuwrring in the
adjacent intertidal site. The total quantitative and gualitative
digstribtion of volatile fatty acide was also greater in the salt
ponds. Volatile fatty acids increased with salinityi the maximum
guantitative and qualitative spectra of acids were found in the
CEROO per mil site. The general decrease in sulfate reduction rate
in sediments of ponds of increasing salinity lead us to believe
that organic matter was accumulating in these ponds because of
the limited consumption of the fermentative intermediates.

Our sulfate reduction rates in sediments from the
hypersaline ponds were comparable to those recorded in other
evaporite environments (Skyring, 198435 Lyons et al., 1984).
Sulfate reduction rates in surficial sediments of I3 per mil
salinity were at least 2 and up to 350 times greater than those
measured in other temperate salt marshes associated with
microbial mate and in Spartinae marshes. Howarth and Teal
(1979) measured sulfate reduction rates of 0.25-46.0 uM per
cm—= par day in marsh sediments. In another study by
Skyring et al. (1979), in a Spartina salt marsh, sulfate
reduction rates were about 1 uM per gram per day in surficial
sediments. Thus our rates of sulfate reduction were at least an
order of magnitude higher than those in other salt marshes.
Without knowledge of the extent of the surface mat development,
organic production, and biocturbation in the sediments ouwr results
are difficult to extrapolate. The major point is that sulfate
reduction in the pond sediments was apparently inhibited by
salinity (or factors which accompanied the increases in salinity)
since adequate sulfate and precursors (i.e., acetic acid) were
available as metabolites for sulfate reducers. Iron sultide
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decreased in sediments of ponds of increasing salinity. Since
sulfide values were qgenerally higher than those recorded in the
marsh site, iron limitations may limit iron sulfide

accumul ations. Iron limitations would also limit the activity of
sul fate reducers, and thus sulfate reduction.

Al though preliminary, these results indicate patterns which
may serve as a basis for the examination of the chemical and
microbiological changes occurring during the developmental stages
of evaporite deposits.
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CHAFTER IV
CYANOBACTERIAL MATS: MICROANALYSIS OF COMMUNITY METABOLISM

Frof. Y. Cohen
D. EBermudes
U. Fiascher
F. Haddad
.. Frufert
T. Scheulderman
T. Shaw

Introaduction

Stromatolites. trace fossils of microbial communities. provide
the oldest evidence of life on earths they represent the beginning of
auwr 3.5 billion year old record. Stromatolites are by far the most
abundant fossile found in the Archean and Proterozoic Eons (3.5-0.6
Rillion years aga) (BYA). The other major sedimentary record of the
Frephanerozoic are Banded lvon Formations (BIFs) deposited 2.2-1.8
BYA. Cvyvanobacteria are postulated to play a major role in the
deposition of both stromatolites and BIFs. Cyanobacteria—like fossils
have been described from cherts in many Frephanerozoic and Fhanerozoic
sediments. Baoame HIFs are associated with stromatolites.
Cyanobacterial iron-dependent photosynthesis related to the deposition
of Banded Iron Formations has been postulated (Hartman, 1984).

Even though stromatolites are scarce in the Fhanerozoic Eon, they
are sti1ll found today in specific environments where grazing metazoans
are excluded. Cyanobacterial mats are presently found in hypersaline
lagouons, hot springs, and alkaline lakes. The study of mat-forming
cyanobacteria aids in the understanding of the environment of
deposition of Frephanercozoic stromatolites and Randed Iron Formations
as well as ouwr study of evolution of photosynthesis among the most
ancient groups of oxygenic phototrophe.

Cyvanobacteria have long been known as oxygenic photeosynthesizers.
Cther kinde of photosyntheltic modes have been demonstrated for several
mab--forming cyanchacteria, possibly indicating the eantiquity of this
G oup .

Facultative anoxygenic photosynthesis operating photosystem I
independently of photosysetem 11 and the uwse of hydrogen sulfide or
nvdrogen as electron donors have been shown in some strains of benthic
cyanohacteria (FPadan and Cohen, 1982). FRecently others demonstrated
oxvgenic photosynthesis under high sulfide concentiration {(Jorgensen,
et al., 1985). Fe**—dependent carbon dioxide photoassimilation
has been shown for conditions of intermediate redox potential.

Delta ** 0 measurements of the cyanobacterial communities
in recent mats have vielded the heaviest value ever recorded {for per
mil orgamic matter: —~4 to -8 per mil. Yet similar measwements in
ancient mats show values of 12 per mil to 1& per mil. The observed
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discrepancy may be the result of the appearance of the bicarbonate
pump in recent cyanobacteria that evolved in response to the decrease
in atmospheric Clax concentration since the Fhanerozoic Eon.

Two field sites were chosen far the study of cyanobacterial mate:
the salt ponds in San Francisco Bay near the Dumbarton bridge where
microbial mate develop under varying salinities, and the Alum Rock
sulfur springs.

The microbial communities in these sites were studied using
several approaches: a) light microscopyi: b) the measurement of
microprotiles of oxygen and sulfide at the surface of the microbial
mati ) the study of diuwnal variation of oxygen and sulfides d) in
sita measwement of photosynthesis and sulfate reduction and study
af the coupling of these two processesi e) measurement of glutathione
in the upper layers of the microbial mat as a possible oxygen
gquencheri ) measwrement of reduced iron as a possible intermediate
glectron donor along the established redoxxcline in the matss qg)
measuremant of dizsolved phosphate as an indicator of processes of
break down of organic matter in these systems: and b)) measurement of
carbon dioxide in the interstitial water and its delta = in
an attempt to understand the flow of COz through the systems.

Using these approaches we have analyzed microbial processes of
primary production and initial degradation at the most active zone of
the microbial mat. O resulte can be compared to those abtained by
those working on 50a reduction {(Chapter IIX) in the deeper part
of the sediment column.

Site Descriptions
Dumbarton Bridge Salt Fonds and Marsh
Salt Fande

The study sites were the Dumbarton Salt Fonds {(salinas)
north of the Dumbarton Bridge (Map 2). These San Francisco Bay
Wildlife Freserve salinas represent several environmentally
distinct microbial malt communities. There are several salt
evaporite ponds increasing from 42 per mil salinity (pond A to
PO per mil in pond 3 te 130 (145 per mil in pond 4. Sedimentary
surficial microbial mats, collected from water abt depths aof 10-20
cm o in these ponds have been microscopically examined (see Table
IY-1).

The overall trends observed include a general decrease in
the diversity of cvanobacteria. PFPopulation densities of
dscillatoria and Anabasna also declintd with increasing
salinity. Anabaena appeared in the Y0 per mil pond probably
because a niche was created for it due to the abundance of
Aphanothece halophytica which cauvses a depletion of nitrogen.
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NARSH DRGANISNS

20 per il Lyanobacteria
Oscillatoriz 1,4,5,4,7,30 4 Dominant
Bnabaenz 4 i Fewer
Spiralind 2 40 Fewer
Unicellular species: Fewer
Other bacteria
Beggiatoa { 3 a4 x 300 4 length): Abundant
Spirochetes, Chrosatiun: Abundant
Thiospirillun: Fewer
Eukaryotes
Diatoas: Dominant
Ciliate and non-ciliate protists: Fewer

42 per il Cyanobacteria

Fischerella - heterocysts: Fewer

Spiralina (tightly coiled and loose type): Fewer
Dther bacteria

Beggiatoa: Fewer

Eukaryotes

Seall and large diatoms! Dominant

Breen algae, heterotrophic protists: Fewer

90 per ail Cyancbacteria

Oscillatoriz 1,5 pi Fewer

Fischerella: Fewer

Spirulina (tightly coiled and loose type): Fewer
Bnabaens 4 4 Fewer

Rphanothece halophytica (planktonic): Abundant
Other bacteria

Spirachetes: Fewer

Beggiatoa: Fewer - Abundant

Eukaryotes

Diatoss: Dominant

145 per ail Cyancbacteria
Aphanathece halophytica (planktonic): Dominant

Oscillatoria 1,2,4 ai Fewer
Purple filasentous bacteria 0.3,1 4! Abundant
Other bacteria
Spirochetes, Beggiatoa: Fewer
Eukaryotes
Dunaliella (planktonic), Diatoms: Fewer
Rod-shaped ciliated protists: Fewer

200 per wil Cyancbacteria
Aphanothece halophytica: Fawer
Othar bactaria
Halophilic bacteriai Abundant
Eukaryotes
Danaliella: Dominant

Table ;V—l. Abundance and variety of organisms present in marsh
sites of various salinities.
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Yat Aphancéthece halophytica increased as salinity increased.
Diatom population densities also appear to decrease as a function
of increasing salinity. The occuwrrence of Beggiadoa and
spirochetes in all salindty ponds suggests that there is a
relatively shallow oxvgen/sulfide interface in these mats.

Marsh (335 Per Mil) Bite

In addition to these saline environments a salt marsh with
galinity arouwnd 33 per mil was studied., Mats from this site were
collected as described above and examined microscopically (Table
IV~1) (For site description see Chapter 111D,

Alum Rock Park Sulfw Spring Site

The site chosen at Alum Rock Park (Map 37 was & sulfide
stream flowing down a rocky bank leading into & larger fresh
water stream about 1.9 meters wide., The main sulfide stream
gplit into two small streams about 35 om down from the sowce and
continued flowing down the bank., White filamentous bacteria grew
along the two branches of the stream while cyvanobacterial mats
bordered the streams. The sowce water smelled strongly of
sulfide. Elemental suldfwr was evident along the edge of the
stream leading from the souwrce. Samples of microbial communities
were taken along one of the main streams and across the dryver
section between the streams (Figuwe IV-1). Communities appeared
to vary significantly from high to low sulfide regions.

Materials and Methods
Microelectrode Calibrations and Data Calcoul ations
Ostygen Microelectrode Calibration

The oxygen microelectrode (see Dobhern, Sulfure
Transformations, Chapter 1) was calibrated using three solutions
af known oxygen concentration. The First consisted of distilled
water that had equilibrated having Me gas bubbled through
it. Similarly the second scolution was distilled water that had
had air bubbled throuwgh it, and the third was distilled water
that had been equilibrated with O gas. To determine the
exygen content of the solubtions in micromoeles a Keithley 480
picoammeter current meter hooked up to an electrode was employed.
Winkler titrations using the iodometric method (Standard
Mebhods for the Exawminagtion of MWater and WNasde MWaser, [56h ed.)
were done for each of the three solutions. The values thue
cdetermined allowed the construction of a calibration curve for
each electraode. Oxwvgen microelectrodes were recalibrated
individually and freqguently since in most media some agents pass
through and poison the semiperneable membrane tip, causing a
nonliness response to odygen concentration (Revsbeoch and Ward,
19847 .
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Caloulation of Sample OUxygen Concentrations

For a given profile and a given electrode the particular
conditions at the time of profile measuwement must be takern into
accounty otherwise O concentrations from the ammeter
readinges may be invalid., An ammeter reading in the overlying
water was taken and a corresponding Winkler titration done to
determine the oxygen concentration of the water. Eventually,
with depth in the profile, a constant baseline reading was
achieved. This reading is taken as corresponding to a zero
Oz concentration value in this medium. This zevro value
reading is usually mot the same ag that in the calibration
(Mo solution) since the calibration was done in distilled
water whereas the readings are done in compler ionic natuwral
waters., The electrode still has a linear response Lo oxygen
concentration but its absolute value shifte in response to the
chemical environment. Ry taking the overlying water meter
reading and subtracting the baseline reading, a value is obtained
that corresponds to the O concentration of the overlving
water. Dividing theze values into one another vields a slope
factor. Therefore to obtain an oxygen concentration for a given
reading one must fFirst subtract the baseline reading and then
multiply by the given calibration factor. Hnowing that the
electrode has a linear response, the effect of the given medium
can be taken inte account.

Sulfide Microelectrode Calibration

To calibrate sulfide electrodes readings were taken (in
millivolts on a Feithley 160 B Digital Multimeter) for newly made
standard solutions. A a check on the known standards smethylene
blue sulfide determinations (FPachmayr, 1960, modified by Trueper
and Schlegel, 19464) were made on the standards. 6 calibration
curve was drawn on 3 cycle log paper. The microelectrode
measures 8%, o to determine the HaB profile one
neaeds to take into account both pH and salinity. & pH profile
shaould be taken with each sulfide profile. However, since the pH
profiles we took showed that pH varies little with depth it was
sufficient to determine the pH of the overlying water and assumne
constancy with depth., The simplest way to take pH and salinity
into accoant i to follow the graphical determination presented
in the Jownal of Marine Resem-ch, 23, number 5E (1965, which
shows the relationship between pH, salinity, and decimal fraction
of undissociated hvdrogen sulfide at 20e0, Readings were
then taken on the meter (wV), converted tao G2
concentration via the calibration curve and then to HeG
concentration taking salinity and pH into account.

Unfortunately, the sulfide electrodes were not very sensitive
below about 100 um and =0 many of ow profiles which showed
distinct trends in sulfide with depth could only be described as
showing trace amoaunts.
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pH Calibration

pH readings were taken in millivolts on a Beckman Model 3500
Digital pH Meter for zolutions buffered at pH 5, 7, and 9. Good
linear calibration curves were seen for all the microelectrodes
although the values varied widely dee to differences in the
making of the electrodes.

