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Note to reader:

Each lecturer supplied key references to document his pres-
entation. These are listed on pages xxiv to xxxviii. References
called out in each of the chapters can be found at the end of each
chapter. Technical information pertaining to cyanobacteria,
phototrophic bacteria and methanogens can be found in appendices
to Chapters I, II, and III respectively. There are also appen-
dices at the end of the entire report which deal with isotope
analyses and techniques. Each appendix is followed by specific
references to technique.

Page il designed by Linda Angeloff Sapienza
Photo, page 135 =-- Apollo 8, view of the Earth from 280,000

miles away
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Flanetary Biology
Microbial Ecology
Frogiram

June 21-—July 30, 1982

Students arrived June 204 4adu1ty arrived June 19.
Week 1

21, Monday

G230 AM--L2FM Introductiond Eenneth Nealson
Short presentations by L. BRaresi, D. DesMarais, W. Krumbein,
He Trueperi students introduced themsel ves

1230 PM Introductory lectures:
G. Tomlinson, procaryote structured K. Nealson, procarvote
physiology. Permanent faculty and students organized lab
aouipment.

Br00 FM Stable isotope geochemistry:! D. DesMarais.

22, Tuesday

£330 AM Phototrophic bacterial H., Trueper, West Germany
11200 AM-—4330 FM Lunch at NASA Ames and towr
1100 FM Overview of NASA Ames: S. Mead
1230 PM Overview of Ames Life Sciences: H. Flein
2300 PM Aviation human factors researchs O, Billings
130 PM Weightlessness and bedrest: J. Billingham
0Q PM Vestibular physiology and space! F. Cowings
XO PM Motion sichkness! J. Rillingham
200 PM Controlled ecological life support systemas! R, McElroy
s 00 FM Program reception at the home of J. Billingham

23, Wednesday
130 AM Cyanobacteriadl W. Krumbein
11200 AM=--5100 PM Field trip to Alum Rock Park for sample
ol lection.
24, Thursday
2RO AM Methanogenesis! L. Raresi
11000 AM--~Z100 FM Field trip to Palo Alto Baylands and salt ponds
for sample collection.
8:00 PM Organization of research groups
25, Friday

Lab group meetingsi projects begun
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June

June

June

June

July

26, Saturday

Lab projecte continued.

Lidstrom, J. Bregg Ferry,

27, Sunday

Kasting,

Vigiting faculty arrived:
and William Reeburgh.

B:00 FM Reception for visiting faculty

June 28--July 4

Lecture 1: 8230 AM

28, Monday

Early history of the
atmasphere:?

Je Kasting

29, Tuesday
Environmental rates of

methane productions
W. Reebhurgh

30, Wednesday
Environmental rates of
methane consumption:
W. Reeburgh

i, Thursday

Methylotrophs 112
M. Lidstrom

Week 2

Lecture 2: 10:30 AM

Methanogenic bacteria I

J.

G. Ferry

Methanogenic
bacteria I1:
J.G. Ferry

Methylotrophs I

M.

Lidstrom

Anaerobic

methane consumption?

W.

Reeburagh

Mary

xix
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July

July

July

July

July

July

XX

2, Friday

Beochemistry of Big Soda Origin of

l.ake: atmospheric On:
Re Oremland J. Kasting

3, Saturday

Visitors arrived: Dra. W. Broecker, J. Hayes,
A. Fnoll, and B, Plerson.

8:00 FM Comparative Flanetary Atmospheres: De.

4, Sunday

Holiday—-Lab barbecue

July 5--12
Week 3
S5, Monday
Carbon Cyclings Fhototrophs I
W. Broechker B, Flerson

J.

FKasting

8:00 FM Round table review of previous week’ s material

4, Tuesday
Evolution of phototropha? Fossil microbial
H. Trueper communitiess

A. kKnoll
7. Wednesday
Organic geochemistry I3 Chemoautotrophy:
J. Haves A. Matin

8, Thursday

Carbon in the oceans! Phototrophs I1:
W. Broecher E., Pierson



July 9, Friday

FrefFhanasrozoic Organic Geochemistry IIX
fossil record:d J. Haves
A, Knoll

July 10, Saturday

Vigitors arrived: Drs. 5. Awramik, R. Garrels,
. Baplienza

Br00 PM Origineg of Life: Dr. Sherwood Chang.
July 11, Sunday
Field trip to Foint Reyes for interested program

participants.