Fhotosynthetic Rate Determinations
Light and Dark Profiles of Oxygen and Sulfide

To determine diuwrnal changes in these mat communities both
dark and light oxygen and sulfide profiles were determined using
microelectrodes that had been prepared by Cohen as described by
Revsbech et al. (1983). Details may be found in the
Microelectrode Calibrations and Data Calculations section above.
The application of these electrodes to sedimentse and microbial
mats has been described by Jorgensen et al. {(1993), Rewvsbech and
Ward (1984), and by Jorgensen et al., 1979. Frofiles from the
sulfur spring were taken in situ, whereas those from the
microbial mats at the salinas were taken on cores brought back to
the laboratory. The cores were taken by hand using 1 1/2 inch
diameter acrylic tubing. These cores were kept in walter bathse in
their own pond water and at ambient temperatuwres of 2990,
and were continuously aerated. Light profiles were taken at a
light intensity of 1150 microEinsteins per meter® per sec
(Ul m—== g—1), In order to achieve very fine
resolution when sampling these cores the micraelectrodes were
inserted into the mat with the use of micromanipul ators
{Stoelting Co.).

Anoxygenic Fhotosynthesis

To investigate the question of whether the microbial
communities in the 42 per mil pond {(A2) and at the marsh site
were capable of anonyqenic photosynthesie using Ha8 as an
electron donor, the core was averlain with a known amount of pond
water and then covered with paratfin cil after the light oxvgen
and sulfide profiles had already been taken. & known amount of
sulfide was then inserted under the paraffin oil into the
overlying water. The core was kept in the dark and continually
monitored by sulfide and oxvygen electrodes inserted at the depth
of maximum photosynthetic activity before the paraffin was added.
Once a steady sultfide reading was reached the light was switched
on and the decrease in sulfide along with the increase in oxvygen
that occurred following illumination were monitored. After a
steady—-state oxygen concenbtration was reached the photosynthetic
activity of the community was compared to that seen before the
sulfide was added. Sulfide concentrations were increased wuntil
they became todic to these microbial mats.
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Onygen llevel Recovery

f core sample from the 150 per mil pond was studied. A
light oxygen profile was taken (Fig. IV-3), the core then kept in
the dark for approximately 2 hours, after which a dark O
profile was taken. After these baseline determinations were made
the core was illuminated (1132 «E m™= 5" from an optic fiber lamp)
and profiles were taken after 17, 34, and &3 minutes of
illumination.

Results

Light/Dark Frofiles of Oxygen and Sulfide
and Fhotosynthetic Rates

Intraduction to Results

Dark and light oxygen praofiles taken and photosynthetic
cates determined in the microbial mats from the different
salinity ponds using an Uz microelectrode (Figuwes IV-4,

V=5 and IV-&) show two distinct layers of oxygenic
photosynthetic activity in the mats at the marsh site and in the
42 per mil pond. Thie activity can proabably be ascribed to the
presence of diatoms in the top layer and cyancobacteria in the
lower laver. The 20 per mil and the 150 per mil pond light

QO profiles Figuwes V-3 and IV-&) show a single peak of
photosynthetic activity, due to the presence of diatoms and some
cyanobacteria. The Aphapothece sp. found in the 90 per mil

pond were planktonic and therefore could not be responsible for
this peak. The sediment of pond 4 (150 per mil) showed
raelativel y poar mat development and the sediment was covered with
a gypsum orust which accounts for data obtained from the

U profile. It was concluded that axvygenic photosynthetic
activilty decreases with increasing salinity.

Sulfide profiles were also taken fram these mats both in the
light and in the dark wusing a sulfide micraelectrode. In almost
all cases only trace amounts of sulfide were detectable. In the
light, sultide only appeared in deeper lavers of the mat (in the
marsh mat et about 0.5 mm in the 42 per mil site and at 1.735 mm).
Only in the mat of the 15%7 per mil pond did sulfide occw in the
light close to the surface (0.3 mm depth) in detectable levels
(Figure IV-3, indicating that sulfate reduction rate at this site
wae high) . In the dark nearly all mats looked reduced up to the
auwrface. Hardly any oxygen was detectable after the cores had
been incubated in the dark for 2 hours. However since there was
ne prafound difference in sulfide profiles in light and dark,
asulfate reduction is probably not limited by photosvnthates.
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these conditions it took much longer for oxygen concentration to
build up again. At low sulfide concentrations oxygenic and
anoxygenic photosynthesis seemed to occur simultaneously, while
at high concentrations only anoxygenic photosynthesis took place.
No accurate measurements were possible, but a rough estimate of
the anoxygenic photosynthetic activity is S-10 micromeoles sulfide
per minute. Since no control measurement was possible, we are
not sure whether the decrease in sulfide concentration was due to
anoxygenic photosynthesis by cyanobacteria or to sulfide
oxidation by Thiokacillus—like organisms.

Fhotosynthetic activity in the mat of the 42 per mil pond
was not inhibited by light intensities wup to 1190 uE
m—= == (Figure IV-7). Inhibition occurred only
at a depth of 2 mm (a conclusion based on only one point).
Therefore the fact that the top layer of the mat was less
photosynthetically active than the deeper layers cannot be
ascribed to inhibition by high light intensity unless the light
intensity encountered in the normal habitat is much higher. The
mat reaches a maximum photosynthetic activity at the highest
light intensity. With increasing depth the light intensity
decreased {(the light intensity values given in the graph are
those measured at the swface of the mat and no light penetration
could be detected through a 2 mm slice of the mat). Conclusions
cannot be drawn from this experiment.

0> Level Recovery Experiment Results

Our results indicate that 2 hours was not enocugh time to
achieve a baseline dark profile since the first recovery profile
taken {(atter roughly 2 1/2 hours dark and 17 minutes light)
showed lower 0Oz levels than the "dark" profile.

Nevertheless, recavery profile trends were seen. Surface
0= concentrations dropped from S7 to about 50 uM

0> but never below this level. In contrast, at 0.1 om
depth concentrations fell from 56 to 34 uM 0. At 0.2

mm depth the 0= level was probably even lower as the dark
profiles show sharp decreases with depth in this range.

Thus this core shows a double peak profile with sharp
Oz concentration gradients in the upper half millimeter.
After 34 minutes in the light this double peak profile is
replaced by a smooth profile gently decreasing from the swface
to about 0.2 mm depth and more rapidly decreasing after that to a
baseline value of 3 uM at Q0.4 mm depth. The shape of the
profile remained basically the same on further illumination with
concentrations increasing all through the profile but still
reaching a baseline of 3 «M Oz by 0.6 mm. An houwr of
illumination was not enough time to allow the core oxygen profile
to fully recover to the original light profile values.
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Ponds

Salinity
20 per ail 42 per il 90 per ail

saxiaus photosynthetic
rate(aa0102/ain) 223 80 52

depth of saxisum
photosynthetic rate

(aicrons) 300 409 250

sun total photasynthetic
rate in top | ms

ramel U2 /hin 844 sore than 229 213

Table IV-3. Summary of photosynthesis rate and depth data

versus salinity (all determined at incident light intensity
of 1150 uE m—= gec—1).

Depth “guantun vield® 13
amol- 02 a2/uE £E 27% cac”t

] Uid 148
230 016 307
500 033 }8?
734 Rivl] :?Z
1500 017 243
1234 0 159

where 1k is an indirect seasure of the intensity at light saturation

i i 1k where Ik is an
IV-4. Quantum yield estimates apd : '
Teble indirect measure of the intensity at light saturation.
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Discussion
Diwcuwssion of Ouygen Proftiles and Fhotosynthetic Rates

The Light oxvgen profiles show similar characteristics at
all sites eramined: & zone in the upper portion of their profiles
where Oz content is fairly constant. The width of this
zone varies slightly for the three lower salinity sites, being
1.0 mm oat the mat, approdimately 1.2 mm at the 42 per mil pond,
and 0.7 mm at the 90 per mil pond. This zone is only 0.5 mm wide
at the 1850 per il site. Though the profiles are fairly
homogenous in theilr upper sections (Figuwes IV-3-&4& oar Table IV-2)
the marsh (20 per mil) and the 42 per mil profiles do show some
evidence For twe zones of peak oxvygenic photosynthetic activity.
Microscopio examination of the 42 per mil mats showed both
abundant diatoms and cvanobacteria, and it is likely that the
apparent douwble peak of activity, which may be an artifact, is
due to the presence of diatoms at the swface and cyancbactetria
in oa subsurface laver. The marsh site had cyvanobacteria and
diatomss Beggiatoa was also very abundant., dscillatoria
afr. were by far the domimnant photosynthetic species. The
presence of abundant Beggiefos ie indicative of a shallow
stygendesul fide interfa which couwld easily shift position.
Activity at the 90 per mil site peaked at 0.25 mm, probably due
to pinnate diatoms since they are most abundant at this position.
Mo photosynthetic rate determinations were made at the 150 per
mil pond which was dominated by Sphanodhecel oxygen
concentrations, however, weaere low.

Bince there were distinct areas of peak activity in profiles
whiich showed much uniformity in the wupper zones it is probable
that biotuwrbation is a significant modifier of profiles in these
mats.,  The shapes of these profiles support an interpretation of
the presence of bioturbation rather than diffusion alone as the
mechanism modi fving the profiles. Biotuwbation was quite evident
at the 42 per mil site where btube-buwilding pelyechetes {lannelid
wormes) were abundant,  Because of theilr high salinity tolerances,
it de likely that polyechetes and/or nematodes were the
Biotwhbating agents at the marsh, whereass nematodes slone waere
probably the main agent at the 920 and 150 per mil sites.
Frotoctists, ciliates, and motile chlorophytes, found at all
wites, could alsgo be contributing to the bioturbation. The
photic zone in all cases is less than 2 mm thick in these mats.
In general the widih of this zone decreases with increasing

s

salinity {see photosynthetic rate profiles).

The depth of the maximum rate of photosvnthetic activity
tends to shidt closer Lo the swiface with increasing salinity.
Baoth peak photosynthetic rates and Oz production in the
top Lomm of these cores decreased with inoreasing salinity.

Fates of prodection fell sharply from the marsh site (20 per mil)
to the 42 per mil site. Between 42 per mil and 920 per mil the
productivi by showed & mach more gradual decrease. Though there
are no photosynthetic rate data for the highest salinity pond,
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the fact that its peak concentration profile was only 37 oM

O as compared to 150-170 o at the other sites,

suggests that another sharp drop in productivity ocours in going
tao this high salinity.

Sulfide Frofiles

The sulfide profiles shawed sulfide concentration below
erpected values, indeed below the resolution capabilities of ouwr
microelectrodes.  The only exception was the profile of the 1350
per mil site, where relatively high concentrations were found.

The light marsh profile shows escsentially no free sulfide
until a depth of 1.75 mm, where the concentration sharply
increases, Lleveling off at 3.3 mm. The final concentration at
this depth was approximately 30 oil. A dark profile taken 2
houwrs after incubation showed swface concentrations of about 30
uM (or about what the steady base level was in the light
core) with concentration increasing slightly with depth and
leveling off by a depth of Z2.75% o (Fig. IV-12). The 42 per mil
sediment core (Fig. V-12) light sulfide profile showed only a
gradual increasse in concentration between & and 10 mm. By 10 mm
the concentration was praobably still under 10 uM. A protile
taken atber 4 hours in the dark showed sulfide increasing much
more guickly, beginning marked change abouwt .25 mm bto reach an
approximate stable concentration (probably about 10 oM) at
2.5 mm. After 4 houwrs in the dark the 42 per mil core had some
Reggiatoa scattered on ites swface, verifying the profile’s
finding of a sulfide sink at the swface''and indicating that this
was bthe location of the onygen/eulfide interface. In contrast,
the marsh cores were completely covered by Segoizatoa after
only about 20 minutes in the dark and by 2 hows had gone tobtally
anodic. HMNo profiles were done for the 90 per mil site. The LEO0
pear mil light sulfide profile shows a gradual though erratic
increase in suifide concentration with depth. The maximum
concentration seen in this core was 150 oM HaE8 at 2.5
mm (Fig. V-3,

Comparative #fAnalys

24

The 150 per mil pond ehowed the highest sulrvide
concentrations (though in the upper 3 mm it appears quite similears
ta the marsh site), followed by the marsh, and then the 432 pere
mil pond. There i1s no direct corelation between the observed
sulfide profiles and the salinity gradient. Either there ie no
corelatian or the correlation is overshadowed by other factors.
ALl three @iltes have available sulfate and since sul fate
reduction rates depend on sultate concentration (Martens and
Bernmer, 1974, differences in concentrations of sulfate at the
zites do not explain the diftferences in the profiles.  One line
af e@nplanation for the profiles iz that the activity of the
sl faltea ducing bacteria differs at each site because of
substrate availability., sedimentation rate, or some other factor

aor factors.  However, the 130 per mil and the mareh site probably
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represent two extremes) the marsh site, open to mixing with bay
waters, is surrounded by dense vegetation while the 180 per mil
site ie isolated at the end of a serigs of connected saline ponds
with no swrouwnding vegetation growing on the evaporite,
mineral-laden soil (abundant Apfarothece are present in the

water column).,

Another line of explanation for the anomolously low sulfide
concentrations at the 42 per mil gite iz the existernce of a
sulfide "sink," such as ferrous iron, that does not operate at
the other sites. Ferrous iron reacting with sulfide may form
iron monosul fides and eventually pyrite. Foger Frangols found
gignificant pyrite formation in the sediments of the 42 per mil
pond, the highest rates of formstion being in the top centimeter,
Other experiments by the Flug group indicate high rates of
sulfate reductiond sulfide must be taken up in some way since
very little free sulfide was measured. The 42 per mil pond is
located immediately adjacent to the spillway pond whereas the 130
per mil pond s removed from direct sea water contact (Fig.
IV-1Y . Thus the 42 per mil pond may receive iron via its closer
contact with the bay water.
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Microanalysis of Dissolved Iron
and Phosphate in Pore Waters of
Hypersaline Sediment

R. Haddad and T. Shaw
Introduction

Reduced iron, soluble in acidic pH, has an intermediate
redod potentialiy it may serve as an intermediate electron
acceptor—donor between On and 5. Furthermore,
reduced iron is abundant in many fresh water and marine
sediments, Iron may serve as an alternative electron donor in
cyanohacterial photosynthesis (Cohen, personal communication).

Diurnal flactuations of reduced iron concentrations,
svpected to ococwr in reduced sediments in the photic zeone, were
studl ed. Iron concentration was compered to
Oa-MHa8, a microanalysis of sulfate reduction was
performed, asz well as an examination of diuwrnal concentration of
dissolved phosphate and changes in interstitial COg.

Materials and Methods
Fore Water Iron Determination

Dissolved iron concentrations in sediment pore walers were
Lermined colorimetrically by the ferrozine metheoed (Stookey,
O, modified by Muarray and Gill, 1978). Further modifications
af the original method were necessary to work with the limited
sample size (0.5 ml) used with the millimeter pore water method
described in the following section. A small amount G.3 ml) af
gsample was added to 0.1 ml of ferrozine reagent, 0.1 ml
hydroxylamine hydrochloride, and 1 ml of Mil1li@ purified water.
The solution reacted {for 10 minutes in an 809C water bath.
The samples were allowed to cool to room temperatuwwe and 0.1 ml
of ammonium acetate buffer was added. The absorption of the
resulting iron compler was measured at 562 nanometers in a 0.5 ml
microcell. A standard cuwrve and blank were measuwed with each
of pore water profiles.

Fhosphate Assays

Dissclved phosphate concentrations in pore waters were
determined colorimetrically by the stannous chloride method.
Several modificetions to the method were adopted to allow
determination using G.1 ml of sample. AN acidic solution
consliasting of 0.1 ml of concentrated KCI in 100 ml of distilled
water was used to dilute the pore water sample. The stannous
chloride solution was diluted 1035 with ethanol to allow more
accuwrate addition of =olution. To 1 ml of acidic solution were
added 0.1 ml of sample, 0.02 ml of molvbdate reagent, and 0.03 ml
of starmnmous chloride solution. After ten minutes the absorption
of the zsolution was measwed at &90 nm.
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Carbon Isotope Fatio Determination Methods
Sampling Frocedure

I to 5 cm-long sediment cores were collected using 1 1.2 cm
diameter acrylic core tubes. These core tubes were specially
designed; one end was tapered for easier sediment penetration and
the other end was faced off for precise sectioning. The cores
were retuwrned to the San Jose State University laboratories
within three hours of collection and incubation processes begun
immediately.

Extruding Procedure

For sum CO. and ferrous iron analyses, the cores were
transferred into a nitrogen atmosphere glove bag for processing.
Frocedural blanks indicated that the carbon dioxide concentration
within the glove bag was less than 0.6 nM. Inside the glove bag,
cores were extruded and sectioned into 1 mm or 2 mm sections
using a 036 cm glass reinforced epoxy sheet. The error was
estimated to be 1 mm plus or minus 0.3 mm sections. Fore water
was obtained via uwltracentrifugation for 10 minutes of the sliced
sections, transferred and centrifuged a second time to insure

particulate removal.
Total Carbon Dioxide Fore Water Frocedure

A known volume of the particulate free pore water was
transferred by syringe from the centrifuge tubes into 15.75 ml
Fierce crimp—top vials. These were immediately crimped using
septa and tear—away aluminum crimp tops. The stoppered vials
were removed from the glove bag and stored at -764 degrees
centigrade until isotopic analyses could be done (0.5-1 day).

Vacuum Line Frocedures

Frior to isotopic analysis, the frozen pore water samples
were allowed to equilibrate to ambient room temperature
(approximately 25 ©C). Two ml of 1 M sulfuric acid were
added to liberate the total carbon dioxide as carbon dioride gae.
A2 Msesulfuric acid plus 2 M cuprous sulfate sclution was
experimented with in anticipation of high concentrations of
sulfides however, the lack of any CubS precipitate demonstrated
that the concentration of hydrogen sulfide in the upper 1 cm of
sediment would not interfere with the 3C/r2(
isotopic measuwrements. The Clz produced upon
acidification was purified, isclated, measwed for volume, and
collected using vacuum line techniques in Dr. David DesMarais?®
carbon isotope laboratory at the NASA Ames Research Center (see
FEME, 1282, NASA Technical Memorandum 86043 for details).
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They Clas pore water concentrations are presented for
the 2 mm sectioned cores only in Figuwe IV-15. In the
Light~incubated core, there is a gradual decrease in IIC02
concentrations from 3.892% 0.14 mM at 0~2 mm to 2.11X 0.43 mM at
7-8 mm. No such trend is evident in the SC0,
concentration profile in the dark-incubated core. In this core,
Cle ranges from 2.742 0.86 mM to 4.081T 0,37 mM.

Colonies of manganese-oxidizing bacteria appeared in all
samples studied. Millimeter samples showed the most activity for
both Paraetetranitus and manganese oxidizers at 6 millimeters
baelow the surface (Table IV-4),

Discussion

Fartial oxidation of sulfide in the form of iron monosulfide
may explain these iron profiles. The presence of elemental
sulfur in the upper centimeter of these sediments (Chapter III)
contirms the assumption that the sulfide ie being oxidized in
this zone but the presence of dissolved iron to depths of &6-9
millimeters suggests that very little free sulfide is available
for oxidation in this rone.

An dmportant aspect of the proposed mechanism is that iron
monosul fide in the presence of elemental sulfur reacts to form
pyrite, the ultimate sulfuw sink in the sedimentsi these two
reactants, however, are not uswally found in the same sedimentary
regime. The mechanism suggests that in this environment
2l emental sulfuwr and iron monosulfide can exist concurrently.
Furthermore, rates of pyrite formation in these sediments are
greatest in the top centimeter (see Chapter 111).

Recent studies on microbial mat compunities using
microelectrodes have demonstrated that large gradients in oxygen
C0=-200 uM), sulfide (0200 oM) and pH (1-9) exist within
the upper 1-3 mm of the mat (Jorgensen 4et al., 1983). These
profiles have been shown to be supported by microbially mediated
processes (@.g., photosynthetic £0: fixation, CO=x
respiration, sulfate reduction, etc.) and they exhibit diwnal
variations. One interesting observation from these studies is
that both oxygen and sulfide coesist in low concentrations (200
aM and D100 oM respectively) in & narrow zone within
the wupper few mm of the matse. This chemical boundary is usually
exploited by sulfur-oxidizing bacteria such as Reggiatoa and
fleribacteria vet results from recent experiments using a new
F.Gesitl fate reduction determination techni que
qualitatively demonstrate that sulfate reduction is occuwrring in
this microaerophilic environment at significant rates (Y. Cohen,
personal communication). In this micreoenvironment,
photosynthetic products {amino acids, short-chained fatty acids,
ete.) excreted by the phototrophic bacteria may be utilized as
carbon sowces by sulfate-reducing bacteria.
Microabially-~mediated degradation processes such as sulfate
reduction and fermentation are assumed to be primarily by organic
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matter produced in fitu in the mat communities.

The results of the Oz and sulfide profiles and pore
water ¢ CO2 concentrations and carbon isotopic values do
not support this hypothesis. Instead they argue that organic
matter from the overlying water column limits degradative
processes., During the light cycle, oxygen is present only in the
upper 1-2 mm where active photosynthesis occurs. Concurrently,
sulfide does not appear to be present in the pore water until 6-8
mm depth and even then only in trace gquantities (less than 0.1
mM) . During the dark period, oxygen is present in much lower
concentrations, and sulfide apparently is present in trace
amounts up to the sediment/water interface.

A comparison of the light and dark § COz carbon
isotope profilee (Fig IV-135) demonstrates a significant diurnal
variation in the upper 1-2 mm due to the photosynthetic activity.
During the light cycle, relatively light carbon dioxide (carbon
dioxide enriched in *2C with respect to *=C) is
fined, thereby enriching the remaining sum carbon dioxide pool in
1¥carbon dioxide with respect to *®carbon dioxide.
This results in an increase in the delta **C value.
Puring the dark cycle, carbon dioxide is not fixed and
respiration by heterotrophs produces light carbon dioride thereby
decreasing the delta *3C sum carbon dioxide valug in the
pore water.

Directly below the photosynthetic zone, the proposed
coupling of sulfate reduction with photosynthetic activity should
result in lighter delta *3C 2 C0= values in the
pore water during the light cycle (when the light — roughly 30
per mil - photosynthate is being produced). The light/dark
prafiles demonstrate that the pore water delta 3C
0= is actually lighter duwring the dark cycle presumably
due to heterotrophic (fermentative) activity, and the absence of
photosynthetic activity.

These isotopic data suggest that the degradation processes
mediated by microbes are driven not by in situ
photosynthetically derived organic matter, but by allochthonous
organic matter (presumably from the overlying water column).
This view is supported by the §0 GOz and delta *=(C
values in the overlying water column. Comparing the measured
values with predicted values based on concentrating seawater to
42 per mil, the measured { CO=» concentration values range
fraom 10-235 percent greater than the predicted values. Also, the
delta **C values in the water column are 5-7 per mil
lighter than the predicted value of about O per mil. In
addition, there appears to be a net export of 3JC0=2 from
the sediment to the overlying water column, completing a type of
mini-carbon cycle which, for the most part, bypasses the
processes of sedimentary COn fiwation.
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A final cwiosity is the increase in they Cha delta
1XC profile in the &-8 mm interval in which no diurnal
variation is seen. These isotope values may be indicative of
soma type of chemoauwtotrophic COs fixation. Although this
would explain the heavy shift in isotope, no significant
concentration change is seen. There appears to be a slight
decrease in L COz concentration in the dark profilel the
precision of the light profile is such that no trend is clear.
If these isotope profiles are superimposed upon those of the
dissolved ferrous iron it can be seen that the marimum pore water
ferrous iron concentration occows in a zone where
chemoawtotrophic uptake of Clz is proposed. This maximal
zone (6-7 mm in the light) seems to support the highest
concentration of manganese-oxidizing bacteria and their
predators, P, jugosar (an amoebomastigote, Table IV-5H).,

In summary, the ] Cln, isostope, and concentration
profiles measwed in a mm interval demonstrate that the upper 1
cm oof this environment is extremely dynamic. There appears to be
no direct relation between photosvnthesis occurring in the mat
conmunity and microbially mediated degradation processes.
Rather, the sedimentary microbial processes appear to be diriven
by allochthonous organic matter. The®B COs concentration
and isotopic composition reflect microbially mediated degradation
processes occwring within the sediment. In conclusion, we
praopose that the upper 10 mm of this environment can be viewed as
having three geochemically distinct rones: 1) the upper 0-2 om
dominated by the diwrnal variations in photosynthesis, 2) a
middle 2-4 mm zone dominated by heterotraphic activity., and 3) a
deaper 410 mm 2one in which some chemoautotrophic activity is
occurring together with ferrous lron and phosphate geochemical
reactions,

4
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Glutathione In Cyanobacteria
David Bermudes
Introduction

Glutathione, the tripeptide gamma glutamyl cysteinyl
glycine ¥-glu-cys-gly), a nearly universal constituent of
aukaryotic cells (Fahey, et al., 1984), has been found in many
eubacteria {(Fahey et al., 1978) including cyanobacteria (Fahey,
personal communication). A related compound, ¥-glu-cys, has
recently been found in halobacteria (Newton and Javor, 1985).
Mumerous speculations on the function of glutathione have been
put forth but they are based on scanty evidence. Glutathione may
protect cells from peroxides (Mille, 1957). However, trends in
glutathione production are not predictables other functions for
glutathione may exist for which the cell regulates its
production.

The microelectrode and geochemnical studies show that
dr-amatic environmental gradients in microbilial mat communities
occwr in the first 2 mm of the swiface. Within this region steep
gradients of oxygen, light, and hydrogen sulfide occur. The
adaptations of several organisms to sulfide conditions by means
of dissimilatory sulfur pathways have recently been described
(Cohen, et al., 19737 Garlick, et al., 1977) which suggest an
influence on local environments and the salfur cvele.