July 12--18

Week 4
July 12, Monday
Modern and fossil Symbioais
microbial communities: and Cell Evolution:
Lynn Margulis L. Margulis
7200 PM Filmg~—Paolyvangium, Lebyrinthula, spirochetes, sex

in protists, chloroplasts, Microcolewsx, Bitter Springs
fossi lser L. Margulis

8100 PM Round table review of previous week’ s material.

July 13, Tuesday
Evolution of genomes! Archaebacterial

L. Sapienza genomes:
Cv Bapienza

July 14, Wednesday

Sedimentary systems A chemist s view
of the Earth? of biogeochemical zonation!
R, Garrels C. Martens

8:00 PM Introduction to the Baia hypothesisl L. Margulis

xxi
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July

July

July

July

July
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15, Thursday

In xitu methane History of global

measw enmentas-~Cape Clz, oxygen, silica
Lookout RBight: and carbonate rochksl
Chris Martens R. BGarrels

8:00 FM Round table review of atmospheric, ocean and sedimgntary
history: W. Broecker, R. Garrels, J. RKasting, C. Martemns, L.
Margulis

14, Friday
Guntlint microbiota: Stromatolites and
8. Awramik potential stromatolites:

W. Erumbein

4:00~--83 00 FM MASA Extraterrestrial picnic, John Billingham,
host.

17, Saturday

8230 AM FrefFhaneroroic stromatolites and stratigraphy: 8.M.
Awr-ami k

230 AM Carbon isotope fractiomation in deep sea vents and upland
lakes: GB. Rau.

7:00 FM Intramolecular iscotope fractionation in glycolysis by
Excherichia colii N. Rlair

8200 FM Manganese cycling--bacterial contributions! K. Nealson

QeO0 M Stratified microbial communities: W. Krumbein

i8, Sunday

FreFhanerozoic microfossile from Chinal 9. Awramik

July 19--24
Week 5
19, Monday
200 PM Research report meeting

20~-23, Tuesday through Friday

Ressarch teams continue laboratory work



July 24, Saturday

B:00 PM The Gaia hypothesis revisited: L. Margulis

July 26——July 31
Week &

July 28, Wednesday

Bacterial luminescence: K. Nealson

July 29, Thursday

500 PM Rarbecue, Grabam Pool
July 30, Friday

1300 PM Student presentations

5200 FM Mexican dinner at the home of G. Tomlinaon

July 31, Saturday

Departure of participants
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Stanley M. Awramik: ANCIENT MICROBIAL COMMUNITIES AND
STROMATOL.ITES

Awramik, S.M., 1981. The pre-Fhanerozoic biosphere - three
billion years of crises and opportunities, pp. 83-102. In
Riotic Crises in Ecological and Evolutionary Time, (M.

He Nitecki, ed.), Academic Fress, New York.
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113128, In S¢romatol itesr, (M. R. Walter, ed.),
Elaevier, Amsterdam.

Hofmann, H.J., 1973. Stromatolites! characteristics and
wkility, Earth Sci. Rev., Q:338-373.

Holland, H. D. and Schidlowski, M. (eds.), 19682. MNineral
deposits and the evolution of the hiosphere, report of the
Dablem Workshop on bhiospheric evolubion and precambhrian
netallogenesis, Berlin, 1980, Springer-Verlag, Berlin, 332
PaceE.

Wallace Broecker: CARBON CYCLING

Broecker, W.85., 1982. Glacial to interglacial changes in
ocean chemistry, Frog. Oceanogr, 11:15%1-197.

Broecker, W.S8., 1971. A kinetic model for the chemical
composition of sea water, OQuaternary Research
L2188-207.

Broecker, W.8., 1970. A boundary condition on the evolution
of atmospheric oxygen, J. Geophys. Res., 7538535358557,
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David DesMarais: STABLE ISOTOPES

Abelson, P.H. and Hoering, T.C., 1%941. Carbon isotope
fractionation in formation of amino acids by photosynthetic
wrganisms, Froc. Nat. Acad. Sci., 473623432,

Degens, E.T., 196%9. Riogeochemistry of stable carbon
isotopes., In Organic Geochemistry, (G. Eglinton and
MeTuoJe Murphy, eds.), Springer-Verlag, New York, pp.

304329,

Deines, P., 1980, The isotopic composition of reduced
organic carbon. In Handhook of Emvironmental Isotope
Geochenistry, (P. Fritz and J.C. Fontes, eds.), Elsevier,
New York, pp. 329~406.

Estep, M.F., Tabita, R., Parker, P.L. and Van Baalen, C.,
1978, Carbon isotope frationation by ribulose-1,
S-bigphosphate carboxylase from various organisms. Flant
FPhysiol., &l:&680-4687.

Fuchs, 6., Thauer, R., Ziegler, H. and Stichler, W., 1979,
Carbon isotope fractionation by Methanobacteriam
thermoautotrophicum, Arch. Microbiol., 120:135-139,

Hoefs J., 1980, Stable Isotope Geochemnistry,

Springer-Verlag, New York, 208 pp.

Melander, L. and Saunders, W.H. Jr., 1980. Reaction Rates
of Isotopic Molecules, John Wiley and Sons, New York, 331

PR«

0’ Leary, M.H., 1981. Carbon isotope fractionation in plants,

Schopf, J.W., (ed.), 1983. The Earth’'s Earliest

Biosphere--Its Origins and Evolution, Frinceton University
Fress, Frinceton, in prese.
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Greg Ferry: METHANOGEMESIS

Balch, W. E., Fox, G. E., Magrum, L. J., Woese, C. R., and
Wolfe, R. S., 1979. Methanogens: reevaluation of a unigue
bimlogical group, Microbiol. Rev. 43: 260294,

Baresi, L., and Wolfe, R. 8., 1981. lLevels of coemzyme
Famo, coenzyme M, hydrogenase and methylooenzyme M
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Environ. Microbiol, 41:386-391.

Ellefson, W. L., and Wolfe, R. 8., 196l. Component C of the
methylreductase syatem of Methanobacteriuam, J. Biol.
Chem., 256542594262,

Ellefson, W. L., and Wolfe, R. 8., 1980. Role of component C
in the methylreductase syastem of Methanobacterium, J.
Biol. Chem., 255:83%88-87389,

Bunsalus, R. P., and Wolfe, R. 8., 1977. &timulation of
Cl: reduction to methane by methyl-coenzyme M in
axtracts of Methanohacteriuw, Biochem. Riophys. Res.
Comm., 7&:790-795,

Jones, W. J., and Paynter, M. J. B., 1980. Fopulations of
methane-producing bacteria and in vitro methanogenesis
in salt marsh and estuarine sediments, Appl. Environ.
Microbiol., 39:864-871.

Keltjens, J. T., and Vogels, G. D., 1981. Novel coenzymes of
methanogens., In Microbial growth on C-1 compounds, (H.
Dalton, ed.), Heyden and Sons, Ltd., London.,

Ormeland, R. 8., Marsh, L. M., and Polcin, 8., (982. Methane
production and simultaneous sulfate reduction in anoxic,
aalt marsh sediments, Nature, 296:1143-145,

Smith, M. R., and Mah; R. A., 1978. Growth and
methanogenesis by Methanosarcina strain 227 on acetate
and methanol, Appl. Environ, Microbiol., 32&:870-879.

Smith, M. R., and Mah, R. A., 1980. Acetate as a sole carbon
and energy source for growth of Methanosarcina strain
227, Appl. Environ. Microbiol., 39:993%-999,

Whitman, W. B., and Wolfe, R. 8., 1980, Fresence of nichkel
in factor Famo, from Methanobacterium bryantii,
Biochem. Biophys. Res. Comm., 92:1194-1201.