Organisms adapt physiologically to their environment
according to need, such as chromatic adaptation of
phycobiliproteins in cyanobacteria. Similarly, changes in
microbial mat environments of light, oxvygen, and hydrogen sulfide
may alter the need for glutalthione. Light is responsible for
both the photolytic damage to celle and oxygenic photosynthesis
in cyanchacteria. The presence of Oz and photolytically
produced free radicals may increase the need tor glutathione
because of increased peroxide production. Conversely, the
precence of Ha8, which combines with On to +Yorm
thiosulfate, may reduce the need ftor glutathione where the two
gases coexist. We sought to determine the effects of light and
o on glutathnione production. A preliminary study on the
gffects of the glutathione synthetase 1nhibitor, buthionine
sulfoximine (S-n-butyl homocysteine sulfoximine or BS0 for
short), was also initiated.

at

Materials and Methods

Total glutathione, both oxidized and reduced forms of
glutathione, and homoglutathione (Fahey and Newton, 1983) were
assayead by the enzymatic method of Tietzre (1969) modified by
Fahey, et al., (1975) and expressed as nanograms of oxidilzed
glutathicone per mg residual dry weight.
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Irbvitad tion of glutabhione synth sy Lhe
—glutamyl cysteineg synthetase inhibitor BSO (S-n-butyl
e e suldodiming) of molecular weight e AGrifeith and
Merd wliear, 19790 was teshe Anacystiy nidual an a5
addition to the culture inovarying concentrations ranging
fram 10 wh to 3 oM. Cells were harvested by centrifugation and
ayved for glutathione.

Ay adani o cuwlbture of Apacysdis pidalany was obtailrned
From Yehuwda Cohern and groawn on media BG-11 (Rippka, et al.,
1979,

Aohanotbece halophyviica-dominated waters ool sened A om
the mil pond {(Fond 4) were maintained at 259C in
ol ose sels., A Light period of 18 hows was followed by &
dart period of 12 hows B0 to O gl ms g
£ cm ( eyl 40 waltt bulbs), very low Light.

Growtn aursy Ruracystiy nidulans and total
gliutathione were determined in & series of 9 E-liter BErlenmver
1 e titbed with cotton plugs and contalming Goml o BGEe-1 L
cultuw e media and Y3 o). dnocelum of stationary phase cells.
Cell de Tty was meassured by abhs @ oak BHO . Cultwres were
sguentially harvested by centrifugation and total glutathione
#4

i
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Light and dark effects on glutathione levels in Anao
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raduction in oxygen tension on glutat

weder mormmal o and eoeduaced
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production of glutathione L preser P18, The
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e s

Throughout growth, glutathione levels remained bebwsen
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Figure IV-18. Anacystis nidulans growth curve comparing levels of
oxidized glutathione (GSSG) per mg of residual dry weight.
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1act and 13,0 ng glutathione per mg residual dry weight ot cells
a1 grown under incandescent lighting of 40 o ™

,Oothus showing a slight trend toward reduced levels

during log phase. This allowed the subsequent compearison between

light end derk incubated cells which would presumably no {onger

eviaet in the same growth phase.

Fesults of light and derk incubation af aphanodhece
halophvtica~dominated planktonic microbial community froam Pond
4 and Anacyxély nidalans under high and low oxygern tension is
presented in Table IV-5.  Unexpectedly, both Apfanothece
halophvtica samples and Arnecyséis nidalaeny cultuwres show
increased levels of glutathione after 24 howes of continuwous
dark. While Aphanothece samples exhibited only approximately
a 10 perocent increase, Anaecyséis (Qa) and .

Aanacystis (Ma) cultures showed approximately a 100
percent and 30 percent increase, respectively, thus revealing a
divirnal variation. ’

Difteraent light sources were used for growing Anacysdis
v For the light and dark study under normal and reduced oxvgen
tension.  The foraer used 40 o m= = e am
40 watt incandescent lampe and the latter 20 o m
sec™t from FA40-GERO fluorescent lighting. fApparently,
there ie an increased glutathione levelid the lower intensity
presumably also differs gualitatively.

-

It appears that light-grown nacysézs nidalans cells
Have equal amounte of glutathione while dark-groen cells produce
mare glutathione in the presence of increased O, Since
Gphanathece halophviica-dominated planktonic communities grow
under reduced oxygen tensions in this high salinity pond, this
may accourt for the relatively lower percentage increase at
night.

L3

Thie sults of the glutathione synthesis inhibition by HBSO
are presented in Table V-6, Al though some concentrations of RSO
apparently result in approdimately one third of the control level
of glutathione, the highest concentration of BRSO used o5 alM)
showed no inhikition. Thus BSO is not an effective inbibitor of
glutathione svnthesis in Anecystis nidulans. It is not known
whether the lack of inhibition is due to lack of sensitivity by
the enzwvme, lack of transport into the cell, or detoxification by
tntracel lular or extracellul ar means.

These preliminary studies do show an environmental ly
daetermined pattorn of cellular glutathione. The effects, 14 any,
af HaB, organic sulfur, or other metabolites remnain bto be
tested.

Acknowl edgement I thank Barpara Javor and Fabert Fabeey for
thelr assistance in thie =tudy.
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Table IV-4. Effect on glutathione levels by light and dark conditions
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Table 1IV-7. Effect of increasing concentrations of BED on
glutathione levels in Anacystis nidulans

aercbic anaerobic sulfide concentration {al)
no sulfide 0 0.01 0.02 0,0 0.4 0.2 0.9 { 2
t+ tHt e E34) ¢ ¢ ++ ++ + -

+++ = very good growthi ¢ = good growthy + = little growthj ¢- = more of less grosth - = no growth.

Table IV-8. Anaerocbic growth of Oscillatoria from Alum Rock
spring site 3 in the presence of sulfide after 5 days.
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Microbial Communities and Microprofiles of Sulfide
and Oxygen of Alum Rock Sulfur Springs

U. Fischer
Introduction
Microbial Community of Alum Rock Spring Field Site

The microbial community of Alum Rock sulfur spring site 3 was
studied along one branch of the main stream and between the two
branches, 1850 cm distant from the sowce. The community at the source
{sample J) was dominated by green sulfuw photosynthetic bacteria of
the germus Chlorobiam. At 15-35 cm from the sowrce {(samples 1 and
H) dominance in the community shifted to the genus Flexibacter at
the swface of the mat and purple sulfur bacteria of the genus
Chromatiuer underneath. At S90-80 cm (samples 6 and F) colorless
sulfur-axidizing bacteria of the genus Thiodthrix began to appesr.

At 100 to 130 cm f{samples D and E), the swface of the mat was still
dominated by Flexibacter but underneath dominance shifted to

purple sulfur bacteria as above, as well as cyanobacteria of the genus
Jsecillatoria and Preudonabasna.  The measurements of

temperatuwre along the stream showed no significant gradient. We
believe that community variations are controlled more by sulfide than
temperature. The temperatuwe along the stream was 2990 at

positionse J and I, and 28B°C at positions E and D. At position

la which was shaded, the temperature decreased tao 1990,

Ten ml of the overlying water were baken at position G and fixed
immediately with 20 ml of 2 percent ZIn-acetate to determine the
sulfide concentration by the methylene blue method. A sulfide
concentration af 106 uMl was calculated for the overlying water.

Ieplation of Cyanobacteria

Samples from positions E and L of the Alum Fock sulfur spring
silte 5 were taken to isclate cvanobacteria. The samples were placed
on agar plates (containing the standard mineral medium BG 11 and 2
percent agar) and incubated at 279C at a light intensity of
18-20 ulf m™* gsec~!, After 3 days single
cvanobacterial colonies were transtferred onto fresh plates and the
microorganisms were studied under the microscope. This procedure was
repeated several times, wnitil only a single cyanobactrium species was
detected by microscopic chservations., From position E am

Oecillatoria species, O am in width, was isolated (with some

heterotrophilic bacteria).

The Goscillatoria sp. was transferred from bthe plates to 19 ml
of liguid BG 11 medium and grown for 5 days under the same conditions
as described above for the plates.  Then 9 ml of this preculture were
transtferred to 100 ml of liguid BG 1) medium and allowed to grow ftor O
davs. Some drops of this culture suspension were mounted am an ager
slide ag a preparation for photmicrographs using a leiss
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Friotomicroscope 1. The filamentouws cyanobacterium dscillatoria

i illustrated in Figuwe IV-1%a. To determine whether the organiem
contalne phycocyanin, an epifluorescence micrpscope with a S50 hm
interference filter for the excitation light and a cut-off +tilter at
HED mm for the emitted light was used. The red color in the
cvanobacteriwn is due primarily to excitation of phyoocvanin.,
Bypechocystls did mot grow in a liqgquid medium. For

photomi croagraphs, some colanies of Synechocystis wers taken

directly vrom the agar plate and mounted on an agar slide. The
marphology ie shown in Figure IV-1%9b. The presence of phyooocyvanin in
SZynechocystis as detected by ite red color is also denmonstrated by
the use of an epifluarescence microscope (Figure IV-19d).

Materials and Methods
Culture Medium +or Cyancobacteria
For the cultivation of cyanobacteria, the mineral medium, &G 11,

seribed by Rippka et al., (197%) was uged. Distilled water was
placed by Alum Rock spring water.

| X
BG 1) medium <1 1iter)

MaMOs: 1.3 g

FaHPOa . B0 OL04 g

MgSla., THa0: 00075 o

Calla.2Ha0r 0.0386 g

Citric acid: 0,006 g

Ferric anmornium citrate: 0,006 g

EDTH (dicsaodiuwm magnesiawm saltl) s G001 g
a =0 U:\: SR T u]

Trace element solution: 1 ml

Alum Fock Spring water:s 1000 mi

After avtoclaving and cocling, the medium had a pH of 7.4, For
aerobic growth of covanobacteria a 250 ml Erlenmever flask containing
100 wl of medium was used.

For the enrichment and isolation of cyvanobacteria on solid medis,
20 g of agar were added to the BGE 11 mediam.

Composition of Trace Element Scolution
(Hipphka et al., 1979

Ingredient Aamount {g/l distilled water)

B0 e

MGl o 4HR0
Ino0a . 7HLG
MaaMala . 2H0 -
CuEa . SHe0 GG

Cor i) 20 M0 0. 0454
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Figure IV-19.
spring,
from Alum Rock spring. 4 mm = 10um.

(R) Oscillatoria sp. isolated from Alum Rock
7 mm = 10 um; (B) Synechocystis sp. isolated
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Anaerobic Growkth of Cyanobacteria in the Presence of Sulfide

Anaerobic growth in the presence of sulfide of isolated
cvanobacterial strains from Alum Rock sulfur springs was achieved in
ml screw-cap test tubes. The tubes contained the standard BG 11
medium described above and, in addition, different concentrations of
sulfide. Each of the tubes was inoculated with 1.5 ml {about 20
percent) of an anaerobically grown liguid cul ture.

Freparation of a Bulfide Stock Solution (6025 m
(Madified After Ffennig and Trueper, 1981)

NanS. 9Ha0 Q.75 g
Na.’:.’:(:o:_s U5 (w]
Distilled water B0 ml

The solution was autoclaved and after cooling was partially
neutralized with 2 ml of a sterile 2M Ha804 solution.
(The carbonate was added to increase the growth vield of the

cyanobacteria.)
Culture Medium for Thiothrix

Far the enrichment and isolation of ThZothriy species of Alum
Fock spring on agar plates, I used the following medium (Wiessner.,
1981):

Fer 1 liter:

MH41 50 me

FaHPOa 100 mg
CasS0a. 2AH.a0 2 mc
MC]SUa . 7H:;{D 10 mg
ZnSUa . 7Ha 0.1 mg
MNsUla . 4H.a0 02 me

HxBOx 0.1 mg
Co(MOx) - .01 mg

MaMala . 2H:0 .01 mg
CusS0a . 85HL0 QL0005 mg

Febla. 7H20 7 omg
EDTA (Nagp-salt) Faex mg

Ma—-acetate 192 mg
Man8, PH:0 00 my
agas 12.5 g

Adiust the pH of the medium to about 7.0
Important: FeS0a and EDTA must be mixed separately and
added to the medium after a short period of boiling.

Cultwre Medium for Flexibacteriamn.
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For the enrichment and isolation of flexibacteria species of
Alum Rock sulfuwr springs only agar plates were prepared. The medium
used was Number 273 Vy/2 agar medium (Reichenbach and Dworkin, 1981).

The medium contained per 100 ml:

BRaker’s yeast 0.5 g
CaCla 0.1 g
Agar 1.5 g
Cyanocobal amine S50 ug

pH is adjusted to 7.2
Absorption Spectra of Cyanobacterial Chlorophyll

Absorption spectra were determined in a Varian Techtron double
beam spectrophotometer model 635, connected to a recorder.

In vivo spectra were obtained by suspending cell material in
50 percent sucrose to avoid settling af whole cells in the cuvette.
In vitro spectra of chlorophylls were obtained by extracting wet
cell material either in 100 per cent methanol or acetone. The cell
material was harvested by centrifugation (12,000 rpm for 10 minutes)
in a Sorvall RCZ2-B. To the pellet,  ml of methanol or acetone were
added and then allowed to stand in the dark at 4<C fagr 10
minutes before the suspensian was centrifuged the same way a second
time. The supernatant was used to determine the absorption spectra of
extiracted pigments. All spectra were recorded in the range of 7350 nm
to 350 nm.