Yamazaki, 8., and Tsai, L., 1980. Purification and properties
of 8-hydroxy-fi~deazafl avin-dependent NADP* reductase from
Methanococcus vannielii, J. Biol. Chem., 25%5:6462-6465,
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Robert Garrels: ATMOSPHERIC EFFECTS ON THE EARTH

Fridovich, I., 197%., Oxvygen, boon and bane, Amer. Scientist,

............

Garrels, R. M., Lerman, A., and Mackenzie, F.T., 1976.
Controls of atmospheric O and CO.: past, present
and future, Amer. Scientist, &4:306~315,

Lovelock, J. E. and Margulis, L., 1974, Riological
modulation of the earth’s atmosphere, lcarus,
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John Hayes: ORGANIC GEOCHEMISTRY

Bolin, B., Degens, E.T., Duvigneaud, P. and Kempe, &, 1979.
The global biogeochemical carbon cycle., In The Global
Carbon Cycle, pp. 1-53., (B. Bolin, E.7T. Degens, 8. Kempe
and P, Ketner, eds.), Wiley, Chichester.

Hayes, J.M., 1983, Geochemical evidence bearing on the
origin of aerobiosis, a speculative interpretation. In The
Earth’ s Earliest Biospheres Iés Origin and Evolution,
Chapter 12, (J.W. Schopf, ed.), Princeton University Press,
in press.

Hayesy, J.M., Kaplan, I.R. and Wedeking, K.W., 1983.
Frecambrian organic geochemistry, preservation of the
record. In The Earth’s Earliest Biospheret: Its Origin and
Evolation, Chapter 5., (J.W. Schopf, ed.), Princeton
Univeraity Press, in press.

Hunt, J.M., 1979. Petroleun Geochemistry and Geology.
Freeman, San Francisco, 617 pp.

HMonson K.D. and Hayes, J.M., 1980. Riosynthetic control of
the natural abundance of carbon 13 at specific positions
within fatty acids in ELscherichiae coli, evidence
regarding the coupling of fatty acid and phospholipid
aynthesis, J. Biol. Chem., 285:11435-11441.

Monson, K.D. and Hayes, J.M., 1982. Carbon isotopic
fractionation in the bhiosynthesis of bacterial fatty acids.
Oronolysis of unsaturated fatty acids as a means of
determining the intramolecular distribution of carbon
isotopes, Geochim. Cosmochim. Acta, 462139149,
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Monson, K.D. and Hayes, J.M., 1982, Riosynthetic control of
the natwal abundance of carbon 13 at specific positions
within fatty acids in Seccharomyces cerevisiee. lsotope
fractionations in lipid synthesis as evidence for
peroxisomal regulation, J. Biol. Chem., 257:5568-557%5,

Ourisson, G., Albrecht, p. and Rohmer M., 1979, The
hopanoidasd paleochemistry and biochemistry of a group of
natural products, Pure Appl. Chem., $1:709-729,

Tigsot, B.P. and Welte, D.H., 1978. Petroleumn Formation
and Gccurrence, Springer Verlag, Mew York.

David Karl: DEEP-SEA HYDROTHERMAL VENTS: LIFE WITHOUT LIGHT

Ballard, R.J., 1i%77. Notes on a major oceanographic find,
Oeeanus, 2083544,

Corligs, J.B. (e¢¢t a@l.), 1979. Exploration of submarine
thermal springs on the Galapagos Rift, SBcience,
Bl 10731083,

Felbeck, H., 1981. Chemoautotrophic potential of the
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(Vestimentifera), Science, 213:336-338.

Jannasch, H.W. and Wirsen C.0., 1979. Chemosynthetic primary
production at East Pacific sea floor spreading centers,
Bioseci., Z29:592-598.

Karl, D.M., (¢¢t al.), 1980. Deep-sea primary production
at the Balapagos hydrothermal vents, Beience,

..............

Lupton, J.E., (¢t al.), 1977. Hydrothermal plumes in the
Galapagos Rift, Natuwre, 267:600-4604,

Rau, G.H., 1981, Hydrothermal vent clam and tube worm
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food sources, Boclience, Z131338-340,

Rau, G.H., 1981. Low *®N/14N of hydrothermal vent
animals: On site N fixation and organic nitrogen
asynthesis?, Nature, 289:484.