Field Experiments with Oxygen and Sulfide Microelectrodes

To study the microprofile of oxygen and sulfide in an Alum Rock
sulfur spring (see profiles of salt ponds and marsh site), handmade
microelectrodes (Fig. IV-2) were attached to a micromanipulator which
was held in place on a stand. Frofiles were obtained with
microelectrodes from the overlying water and from the microbial mats,
with measurements taken at 100 am ar 230 um increments. In
addition, in the overlying water, sulfide concentration was determined
by the methylene blue method (below) and oxygen was determined using
the method of Winkler (below).

Sulfide Determination by the Methylene Blue Method

Determination of sulfide used the method of Pachmayr (194&0) as
modified by Trueper and Schlegel (1964).
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The assay was done in 100 ml volumetric flaske which contained:

10 ml Alum Rock spring water
20 ml 2 per cent In—acetate=
10 ml DMFD-soclution®
0.3 ml FAB—-solutione

sebasr for preparation, see below

This reaction mixtuwre was shaken vigorously and allowed to stand
for 10 minutes at room temperatwe. The flask was then filled up to
100 ml with distilled water. The absorption was measured at &70 nm
against a blank without Alum Rock spring water.

Freparation of (a) ZIn-acetate, (b) DMFD and {(c) FAS solutions:

a) In-acetate: 20 g Zn-acetate were dissolved in 1000 ml distilled
watbter and 1-2 drops of acetic acid were added.

b)Y DMFD: 2 g dimethyl-p-phenvlene-diamine chloride were suspended in
200 ml distilled water. Then 200 ml of concentrated

Ha804 were carefully added. Distilled water was added

to make a 1 liter solution which was stored in a 1000 ml volumetric
flask wrapped with aluminum foil.

c) FAB: 50 g NHaFe (S0a)z. 12H20 were

disscolved in 100 ml distilled water by adding 10 ml concentirated
Ha2804. The solution was then filled up to 500 ml with

distilled water and kept in a 500 ml volumetric flask wrapped with
aluminum foil.

Results
Isolation of Thiothrix and Flexihacter

No attempt to enrich or isclate Thiocthrix or Flexibacéopr
from Alum Rock sulfur spring on agar plates was successful.

Absorbance Spectra of Isolated Cvanobacteria

To determine the composition of the pigments from the isolated
cyanobacteria strains, absorbance spectra were taken from whole cells
or extracted pigment preparatione. Three major groups of piligments are
normally present in cyanobacteria: chlorophyll a, biliproteins, and
carotenoids. The Iin vivo spectrum (Fig. IV-20) of the icolated
Oscillatoria strain shows maxima at &80 nm and 438 nm, indicating
chlorophyll a {(for isolated Synechoocysdis: H8S nm and 4435
nm, Fig. IV-21), at 632 nm indicating phycocvanin (for
S¢nechocyrtix at 632 nm), and at 488 nm indicating carotencids
(for Sypnechocystis at H0O nm).

Whern the pigments of Uscillatoria and Synechocystis were
extracted by methanol or acetone, the absorption maxima were more
digtinct and were shifted towards shorter wavelengths. This is
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sucrose

1 1 | L
730 &50 330 4350 330

Figure IV-20. Absorbance spectrum of Oscillatoria.

whole cells
extracted in
sucrose
945
0.2 - 685
300
632
0.1 =
1 1 1 i
730 630 330 430 350

Figure IV-21. Absorbance spectrum of Synechocystis.
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illustrated in Figures IV-22 and 24 for Oxcillatoria and for
Synechocyséiy in Figures IV-23 and 225,

fAnaerobl o Growth of Jscillatoria in the Presence of Sulfide

Some cyanobacteria perform odygenic or anoxygenic photosynthesis
in the presence of sulfide. Cyanobacteria of Alum Rock sulfur springs
may be abhle to carry out photosynthesis when sulfide is present.
Attempts were made to determine how isolated dscillatoria grow
under anagrobic conditions with different sulfide concentrations. The
anaerobic growth experiment was carried out as described in the
Methods ction. The sulfide concentration ranged from O to 4 mi.

The control contained no sulfide. For aerobic growth conditions, one
gcrew-cap test tube contained only 1.5 ml of the cell suspension and 3
ml af the BG 11 medium. The inoculated 8 ml screw cap test tubes were
incubated for 5 days at 279C and 15-20 4E m™=

sec™t,  The result is shown in Table IV-7 (see end of preceding
subchapter) .

During the 3 days after the inoculation period the generation of
a gas, probably oxvygen, was observed in the cultwe tubes containing O
to 0.05 oM sulfide. Under these growth conditions, Oscillatoriae
haa a dark green color and showed very good growth at the bottom of
the calture tubes. At higher sulfide concentrations {(from 0.1 to 1
mM) the color of the cultwe was more or less light green and the
organisms formad a thin layver {from the bottom to the surface. The
cul tuwre exposed to 4 mM sulfide did not grow, sank down to the bottom
of the tube, and showed a yvellow-bhrownish color two days after
inoculation. Whether thie dscillatorza strain shows the same
behaviow concerning photosynthesis found far Oscillatoria
fzmpetica from Solar Lake remains to be studied.

Microprofile of an Alum Rock Sulfur Spring

The distribution of sulfide and oxygen in the overlying water and
microbial mat at Alum Rock spring site 2 was measwed with handmade
microelectrodes. This sulfuwr spring was choosen for measuwrements
because it was gasy to place the tripod with the micromanipulator and
micraelectrodes directly in front of the spring. Since the mat of the
spring wae growing on a vertical rock substrate, it was necessary ta
insert the microelectrodes more or less horizontally into the mat.
Three profiles of oxygen and sulfide were taken across the spring,
S-10 om down from the top of the sowce. The main stream in the
middle of the spring bhad & white color and the community was
comparable to that of spring site 3 at positions H and J. The borders
on bhoth sides of the main stream had a dark green color and the
community wase nearly the same as that described for positions C and D
ot the spring site 3. In the overlying water the sulfide
concentration was determined by the methylene blue method (see Methods
gsection above) along the stream. From Figure IV-24 1t can be seen
that there ls & decrease in sulfide concentration from the top, at the
souwrce, to the bottom. Light intensity decreases from 60 «E
m== apc* at the top to S50 oE m—<
gec™* at the bottom. From the top to the ground there is a
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pigments extracted
in methanol

436

665

750 450 530 430 350

Figure IV-22. Absorbance spectrum of Oscillatoria.
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pigments extracteo
in methanol
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Figure IV-23. Absorbance spectrum of Synechocystis.
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pigments extracted
in acetone

33

530 450 330

Figure 1Y-24., Absorbance spectrum of Oscillatoria.

pigments extracted
in acetone

132

7%0 650 530 450 330

Figure IV-25. Absorbance spectrum of Synechocystis.
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Figure IV-26. Sul-Fide, light intensity, pH, and temperature in the
main stream of Alum Rock {(at site 2). Air temperature
28< by the spring (in the shade).
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Figure IV-28. Oxygern and sulfide in the overlying water and
microbial mat (border of the main stream, green). Alum Rock,
site 23 10 cm below top of spiring.
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Figure IV-29. Oxygen and sulfide at a microbial mat (border of the
main stream, green). Alum Rock, site 2§ 5 cm below top of
spring.
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temperatwe difference of 2°C. The pH increases from 6.2 to

6.37. In the overlying water of the main stream (white color of the
mat), an enormous increase in sulfide was measwed with depth, while
in the mat a low decrease was measurable (Figure IV-27). By contras
the oxygen concentration decreased rapidly in the first S00 um of
the mat. One explanation for this steep decrease in oxygen in this
part of the mat is that a predominantly heterotrophic community is
present, with only & small number of cyanobacteria producing oxygen
during photosynthesis. The other profiles were taken at the border
the main stream, in very well developed (dark green) cyanobacterial
mats (Fig. IV-28 and 29). The oxygen concentration decreases very
slowly during the first 300 um of depth because of the oxygenic
photaosynthesis activity of cyancbacteria, the dominant organisms at
thie part of the spring. The sulfide concentration in the mat
increases with depth when oxygen decreases.

References

Baumgartl H., and Lubbers, D.W., 1973. Flatinum needle electrodes
for polarographic measwement of oxygen and hydrogen. In dxygen
Supply, (M., Kessler, D.F. Bruley, L.C, Clark Jdr., D.W. Lubbers,
I.A. Silver, J. Strauss eds.), Urban and Schwarzenberg, Munich,
pp. 130-136.

Cohen, Y., 1984, 0Oxygenic photosynthesis, anoxygenic
photasynthesie and sulfate reduction in cyanobacterial mats. In
Rerspective in Microbial Ecology, (M. Klug, ed.), ASM publ.

Cohen, Y., Castenholz, R.W., and Halvorson, H.0. {(eds.), 1984.
Microbial Matr: Stromatolites, Alan R. Liss, N.Y.

Cohen, Y., Jdrgensen, B.B., Padan, E., and Shilo, M., 1975.
Sulphide-dependent anosygenic photosynthesis in the
cyanobacterium Oscillatoria limnetica. Nature
257: 489492,

Fahey, R.C., Brody, S., and Mikolajczyk, S.D.. 19753. Changes in
the glutathione thiol-disulfide status of Newrospore crassa
conidia during germination and aging, J. BRacteriology, 123
144-151.

Fahey, R.C., Brown, W.C., Adams, W.B., and Worsham, M.B., 1978.

Occurrence of glutathione in bacteria, J. Racteriology,
133:01126-1129.

214

t,

of



Fahey, R.C. and Newton, G. L., 1983, Occurrence of low molecular
welght thiols in biological systems, In functions of
Glutathiones Riochemical ., Physiological, Toxicological , and
Clinical fAspects. (AL Larsson, et al., eds.), Raven Fress, New
Yo,

Fahey, R.C., Newton, G.L., Arrick, G., Overdank-Bogart, T., and
Alev, S. B., 1984. £néanmoetba histolyéica: a eukaryote
without glutathione metabolism, Science, 24:70--72.

Garlick, S., Oren, A., and Padan, E., 1977. Occwrence of
facultative anonygenic photosynthesis among filamentous and
unicellular cyvanobacteria, J. Bacteriology, 129:6253-639.

Griffith, O.W. and Meister, A., 1979. Fotent and specific
inhibition of glutathione synthesis by buthionine sulfoximine
(S-n~=-butyl homocysteine sulfoximine), J. Biol. Chem., Z54:
75587360,

Hartman, H. 1984. In Hicrebiagl Haets: Séromatolites (Y. Cohen,
F.W. Castenholz, and H.0. Halvorson, eds.), Alan R. Liss, N.Y.

Ho, K.K., and Krogmann, D.W., 198%2. Fhotosynthesis in
cvanobacteria. In The Biology of Cysnobacteria, Vol. 19,
(N.G. Carr and B.G. Whitton, eds.), Blackwell Scientific
Fublications.

Howarth, R.W., and Marino, R., 1984. Sulfate reduction in salt
marshes with some conparisons to sulfate reduction in microbial
mats. In Micrebial Mats: Stropatolites, (Y. Cohen, R.UW.
Castenholz and H.0O. Halvorson, ede.), Alan R. Liss, N.Y., pp.

245284,

J#rgensen, B.B., and Cohen, Y., 1977. Solar Lake {Sinai), The
sulfur cycle of the benthic cyanobacterial mats, Limnol. and
Oeeanog. 2215607666,

Jgrgensen, B.B., Revsbech, N.P., Blackburn, T.H. and Cohen, Y.,
19759, Diwrnal cvcecle of axygen and salfide microgradients and
microbial photosynthesis in a cyanobacterial mat sediment, Appl.
Environ. Micraobiol. 3

Jg¢rgensen, B.B., Revsbech, N.P., and Cohen, Y., 1983,
Fhotosynthesie and structure of benthic microbial mate:
microelectrode and SEM studies of fouw cvanobacterial
comnunities, lLimncol. Uceanog, 28110781093,

Jﬁrgensen, k.B., Revsbech, N.P., and Cohen, Y., 198%5. Transition
from anoxyvgenlic to oxvgenic photosynthesis in a Microcoleus
chéhanoplastes cyanubacterial mat, Limnol. Oceanogr., {in
press)

215



Martens, C.S., and Berner, R.A., 1974. HMethane production in the
interstitial waters of sulfate depleted marine sediments,
Science, 185:1187-1169.

Mills, G.C., 19%7. Hemoglobin catabolism. I. Glutathione
perovidase, an eryvithrocybe encyme which protecte hemoglobin from
midative breakdown, J. Riol. Chem. 229:189-197.

Murray, J.W., and Gill, G., 1978. The geocchemistry of iron in
Fuget Sound, Geochim. Cosmochim. Acta, 42:9-19

Newton, G.L. and Javor, B., 1983. Gamma-glutamylcysteine and
thiosuifate are the major low molecular weight thiols in
halobacteria, J. Bacteriology, {(in preparation).

Fachmayr, F., 19&0. Varkommen und Hestiomung wvon
Schwefelverbindungen in Mineralwasser. Doctoral thesis, Univ.
Munich, West Germany.

Padan, E. and Cohen, Y., 1%98Z2. Anoxygenic photosynthesis., In
The Biology of Cyanobacteria, (M. G. Carr and B. A. Whitton,
eds.), Blackwell Scientific Publications, Oxford, 683 pp.