Staley, J.T., (et al.), 1982. Impact of Mount St. Helens
eruption on bacteriology of lakes in the blast zone, Appl.
Environ. Microbiol., 43:664-670.
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Vidaly, V.M.V., (et al.), 1278, Coastal submarine
hydrothermal activity off Northern Baja California, J.

Beophys., Res., 83517571774,

Jim Kasting: ATMOSPHERIC EVOLUTION

Cloud, P.E., 1974. Evolution of ecosystems, Amer. Scientist,

........

Kasting, J.F.y, Lin 8.C., Donahue, T.M., 1979. Oxygen levels
in the prebiological atmosphere, J. Geophys. Res.,
B4: 20973107,

Kasting, J.F., Donahue, T.M., 1980. Evolution of atmospheric
ozone, J. Geophys. Res., 853025853263,

Kasting, J.F., Walker, J.C.B6., 1981l. Limits on oxygen
concentration in the prebiological atmosphere and the rate
of abiotic fixation of nitrogen, J. Geophys, Res.,

...........

Kasting, J.F., 19682, &tability of ammonia in the primitive
terrestrial atmosphere, J. Beophys. Res.,
B7 2 JZ091 X098,

Oweny, T., Cess, R.D., Ramanathan, V., 1979. Enhanced
CO- greenhouse to compensate for reduced solar
luminosity on the early earth, Nature, 2775640442,
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planetary atmospheres, Ann. Rev. Earth Planet. Sci.,
81 425--487.
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BEAPT7L~F7H2.

Walker, J.C.G., 1982. Evolution of the atmosphere’s chemical
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Walker, J.C.B., 1982. Climatic factors on the Archean Earth,
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Walker, J.C.G., 1977, Evolation of the Atmosphere,
MacMillan, New York.
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Andrew Knoll: PRECAMBRIAN PALEONTOLOGY

Frederick, J., (ed.), 1981. J4Origins and evolution of
eukaryotic Intracellular organellex, Ann., N.Y. Acad. Bci.,
261 pages,

Kneoll, A.H., 1982. Microfossile from the late Frecambrian
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vid s 755790,
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Paleoecology, and Evolaution, (K. Niklas, ed.), Vol. I,
Fraeger, New York.

Knoll, A. H. and Barghoorn, E. 8., 1977. Archean
microfossile showing cell division from the Swaziland System
of South Africa, Science, 198:3594-398.

Knoll, A. H. and Golubic, S., 1979. Anatomy and taphonomy of
a Precambrian algal stromatolite, Precambrian Research,
10 115-1%1,

Lowe, D. R., i980. Stromatolites 3,400 million years old
from the Archean of Western Australia, Nature,
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(Rhodesia), Precambrian Research 13:337-362.

Schopt, J. W. 1978. The evolution of the earliest cells,
Sci. Amer., 239:110-13%8.

Trudinger, P. A. and Swaine, D. J., (eds.), 1979.
Riogeochemical Cyeling of Mineral-Forming Elewents,
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Vidal, 8. and Knoll, A.H., 198%2. Radiations and extinctions
of plankton in the late Proterozoic and early Cambrian,
Mature, 297:5%7-&40.

Vidal, G., 1981, Aspects of problematic acid-resistant,
organic-walled microfossils (acritarchs) in the Upper
Froterozoic of the North Atlantic region, Precambrian
Research, 15:9-23,
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Walter, M. R., 1977. Interpreting stromatolites, Amer.
Beientist, &£5:%43-571,

Wolfgang Krumbein: CYANODBACTERIA

Bauld, J., 1979, PFrimary productivity, sulfate reduction and
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Res., 301783764,
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Berner; R.A., 1980, £farly Diagenesiss A Theoretical
Approach, Frinceton University Press, Princeton, 241
pages,

Berner, R.A., 198%. Burial of organic carbon and pyrite
aulfur in the modern ocean! Its geochemical and
enviraonmental significance, Amer. J. Hcience,
£B2:451-473,

Iversen, N. and Blackburn, T.H., 1981l. Seasonal rates of

methane oxidation in anoxic marine sediments, Appl. Environ.

Microbiol., 37:303-309,

Jorgensen, B.B., 1977, Distribution of colorless sulfur
hacteria Reggiatoa spp. in a coastal marine sediment,
Mé‘:‘r- E‘iC)l LN ] %u: 1‘?"'28»

Martens, C.S8. and Berner, R.A., 1974. Methane production in
the interstitial waters of sulfate-~depleted marine
sediments, Science, 185:1147~1169.

Martens, C.S8. and Klum, J.V., 1980, Biogeochemical cycling
in an organic—rich coastal marine basin, 1. Methane

sediment-water exchange processes, Geochim. Cosmachim. Acta,

442471490,

Nelson, D.C. and Castenholz, R.W., 1981, Organic nutrition
of Reggiatoa spp., J. Bacteriol., 147:236-247,

Sansone, F.J. and Martens, C.5., 1981. Methane production
from acetate and associated methane fluxes from anoxic
coastal sediments, Science, 2118707709,

Zinder, S.H. and Brock, T.D., 1979. Production of methane
and carbon diodide from methane thiol and dimethyl sulfide
by anaerobic lake sediments, Nature, 273:226-229.

xxxiv



Abdul Matin: CHEMOLITHOTROPHY

Kelly, D. P., 1978. Bioenergetics of chemolithotrophic
bacteria, In Cownpanion to Microbkiology, Longman, New
York.

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

Perez, R. and A. Matin, 1982. Carbon dioxide assimilation by
Thiobacillur novellus under nutrient-limited mixotrophic
conditions, J. Bacteriol., 1950:46-51.

Suzuki, I., 1974, Mechanisms of inorganic oxidation and
energy coupling, Ann. Rev. Microbiol., 26:8%5,

R.S. Oremland: GEOCHEMISTRY IN ALUM ROCK

Cloen, J.E. and Cole, B., 1982. Autotrophic processes in
meromictic Big Soda lL.ake, Nevada, Eos, &3:965.

Kharaka, Y., Law, L.M., Carothers, W.W. and Robinson, S.W.,
1981, Soda Lake, Nev., 1, Hydrogeochemistry of an alkaline
meromictic desert lake, Eos, &2:922.

Kimmel, B.G., Gersberg, R.M., Paulson, L.J., Axler, R.P., and
Goldman, C.R., 1978. Recent changes in the meromictic
status of Rig Soda Lake Nev., Limnology Oceanog. .,
210211025,

Oremland, R.8., Marsh, L., Colbertson, C. and DesMarais, D.,
1981, Soda Lake I1l. Dissolved gasses and methanogenesis,
Eas, &2:922.

Oremland, R.8., 1981. Microbial formation of ethane in
anoxic estuarine sediment, Appl. Environ, Microbiol.,

bt

Oreml andy, R.S., Marsh, L. and Polcin, 8., 1982. Methane
praduction and simulitanecus sulfate reduction in anoxic salt
marah sediments, Natuwre, 294143145,

Oremland, R.S8. and Polcin, 8., 1982. Methanogenesis and
aulfate reduction! competitive and non-competitive
substrates in estuarine sediments, Appl. Environ.
Microbiol., 44:1210-1276.

XXXV



Priscu, J.C., Axler, R.P., Carlton, R.G., Reuter, J.E.,
Arneson, P.A. and Goldman, C.R., 1982. (Critical profiles
of primary praductivity biomass and physicochemical
properties in meromictic Big Soda Lake, Mevada, U.85.0.,
Hydrobiologica, 96:113~120.

.........

B. K. Pierson: EVOLUTION OF PHOTOSYNTHETIC BACTERIA

Betti, J.A., Blankenship, R.E. Natarajan, L.V., Dickinson,
L-C., Fuller, R.C., 1982, Antenna organization and
evidence for the function of a new antenna pigment species
in the green photosynthetic bacterium Chloroflexus
auranticus, Biochim. Riophys. Acta, &80:194-201.

Freick, R.BG., Fitzpatrick, M., Fuller, R.C., 1982. Isolation
and characterization of cytoplasmic membranes and
chlorosomes from the green bacterium, Chloroflexus
aurantiacus, J. Racteriol., 147:1021-1031.