Parsons, T.R., Takahashi, M., and Hargrave, B., 1977.
Hiological GQoeanogreaphic Processes, Fergamon Fress.

Pfennig, MN. and Trueper, H.G.., 1%81. Iealation of members of thw
families Chromatiaceae and Chlorobiaceae. In The Prokarvoées.
M.F. btarer, H. Stolp, H.G. Trueper, 4. Balows and H.G. muhleqel,
eds. ). Vaol. 1. SBpringer Verlag, Mew York, pp. 279289,

Read, L.K., Margulis, L., Stolz, J.F., Obar, R., and Sawyer, T.,
LoaX. £ new strain of Paratetranitur jugosas From Laguna
Figueroa Baja California, Mexico, Biological Bulletin,
1651241284,

Reichbach, H. and Dworkin, M.. 1?2&8i. The aorder Cvytophagales (with
addaenda on the genera Herpetosiphon, Saprospira, and
Flexithrix). In The Prokaryotes. (FM.FP. Starr, H. Stolp,

H.tG. Trueper, A. Balows, and H.G. Schlegel, eds.). Yol. 1,
Springer Yerlag, Mew York, pp. 35&8-5379.

Revsbech, N.F., Jdrgensen, B., and Cohen, Y., 1%
Microelectrode studies of the photosynithesis and Op,

: and pH oprotiles of a microbial mat, Limnol. Oceanog. .

d=-107d,

<

Revsbech, N.P., Jprgensen, B., and Brix, 0., 19&!1. Frimary

production of microalgeae 1n sediments measwed by axyvgen
microprofile, H14 Chx fixation and oxygen exchange

methods, Limol. Qceanog. G2F17-730.

Revsbech, N.P. and Ward, D.M., 1984. HMicroprofiles of dissolved
substances and photosynthesie in microbial mats measwed with

216



microelectrodes. In Microhial Haési: Séropadoliées, (Y. Cohen,
oW, Castenholz, and H.0. Halvorson, eds.), Alan R. Liss, NM.Y.

Rippka, R., Deruelles, J., Waterbury, J.B., Herdman, M., and
Stanier, R.Y., 197%. Generic assignments, strain histories and
properties of pure cultuwres of cyanobacteria, J. Gen. Microbiol.,
1112141,

Skyring, G.W., 1784. Sulftate reduction in marine sediments
assaclated with cvanobacterial mats in Australia. In Microbial
Hatz: Stromatol iées, Y. Cohen, R.W. Castenholz, and H.O0.
Halvorson, eds.), Alan K., Liss, M.Y., pp. 265-276.

Stookey, L.L., 1970, Ferrozine! a new spgectrophotometric reagent
for dran, Anal. Chem., 42.

Tietze, F., Enewymic method for guantitative determination
uf nanogram amounts of total oxidized glutathione: applications
Lo mammalian blood and other tissuwes, Anal. Biochem.
LSy 2T A I "y

FAT IR LR SR ey

Trueper, H.G. and Schlegel, H.G., 1%&4. HBulphuw petabelism in
Thicrhodaceas, I. Buantitative measuwwrsments on growing cells of
Chromaéian okenii, Mnbtonie van Leeuwenhoek J. Micrabiol.

Serol., 3022050568,

Wiessner, W., 1%81. The family Beggratoaceae. In The
Frokarvaites., M.F. Stere, M. Btolip., H.G. Traeper, A. Balows,
ard M., Schlegel, eds.). YVol. 1, Springer Yeriag, dew Yark, pp.
ABO-E8Y,

S

217



CHAPTER V

MICROBIAL COLONIZATION AND GROWTH
ON METAL SULFIDES AND OTHER MINERAL SURFACES

Frof. D.E. Caldwell
A.R. Sundguist
J. Lawrence
A.F. Dovyle

Introduction

Sulfuwr—-containing minerals present in seils, sediments, and
other environments are often ceoated with a film of actively
metabolizing microorganisms. BRecause these films are difficult
to study, cell suspensions are frequently used. Laboratory
studies have formed the basis of knowledge concerning microbial
activity and the chemical development of Earth. Because there
could be important differences bhetween the activities of nicrobes
in uniform cell suepensions and those in natuwre, this research
aimed to document the presence and formation of mineral films.

It was found that microbial filme formed rapidly on all of the
(6bS=), barite (BaBds), selenite (Cad0ks), amorphous elemental sulfur,
and hematite (FexlUx). Gradients of soluble sulfw compounds
(cysteine, glutathione, thioglycolate, sulfite, and thiosulfate)
did not increase the rate of attachment or growth of bacterial
populations colonizing these swifaces., Microbial activities,
including metabeolism, growth, bebhavior varied substantially
depending upon whether the celle were in suspension or in surface
films.,
Materials and Methods

In Site Incubation of Membrane Ermrichments

A membrane filter (polvycarbonate cagillary membrane, 0.035
um pores, 29 mm diameter, Mucleopore, Fleacsanton, CA) was
cemented to the ground flat surface of one tube of a Bellco
Farabioctic Chamber (catalog no. 1243) (Fig. V-1). This was done
by coating the suwface with an uninterrupted ring of silicone
rubber and applying the filter with the shiny side out. The
assenbled "Jd-tube" was auvtoclaved to sterilize the apparatus and
to solidify the silicone rubber. Care was taken to protect the
outer swiace of the filter from pore-clogging debris.

50 mM solutions of the following five sulfuwr compounds were
prepared? L-cysteine, reduced glutathione, and the sodium salts
of sulfite, thiosulfate, and thioglycolate. The compounds were
dissolved in water and the pH adjusted to neutrality.

Aocridine aorange, a fluorescent stain, was uwsed to stain the
incubated +ilters. A D1 percent stock solution was first
prepared by dissclving acridine orange in 10 mM potassiam

~

phosphate buffer at pH 7.2. A 1210 dilution of the stock into
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Table V-1. Bacterial colonization of sulfide mineral surfaces.
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cells per colonies attachaent specific

field per field rate growth rate

{cells field~th") {h-1)
cystine 18.0 13.0 1.9 0.29
glutathione 8.9 3.9 0.78 0.21
thioglycollate 7.3 6.0 0.85 0.18
sulfite 11.0 7.2 1.0 0.23
thiosul fate 14,0 10.0 1.4 0.20
control 15.0 9.2 .3 0.23

note: 4,900 u¥® per field

Table V-2. Effect of sulfur compounds on bacterial attachment to
mineral surfaces.

Figure V-1. "J-—tube" with filter.
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the above phosphate buffer yvielded a 0.01 percent working
gsalution. Both solutions were kept refrigerated between uses.

A 4 percent solution of formalin was used as fixabive.

Bix assembled J-tubes were avtoclaved and cooled. Into five
separate J-tubes were added approximately 28 ol of the {five
sl fur-compound solutions.,  The sixth J-tube, the control, was
left emplty. The J-tubes were capped and fastened to a test tube
rack with the membranes facing down. This positioning ensured
that splution was alwave in contact with the filter and that no
debris settled on the filter swface. The rack and J-tubes were
asubmergad in the sulfuw spring-fed pool at Alum Rook Fark (Fig.
site 1). After a seven how incubation period (7130 AM to
FM) the J-tubes were removed from the creek and the
remaining solutions were poured out. The attached filters were
ritsmed with distilled water and the J-tubes were placed into &
baeaker of 10 percent formalin. The J-tubes were kept
retrigerated in the formalin until the filters were to be
@xamirned.

The filters were stained while attached to the J-tubes.
After rinsing away the formalin with water the filters were
flooded with 0,01 percent acridine orange for 30 seconds and
rinsed with water. The J-tubes were then placed into a beaker of
wabter $for 5 minwtes. The latter enswred that the staining of the
background was minimized. The celle of interest were those
irreversibly attached to the filters so that loss of cells from a
filter swface during rinsing, staining, o storage was
insignificant. The filters were then peeled away from the
J-tubes and placed onto glass slides with the colonized side up.
After trimming the filters, cover slips were placed on the
filtere and sealed with vagpar, an eqgual mixture of petroleum
jelly and paraffin.,

A Zedss Photomntoroscope IID with epifiluorescence was wsed to
view bthe filters at 1000¥% magnification. Twenty fields were
selected randomly From each filter. Fields containg debris were
discarded. ALl bacteria and microcolonies that fell within or
intruded upon a 65465 um girid were counted as being in that
field, & microcolony was defined as an accumalation of
morphologically similar cells that were no further than a
cell-length away from a neighboring cell.  The number of
microacolonies containing 1, 2, %4, 7-12, 135-24, or more cells as
well az the total cell count were noted for each filter., From
the distribution of cells within these microcolonies the growbh
and attachment rates for in sida colonization of the filters
werr e determired.
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Figure V-2. Close-up of Penitencia Creek inset, Alum Rock Park
Map 3. ' ' :



Calculations of total cell count, N, and colony count, Ct,
of attachment rate, A, and growth rate, «, were done for each
field., These field values were totaled and averaged to give the
mean field value for each filter. All results were repeated as
average counts and rates for a filter.,

a and ¢= were also corelated by first averaging
the cell count for the filters and then using these averages in the
growth rate equation of Caldwell.

Field values of A were correlated by counting the attachment
events (i.e., all microcolonies) and dividing by the incubation
period. From these values T (the average of the field values) was
determined. (Three different values for A and & were calcul ated
depending an the value of Ct used, which depended in turn on the value
of © chosen - see Ay, Am, and Ax).

Individual growth rates, u, were calculated with the
following equation:

a = 1 (N/Ct + 1)/%

Fouwr values, ul—-ud were calculated. A second equation was
wesed to caluwculate af three values were determined, u-d7,
for each field.

In 27ta Incubatiorn of Minerals

Either natwal crystal faces or cleavage faces were used as
colonization surfaces. In some cases the crvstals were polished using
0.2 micron diamond abrasive. In the case of pyrite and pyrrhotite,
oblligue faces (with respect to cleavage and crystal planes) were
ahtained by grinding and the colonization of these faces compared to
that of the natuwal faces (Fig V-3). UCrystal faces were cleaned
before use by wiping with petroleum ether. Crystale were submerged at

o

Site 1, FPenittencia Creel Alum Rock State Fark.

Study of Fure Cultures and Natwral Communities
in Continuous Slide Cultuwre

Ferfilev capillaries (Ferfilev and Gabe, 19489) were used to
construct continuous slide cultures in which a laminar flow velocity
af 1O cm per second was maintained during microbial colonization and
growth. The capillaries were two mm in depth and 1 mm in width
{internal dimensiong). The small size of these capillaries made it
difficult ta properly focus the condenser on the cells for phase
ML CI OSCORY . In addition the capillaries contained stretch marks that
resulted in optical distortions. As a result, capillaries were
produced by bonding cover slips between glass slides using silicone
geal. The dimensions of this culture system were 2 by 2 mm. Liqgquid
was supplied via 22 gauge hypaodermic needles inserted through the
silicone. Sterile medium or sterile filtered stream water was
supplied continuously and the inoculum was injected through a silicone
septum.  The inocklum was pulsed repeatedly or continucouwsly until the
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POLISHED CRYSTAL SURFACES

PYRITE PYRRHOTITE
A CRYBTAL FACE (100 Ad CRYBTAL FACE (O0O01)
B) 45® OBLIGQUE FACE B) CRYBTAL FACE (1-100)

c> as® ONBLIQUE FACE

Figure V-3. Diagrams of polished crystal surfaces of pyrite and
pyrrhotite. pMumbers in parentheses reter to mineralogists® code
far either crvstal face or cleavage plane.
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Figure V-4. Distribution of colony occurrence on mineral
surfacesy bacterial attachment to pyrite. pyrrhotite, and

other minerals.
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density of cells was 5 to S0 per field (4,900 cquare microns per
field).

Fluorescaent Staining

Bacterial cells on mineral and filter swiaces were visualized
uweing epifluorescent microscopy to observe cells stained with a 9.01
percent {(w/v) solution of acridine orange in a 10 wM phosphate buffer
(pH 7.32) .

A novel stain, MBER, was aleos evaluated as a potential staining
techni gue. It gives a blue fluorescence upan reaction with thiols
(FKosower et al., 192788 NMewton et al.., 1981,

A S0 oM oetock of MBRBR (Calbiochem-RBehring - now called Rehring
Diagnostic) in acetonitrile was made. meetonitrile (CHaUM) i
wsed becawse it will dissolve MBEN and it is only a poorly
nacleaphilic solvent. This solutiorn can e kept refrigerated for
months, 5 oM solutlionse are made by diluting the stock into Tris
Bt fer (30 oM Tris, pH 8.9, 3 of EOTAY . This working solution shouwld
be made fresh daily since the MREEBR will r tosliawly with water.
Aflao, since wv radiation speeds up the nucleopnilic attack on FRE
hydir-olveis can be greatly reduced by shielding the 2 mM solation from
Tight., This will prolong the "lifetime" of the working scelution.