Fox, G.E., (et al.), 1980. The phylogeny of prokaryotes,
Boience, 209:457-4463,

Olsen, J.M., 1980. Chloraophyll organization in green
photosynthetic bacteria, Biochim, Biophys. Acta,
5945 2551,

Olsen, J.M., 1981. Evolution of photosynthetic reaction
centers, Riosystems, 14:89-94,

Pierson, B.K. and Thornber, J.P., 1983, Isolation and
apectral characterization of photochemical reaction centers
from the thermophilic green bacterium ChIoroflexus
aurantiacus astrain J-10-f1, Froc. Nat. Acad. Sci. U.8.,

Pierson B.K., Thornber, J.P., Seftor, R.E.A., 1983. Partial
purification, subunit structure and thermal stability of the
photochemical reaction center of the thermophilic green
bacterium Chloroflexus aurantiacus, Biochim. Riophys.

Acta, in press.

Schmidt, K., Maarzahl, M., Mayer, F., 1980. Development and
pigmentation of chlorosomes in Chloroflexus aurantiacus
agtrain OK-70-f1, Arch. Microbiol., 127:87-97.

Staehelin, L.A., Golecki, J.R.; Fuller R.C., Drews, G., 1978.
Visualization of the supramolecul ar architecture of
chlorosomes in freeze-fractured cells, Arch., Microbiol.,
1192249277,

XXXV



William 8. Reeburgh: METHANE

Berner, R. A., 1980. Efarly Diagenesiss A Theoretical
Rpproach, Princeton Univ. Press, Princeton, pp. 241,

Ehhalt, D. H., Schaidt, U., 1978. Souwrces and sinks of
atmospheric methane, Pageoph, 1lé6:452-464,

Mah, R. #.; Ward, D. M., Baresi, L., 1977. Hiogenesis of
methane, Ann., Rev. Microbiol., 31:309-342,

Panganiban, A. T., Patt, T. E., Hart, W., Hanson, R. 5.,
1979, Oxidation of methane in the absence of oxygen in lake
water samples, Appl. Environ. Microbiol., 37:30%3-9,
Reeburgh, W. 8., 1980. Anaercobic methane oxidation! Rate
depth distributions in S8kan Bay sediments, Earth and
Flanetary Science Letters, 4734552,

Reeburgh, W. 8., 1982. A major sink and +lux control {for
methane in marine sediments! anaerobic consumption, pp.
A0X-217. In The Dynamic Environment of the Ocean Floor,
(. A, Fanning and F. T. Manheim, eds.), Heath, Lexington,
MA.

Reeburgh, W. 8., 1982, Rates of biogeochemical processes in
anoxic sediments, Ann Rev., of Earth and Planet. Sci.,

11

Yamamoto, 8., Alkauskas, J. B., Crozier, T. E., 1976.
Solubility of methane in distilled and seawater, J. Chem.
Engr. Data, 21:78-80.

Zeikus, J. B., 1977. The biology of methanogenic bacteria,
Bacteriol. Rev., 41:514-541,

xxxvii



Carmen Sapienza: GENOME EVOLUTION

Dover, G. and Flavell, R. B., 1982. Genomne Evolution,
Cambridge University Fress, Cambridge, England.

Kramer, F.R., Mills, P.R., Cole F.E., Nishihara, T., and
Spiegelman, S. 1974. Evolution of in vitro sequence and
phenotype of a mutant RNA resistant to ethidium bromide, J.
Molec., Bio., 89:719-736.

Smith, J. M. (ed.), 1982. Evolution Now, Nature Books,
Macmillan Publishing Co., New Yark.

Hans Trueper: PHOTOTROPHS

Biebl, H. and Pfennig, N. 1981. Isolation of members of the
family Rhodospirillaceae, pp. 267273, In The
Prokaryotes, (M. P. Btarr, ¢t al., eds.), Vol. I,
Springer—-Verlag, New York.

Pfennig, N., and Trueper, H. B., 1981. Isolation of members
of the families Chromatiaceae and Chorobiaceae, pp. 279289,
Im The Prokaryotes, (M. P. Starr et al., eds.), Vol.
1, 8pringer—-Verlag, New York.