-
2

L]

Results and Discussion
Incubatiaon of Minerale Under [ Side Conditions

To determine whether a bacterial film formes on sulfw minerals
in sréu, variouws sulfuw -containing and other minerals were
incubated at Site 1 in Fenitencila Creek. The rate of cell growth and
attachment within the surface microenvironment of mineral surd
also determined (Caldwell et ai., 1981, 1985 . Minerals
included pyrite, pyrehotite, galena, stibnite, barite, selenite
{calociter, amorphous ingots of elemental sulfuwr, and hemsbl te A F1 1lin
rapidly formed on each of the minerals, however, no differences
betweasn the rate of colonization of various minerale were observed
(Table V-1) with the esception of pyrite snd pyrrbotite whiob were
mare rapidly colonized than obher minerals. Thie confirms results
prreviouwsly obtained in continuweous cultuwre buot which evaded repetitdon
wunder Jn siéa conditione Kieflt and Caldwell, 19345,

ST RN Was

il ed

Date for bacterial colonization of e@ach minsral are presented in
Talble V1. The average number of cells in each field (M) and the
howrly attachment rate (A are given in the +first two columns. Mo
cutstanding diftferences between minerales in final population could be
saen there. Because bthe oumber of replicates for esch surface type
was amall, pyvrite, pyrrhotite and the remaining swfaces weaere comnpared
as groups as shown in the histogram in Figure V-9, Fyrrhotl e had
fifty percent more bacteria than other swfaces, but this difference
may be due to errors in the estimates. The error bars represent one

standard deviation of the five to ten swfaces compiled in e

ach aroup.
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Figure V-5. Exponential growth of Pseudomonas Ffluorescens
batch culture (S0 ml volume, 150 rpm shaking) « =0.331
hr—t, Ta =2.09 h. "
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Figure V-6. Exponential growth of Pseuadomonas fluaorescens
batch culture (10 ml volume, 250 rpm shaking) u« =0.515
hr=-*, Ta =1.346 h.
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Figure V7. Graowth of Prseudomonas fluorescens cplonies in a
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concentration of | g/liter
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Two growth rates were calculated for bacteria on each surface.
Although these values differed by about a factor of four depending on
the method of calculation, they were constant from sample to sample
within experimental error. The lack of a significant enhancement of
growth by one mineral type indicates that either the substrates had a
negligible effect on growth or that the bacterial community was too
heterogenous to reveal enhanced growth. Sulfide oxidirers were
probably not the predominant bacteria in the incubation site.

The growth equation developed by Caldwell et al. (1981) was used
to obtain growth rates from the observed bacterial populations. With
values for total cells (N) and attachment &), a looping,
trial—and-error computer program was used to solve the equation for
growth («).

N = &/u {exp{at) -~ 1) (1)

Thie gave the first growth rate liested in Table VY-1. With the
assumption that the colonies reached steady growth and attachment
rates, a second equation was derived by Caldwell et al. (1983). In
this equation growth could be directly calculated.

u = In{MN/Ci + 1)/t (2)

Ci was the average number of occurrences that & colany size class (1-,
2=, 4-, 8-, lé-cells, etc.) was seen on a swface and t was the
incubation time. This growth rate is the second value given in Table
V-1. Direct observation of two actively growing colonies described
earlier in this chapter gave an average growth rate of Q.58/h. The
second growth rate was clogser to this value, but this may have been an
artifact.

The surfaces of the selenite crystals dissolved markedly, so the
recsults firom their colonization were not included here. One polished
sicde and both polished oblique swfaces of the pyrrhotite were
microscopically streaked or blemished, =0 thelr counts were not
included either. A viswal comparison of the polished pyrrhotite and
pyvirite indicated that there was more shallow pitting on the
pyrrhotite, which may have been due to its faster weathering.
fuantitative eramination with such technigques as scanning electron
microscopy or computer-aided image enhancement of these suwfaces
before and aftter colonization are needed to confirm this observation.

In Sita Incubation of Membrane Enrichments

To determine whether swfaces enriched with soluble sulfur
substrates (cysteine, glutathione, thiocglycolate, sulfite, and
thiosulfate) increased the rate of growth or attachment of natural
communities, membrane enrichments were incubated at Site 1. These
rates were determined as described by Caldwell et al. (1981, 1983).
The enrichments were incubated slightly downstream from sulfur springs
which released sulfuw-oxidizing bacteria. This ensuwred that the in
situ concentration of sulfur substrates would be below that supplied
by the membrane enrichments and that appropriate communities would be

228



Drifting

Figure V-9. Drifting mode of surface colonization.
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Figure V-10. Spreading mode of surface colonization.
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Figure V-11, Static mode ¢ surface colonization.
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praesent.  The results of this study (Table V-2) showed no significant
differcence beltween the experimental treatments and the control
menbranes which lacked substrate.

Difterences bhetweern Microbial Growth Einetics
in Cell Suspensions and in Films

The growth of Pseudowonas fluorescens, a heterotrophic sulfur
oxidizer, was studied in batch cell suspensions and in continuous
culture. Iri batch culture the cells were oaxvgen limited (growth rate
Soper how under axvgen limitation and 0052 per houwr when
orously ar &t Fig V-3 and &). As shown in Fig V-7 and 8, growth
within the film was glucose limited. Glucose limitation couwld be
@liminated by increasing laminar flow and consequently decreasing the
thicknese of the hydrodynamic boundary layer. It can be seen that the
attached cells are capaile of growth rates egqual to or faster than the
rates achieved in liguid culture.

Differences between Microbial Behavior
in Cell Suspension and in Biofilms

BSeveral behavioral phenomens were observed for cells growing
within the hvdrodynamic boundary laver that have not previously
o ted. spite a flow of 10 om per second in the environment, the
bacteria woere able bto move freely in both directions within the
Frvdrodynamic boundary layver which apparently provides a calm zone
within which twbulence 1s avolded and in which bacterial motility i
remarbably effective.  Duwring the division of cells on swfaces wunigue
mechaniesmns of remaining attached duwing cell division were observed as
the colony formed. In the drifting mode the cells tumble and drift
across the surface at a very slow rate as they divide. In the
soreading mode of swface colonization the cells spread outward from
the center of the colony as they divide. In the static mode of
srface colonization the cells stay tightly grouaped within the calony
although they do undergo separation and reorientation. (Figuwres

¥ »
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SULFUR CYCLE

BY R. HARRISS AND H. NIKI

CURRENT ISSUES

Human activities strongly influence the tropospheric
sulfur cycle in certain regions of the world, particularly
in and downwind of populated areas. The literature on
the reaction and transformation of SO, and its distribu-
tion and transport in eastern North America and west-
ern Europe is voluminous. A reading of even selected
portions of the literature on sulfur cycling illustrates that
measurements and models of sulfur on the regional scale
are providing a relatively consistent understanding of
the sources, transport, and fate of anthropogenic emis-
sions of SO,. However, with the possible exception of
reasonably well-understood processes related to local
and mesoscale impacts of anthropogenic SO,, global
sulfur cycle studies are in the infancy stage.

Among the general categories of tropospheric sulfur
sources, anthropogenic sources have been quantified
the most accurately, particularly for the OECD coun-
tries. Research on fluxes of sulfur compounds from vol-
canic sources is now in progress. However, very few
generally accepted measurements are available for
either concentrations or fluxes of SO,, H,S, DMS,
DMDS, CS,, COS, and other sulfur species derived
from natural biogenic sources. Measurement tech-
niques have been inadequate until recently; serious
questions still remain concerning flux determinations.
Tables 7.4, 7.5, and 7.6 summarize most of the data
available in the open literature.

What do the existing data indicate in terms of interest-
ing hypotheses and the design of future global studies?
First, natural sources of reduced sulfur ¢compounds are
highly variable in both space and time. Variables, such
as soil temperature, hydrology (tidal and water table),
and organic flux into the soil, all interact to determine
microbial production and subsequent emissions of
reduced sulfur compounds from anaerobic soils and sed-
iments. For example, fluxes of H,S, COS, CS,,

(CH;),S, (CHj),8S,, and CH;3SH can vary by several
orders of magnitude on time scales of hours and space
scales of meters in a coastal environment. A second
interesting aspect of existing data on biogenic sources of
reduced sulfur relates to the origin of relatively high SO,
values measured in the mid-troposphere over the tropics
and in the southern hemisphere during GAMETAG.

SOURCES AND DISTRIBUTIONS

Current estimates of global sources of atmospheric
sulfur are based on very few data and will not be dis-
cussed in detail here. Several recent comprehensive
reviews are cited at the end of this section for the reader
unfamiliar with previous attempts to estimate sulfur
sources. We briefly summarize available information on
sources of COS, CS,, DMS, and H,S to the troposphere
in the following paragraphs; these are the major bio-
genic sulfur species with a clearly identified role in tro-
pospheric chemistry.

Carbonyl Sulfide (COS)

Carbonyl sulfide is the most abundant gaseous sulfur
species in the troposphere. Concentrations of COS are
approximately 500 + 50 pptv, with no detectable sys-
tematic variations vertically or latitudinally. This con-
stant concentration with altitude and latitude suggests a
relatively long atmospheric lifetime, estimated to be
around 2 years.

Current estimates of global sources and sinks of COS
are summarized in Table 7.6. It is important to note that
these source and sink estimates are derived by extrapola-
tion of a very limited data base and are subject to large
uncertainties. Recent data suggest that oceanic regions
of high biological productivity and organic content, par-
ticularly coastal waters and upwelling areas, are a major
global source of COS. Experiments in coastal waters

TABLE 7.4 Approximate Tropospheric Concentration Range of Selected Sulfur Compounds

in Unpolluted Air

Atmospheric Concentrations®

(ng/m*)
Location H,S DMS B CS, cOS SO,
Ocean boundary layer <5-150 <2-200 1200-1550 50-70 < 15-300
Temperate continental boundary layer 20-200 PD 1200-1550 PD <15-300
Tropical coastal boundary layer 100-9000 PD 1200-1550 PD PD
Frec troposphere PD <2(PD) 1200-1550 <10 30-300

“PD indicates poorly determined at this review.



TABLE 7.5 Biogenic Emissions of Sulfur Compounds (emission rate in g S/m*/yr)

H,S$ DMS Cs, CcOs
Location . Avg. Max. Avg. Max. Avg. Max. Avg.  Max,
Salt marsh 0.55 41.5 3.84

0.006

0.5 100 0.66 2.5 0.2 0.03

72 381 0.093 1.13 6.36
Freshwater marsh 0.6 127
Inland soils (U.S.) 0.001 0.001 0.002
Swamps and tidal flats 0.044
Sediments of shallow coastal area ~19 ~2000
Soils of humid equatorial forests 0.07 2.6
Soils of temperate regions 0.044 0.24
Open ocean 0.106
indicate that COS is produced by photooxidation of Carbon Disulfide (CS;)

dissolved organic matter independent of salinity, plant
metabolism, or bacterial activity.

Some authors have suggested that the oceans may be
a net sink for COS from the atmosphere. An intensive
research program concerned with the production, distri-
bution, and emissions of COS from coastal and oceanic
environments will be required to quantify the role of the
marine environment as a source of this compound.

Soils can also be a source of COS to the troposphere.
Coastal salt marsh soils appear to be a “‘hot spot” for
COS emissions, but the small area of these soils limits
the role of marshes as a major global source. Measure-
ments from a variety of soils in the United States were
used to calculate the global soil source of COS shown in
Table 7.6. The total absence of data on COS emissions
from tropical soils introduces significant uncertainties
into estimates of the global soil source. Efforts to quan-
tify COS emissions from soils will probably be compli-
cated by large variations in both space and time. Micro-
bial processes that produce COS are influenced by soil
moisture, nutrients, soil organic content, and other
physiochemical variables.

Combustion processes are also thought to be a signifi-
cant global source of COS. These processes include bio-
mass burning, fossil fuel burning, and high-tempera-
ture industrial processes involving sulfur compounds.
Again, it must be emphasized that these estimates are
based on very limited data and may change significantly
as new data become available.

During periods of low volcanic activity, COS may be
a major source of sulfur to the stratosphere, resulting in
the formation of the stratospheric aerosol layer that
influences the earth’s climate. The anthropogenic
sources of COS identified in Table 7.6 represent approx-
imately 25 percent of the total source strength, support-
ing speculations of possible effects on climate within the
next century. Because of the importance of COS in the
global sulfur cycle, its sources, atmospheric chemistry,
and sinks are a critical scientific issue.
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The abundance and distribution of CS, in the tropo-
sphere are not well known. Available measurements in
the literature at this date show a typical range from
approximately 15 to 30 pptv in surface nonurban air to
100 to 200 pptv in surface polluted air. The concentra-

TABLE 7.6 Global Sources and Sinks of
Carbonyl Sulfide

Estimate Range
Sources (Tg/yr)
Oceans 0.60 0.3-0.9
Soils 0.40 0.2-0.6
Volcanoes 0.02 0.01-0.05
Marshes 0.02 0.01-0.06
Biomass burning 0.20 0.1-0.5
Coal-fired power plants 0.08 0.04-0.15
Automobiles, chemical industry
and sulfur recovery
processes 0.06 0.01-0.3
Subtotal 1.4 =<3
CS§,-COS: CS,-photochemistry
and OH reactions 0.60 0-2
Total 2 <5
Global burdens (Tg) 4.7 3.8-5.2
(500 pptv)
Lifetime (yr) 2-2.5 =1
Sinks (Tg/yr)
OH reaction 0.8 0.1-1.5
Stratospheric photolysis 0.1 =0.2
O reaction 0.03 —_
Other 1.1 =<3.3

NOTES: The estimated emissions are consistent with observed distribu-
tions of COS and CS, according to a global mass balance. All combina-
tions of emissions within the ranges given above may not be consistent.

SOURCE: From Khalil and Rasmussen, 1984.



tion of CS, appears to decrease rapidly with altitude,
indicating ground sources and a relatively short atmo-
spheric lifetime. The primary removal mechanism for
CS, in the troposphere is thought to be reaction with
OH, producing COS and SO,. The reaction rate con-
stants for oxidation of CS, are poorly known, and the
relative importance of CS, as a precursor for atmo-
spheric COS and SOy is an unresolved issue.

The primary natural sources of COS and CS; are
thought to be similar. The orie available set of measure-
ments of CS, in seawater indicates that concentrations
are highest in coastal waters.

Dimethylsulfide (CHj;),S

Dimethylsulfide (DMS) is the most abundant volatile
sulfur compound in seawater with an average concen-
tration of ~100 X 10~ g/l. This compound is produced
by both algae and bacteria. The evidence for a biogenic
origin for DMS has come from laboratory measure-
ments of emissions produced in pure, axenic cultures of
marine planktonic algae and field measurements of
emissions from soils, benthic macroalgae, decaying
algae, and corals. Extensive oceanographic studies have
shown direct correlations between DMS concentrations
in seawater and indicators of phytoplankton activity.
The vertical distribution, local patchiness, and distribu-
tion of DMS in oceanic ecozones exhibit a pattern very
similar to primary productivity. Selected groups of
marine organisms such as coccolithophorids (i.e., a type
of marine planktonic algae) and stressed corrals are par-
ticularly prolific producers of DMS. The calculated
global sea-to-air flux of sulfur as DMS is ~0.1 g S/m?/
yr, which totals to approximately 39 X 10'2 g S/yr. A
more limited set of measurements has been made in
coastal salt marshes with DMS emissions commonly in
the range of 0.006 to 0.66 g S/m*/yr.

Hydrogen Sulfide (H,S)

Knowledge of natural sources of H,S to the tropo-
sphere is still rudimentary. Preliminary studies have
shown that anaerobic, sulfur-rich soils (e.g., coastal soils
and sediments) emit H,S to the atmosphere, albeit with
strong temporal and spatial variatons. Hydrogen sulfide
fluxes at a single location can vary by a factor of up to 10*
depending on variables such as light, temperature, Eh,
pH, O,, and rate of microbial sulfate reduction in the
sediment. The presence of active photosynthetic organ-
isms or a layer of oxygenated water at the sediment
surface can reduce or stop emissions due to rapid oxida-
tion of H,S.

Agricultural and forest soils can also be a source of
H,S to the atmosphere. Measurements by several inves-
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tigators suggest that maximum emissions from nonma-
rine soils are associated with wet tropical forest soils. It is
likely that many soils that appear to be aerated contain
anaerobic microhabitats suitable for microbial sulfate
reduction; the magnitude of HyS emissions will depend
on the net effects of many processes that influence pro-
duction, transport in the soil, oxidation rates, and
exchange at the soil-air interface.

Photochemical sources for atmospheric H,S have
been proposed to occur through a combination of the
following reactions:

OH + COS — SH + CO,,
OH + CS, = COS + SH,
SH + HO, = H,S + O,,
SH + CH,O — H,S + HCO,
SH + H,0, — H,S + HO,,
SH + CH;00H - H,S + CH;0,,

and
SH + SH — H,S + 8.

Removal of H,S is thought to be accomplished by
OH + H,S - H,;0 + SH,

resulting in a lifetime of approximately 1 day. In situ
photochemical production from COS and CS; precur-
sors is the most likely source of H,S measured in remote
ocean air. Atmospheric concentrations of H,S in conti-
nental air are highly variable, resulting from a complex
interaction of factors determining ground emissions, in
situ photochemical production, and atmospheric life-
time.

TRANSFORMATIONS AND SINKS

The oxidation of SO, to H,SO, can often have a
significant impact on the acidity of precipitation, cur-
rently an issue of national and international concern. A
schematic representation of some important transfor-
mations and sinks for selected sulfur species is illustrated
in Figures 5.11, 5.13, and 7.5. The oxidation of reduced
sulfur compounds, such as H,S, CS,, (CHj3),S, and
others, leads to the production of acids or acid precur-
sors such as SO,, SOy, and CH3;SO;H. Subsequent
oxidation steps involving a combination of homogene-
ous and heterogeneous reactions lead to the production
of H,SO,, which is removed from the atmosphere by
wet and dry deposition processes (see Chapter 5). Car-
bonyl sulfide appears to be relatively inert in the tropo-
sphere and is primarily destroyed in the stratosphere.

In terms of experiments to elucidate the fast photo-
chemistry of this system, measurement schemes will be
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FIGURE?7.5 A tentative scheme for the oxidation and removal of
atmospheric sulfur species.

needed to verify the chemical pathways by which
reduced sulfur species are oxidized to SO, and SOy Itis
probable that it will be useful to carry out these experi-
ments in a variety of different environments, including
areas of intense sulfur emissions (e.g., swamps, tidal
flats, and marshes) as well as remote marine areas.
Unfortunately, present understanding of the distribu-
tions of atmospheric sulfur species and the elementary
chemical reactions involved in the previously described
oxidation chains is quite poor. In addition, the instru-
mentation necessary to measure many of the key atmo-
spheric constituents has yet to be developed. Once this
task is completed, it will be possible to design specific
fast-photochemistry experiments to selectively study
various facets of the atmospheric sulfur system.

In the case of H,S oxidation, for instance, it is
believed that oxidation is initiated by reaction with OH,
ie.,

H,S + OH - H,0O + SH,

and is followed by an as yet unconfirmed reaction
sequence that produces SO, as an end product. The
lifetime of H,S in the atmosphere seems highly variable
based on limited field measurements. In situ studies of
H,S oxidation kinetics in a variety of environments
(e.g., swamps, salt marshes, and mangroves) would be
extremely useful to improved understanding of the sul-
fur cycle. _

Recent studies of DMS photooxidation provide
important data on reaction mechanisms and products.
The major gas-phase sulfur product produced in out-
door smog chamber experiments was SO,. Substantial
formation of light-scattering aerosol particles was
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observed, with inorganic sulfate and methane sulfonic
acid as major components of the aerosol. Fourier trans-
form infrared methods have been used to quantify
products of the reaction of HO + CH3;SCHj in the
presence of C;H;ONO and NO. Methyl thionitrite
(CH;SNO) was observed as an intermediate product,
with SO, and CH3SO;H as major products. These stud-
ies serve as models of important photooxidation sinks for
reduced sulfur species.

ROLE OF CLOUDS AND AQUEOUS-PHASE
CHEMISTRY

As indicated in Chapter 5 of this report, aqueous-
phase chemistry (i.e., in cloud and raindrops) plays a
major role in the oxidation of SO, to H;SO,. Current
thinking also suggests that clouds may be the dominant
transport conduit for movement of SO; and other rela-
tively short-lived reduced sulfur species to mid-tropos-
pheric altitudes. Sulfur dioxide produced below cloud
base may be injected directly into the free troposphere
by updrafts associated with clouds or may dissolve or
react with cloud droplets, depending on a variety of
poorly quantified physical and chemical variables.
Evaporation of cloud droplets may produce small sul-
fate-rich aerosol particles that subsequently act as cloud
condensation nuclei. If the transport and reaction mech-
anisms mentioned in this paragraph are active over
large areas of the nonurban troposphere, they contrib-
ute to explanations for acid rain in remote oceanic
regions and higher SO; in the free troposphere than in
underlying ocean boundary layer air. Once in the mid-
dle to upper troposphere, SO, may have a much longer
lifetime with potential for long distance transport
beyond the synoptic scale.

Future field experiments will need to measure a vari-
ety of species including SO,, (CH;),S, H,O,, and meth-
ane sulfonic acid in gas, liquid, and solid phases where
appropriate. Combined ground and aircraft measure-
ments focused on the role of cloud and aqueous-phase
processes are a high priority.
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GARREL*S EUGAIAS

1.) LIFE (bacteria) CONTROLS SEA FLOOR SPREADING

Hacteria produce seoil COs from organics and thus contrel the
rate of weathering.

The rate of weathering controls the rate of isostatic uplift of
continents.

The rate of uplift controls the rate of thinning of the continental
crust.

The thickness of the continental crust altere the heat flow, the
convection flow from the mantle is impaired.

When the heat flow is altered, the spreading rate is changed. High
spreading rates raise the sea level and flood continente. L.ow
spreacding rates lower sea level and expose continents to more
weathering.

Hacteria, by controling weathering, control the spreading rates

high spreading rates raise the sea level and flood continents.
Theretore bacteria control sea floor spreading.

2.) LIFE CONTROLS VOLCANOES
Limestone 1s biogenic.
When subducted, limestone reacts with silica at low temperatuwres to

release Cln, primarily through valcanoes. (Mote volcanoes
in South America north of the NMazca plate.)

Editor"s Note: Two independent lines of argument, the first
fram L. Margulis and the second from J. Lovelock, support
Garrel” s first Eugeda:

First line of argument {(Margulis’)as

I the abzsence of life the Earth’s carbon dioxide would be in the
attmosphere just as it s on Mare and Venus. Greenhouse effects
woauld follow.

The heat gradient from the mantle to the atmosphere would resemble
much more that of Venus than now, and water would bhe vaporized.

239



E)

Prediction: 1ithos

Biagenic limestone is the repository of atmospherc carbon dioside,
fore water is liguid. The oceans maintain an enormous heat
owbinuwity, segregating a hot mantle from a cold atmosphere
ard lithosphere. Heat from the mantle escapes at the edges only
af lithospheric plates. Therefore life, the remover of

spphieric O0e, controls the movement of lithospheric

Becond line of argument (Lovelock®sll

The amount of salt in the present ocean threatens life.
Balt-protein attractions are higher than protein-protein
attractions at high salt concentrations.

Balt die removed from the ocean by the evaporation of huge
gquantities of MaCl in tropical regions, This requires low flat
extansive tropical esposuwres.

life, by some unbknown method, moves low edges of plates to tropical

regions, effectively protecting its proteins from falling apart.

heric plate movement, like life, will not be
found elsewhere in the solar system.
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OTHER NOTEWORTHY COMMENTS

1y Me all buwild more and more complicated geochemntcal 3
until no one wnderstands anvone elese’ s model. The only thing we
o bmow ds that owr awn ds weong. " Robert Garrels

oy

2Y Me anly have two sedes, we can’t conceive of a third., ALl we
carn dmagine are interesting combinations of the twoa."  Robeet
Garrel s

) "Deen sea sediments are trivial. I odorn*t know why they® ve
wasted &1 that time drilling all those little holes.” Robert
e &

43 "bhat's this Intercouwrsee Memo all about?"  Ferny Boston

Wy Ly Margulie
popud e dn the ge

"o wow know about the framboides that are so
wlogical literature?

Dowg Caladwell (hands outstretohed) - "Yeah, Ifve got two big
ones with lesions on them. "
&1 The language of science 18 just another smetaphor to describe
ol pevrception of reality.”  Sherwood Chang

7Y "The chied purpose of models is not to be vight or weong buat
to give we a place to store ow data." Robert Garrels (as
reported by Christopher Martens)

@ "Withowt explanatory mechantsss, scientists will deny the
grdstence of phenomena (@.g., atmospheric regulation by the
riotad; Wegener's discovery of continemtal drifbtl"  Loynn Margulis

Py UMatawre de 10l like definitions." Dorion Bag (on the
differences amang antopoaiesy, replication, and life).

L) "The abundance and perversity of Froteroroio stromatolites is
remarbkable. . Stanley Awramii

11 "There are three kinds of lies: white lie
and statis

s, bhold fa

y lies,
des." Mark Twain via SBtarnley Aweamik

PEYy "Natwre abbore & pare culbure of micorobes. " Lynn Margulis
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13y MReality ig a figment of someone’s imagination.'" George Fox

14 "My students tell me that the experiment failled becawse the
cdata didn®t come out right. Thern they try again until it woebkes,
@rimernts fall when they don®t fit ow preconcelved ideas."
Ten Meal eon ’

ernetic take-over our anc
{aluminosilicates) .. Grabham Cairnge

; g wWenrE ol ay

s th (Bditors’ coroallary
Attar the computer takeover ow descendants, the computers, will
aleo e {alumino-isilicates).

PaE) "There are no one-celled andmels, no one-celled plants, and
no protosoa. Farthermoee, no live crganismns are higher than any
obirers. ' Lynn Margulis

A Fimal nobe This dooumeant, NASBO techrioal
pabl i cat i on e e oavallable from the
MRS H foptray Lide Saoien O Fd ey,
Wawh i 1 DE dhd . Reoau there is stirong
: i publication and wider
diwbribution of "Microbes and the Gloabal
Sulfuwr Cvele, " participan and others are
weepeel to send corrections, oommeaents, and
A4 i s Lo Dol Hagan o oany of b
aditors at the addre isted in the fromt
ef thie pamphlet.
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S50 committed were they to field and laboratory investigation
that these eminent Flanetary RBioclogy and Microbial Ecology
scholars nearly irretrievably missed the group photograph

Left to right:

Gordon Tribble, Kenneth Nealson, Aillan Dovle and Alfred Sundguist
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