Trueper, H. 8. 1970. Culture and isolation of phototrophic
aul fur bacteria from the marine environment, Helgolander
Wiss., Meeresunters., 20:6-164.

Trueper H. G., and Imhoff, J. F., 1981l. The genus
Ectothiorhodospira, pp. £74-278. In The Prokaryotex,
M., F. 8tarr, et al., eds.), Vol. I, Springer-Verlag,
New York.

Trueper, H. G., and Pfennig, N., 1978. Taxonomy of the
Rhodoaspirillales, pp. 19-27. In The Photosynthetic
Racteria, (R. K. Clayton and W. R. 8istrom, eds.), Flenum
Fress, New York.

Trueper, H. 6., Pfennig, N., 1981. Characterization and
identification of the anoxygenic phototrophic bacteria, pp.
299312, In The Rrokarvotes, (M., F. Starr et al.,
eds.), Vol. I, Springer-Verlag, New York.

Van Niel, C. B., 1971. Techniques for the enrichment,
isolation, and maintenance of the photosynthetic bacteria,
pp. 3~28. In Methods in Enzymology, Vol 23A, Academic
Freas, New York.

xxxviii



THE RELATION OF THE PLANETARY BIOLOGY AND MICROBIAL ECOLOGY
COURSE TO NASA AMES RESEARCH CENTER AND
THE UNIVERSITY OF SANTA CLARA

Im 1980 the FBEBME course held nearly its entire lecture
program at NASA Ames and nearly ite entire laboratory program at
the Biology Department of the University of Santa Clara. In fact,
in 1980, very few NASAH scientists attended FBEBME lectuwres and much
time and energy was wasted on the freeway. Furthermore, access o
NASA s scientific expertise and special technology was very
Limited., In 1982, in response to the suggestions received,
primarily by a gquestionnaire sent to all participants of the 1980
program, the relationship between the FBME and NABA was vastly
improved. One of the concerns expressed by respondents to the
gquestionnaire was the problem of continuity. Although
unfortunately no formal mechanism to insure continued
callaboration between FEME students and NABA was worked out,
several participants in the 1980 couwrse are continuing work begun
in the program (@.q., David Burdige, James Cowen, Betsey
Grosoveky, and John Stolz all presented papers at the Fifth
International Meeting on Biomineralization and Riological Metal
Deposition, at Renesse, The Netherlands, organized by Prof., Feter
Westbroek, also a 1980 FBME participant. Prof. Antonio
lazcano-Arawjo, together with Celia Ramirez gave a new summer
coursea, in 1981 on the origin of lite and microbial ecology.
Lazcano also presented a short couwrse on this subject at the
Univerasity of Alicante, 8Bpain, 1981.)

The major scientific project of the summer of 1982,
measurements of isotope fractionation by auwtotrophic
microorganisms in the field and in the laboratory, was an
grtirely joint project of NASA Ames and the course. David
DesMarais, as the leader of the carbon isotope fractionation
research effort, provided ftar more than access to the GCMS
gauipment. The research goals of the FBME program and those of
DesMarais were the same. Because DesMarals had planned and
coordinated all aspects of the mass spectrometry preparation and
measuwremnant, more information may have been collected and
prchanged about microbial fractionation of carbon isotopes during
the summer FEME program thamn previously in the entire experience
of micrabiogeachemistry. Furthermore the students had
spportunities to learn advanced technigques and use state of the
art equipment: such opportunities are generally unavailable in
even the best equipped graduate schools.
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In addition to the immeaswable contribution made by
DeaMarais to this program, and in spite of the fact that lectures
ware held at Santa Clara, NASA scientists participated regularly,
Vimiting and staff scientists at NABA (e.g., Gregory Rau, Neil
Blair, James Lawless, James Rasting, Sherwood Chang) gave and
attended scheduled lectures and joined in many other activities.
Opportunities to visit various NABA laboratories and facilities
were provided. For example, Dr. H., P, Klein provided an overview
of NASA Ames Life Bolences, Dr. Billingham reviewed research in
human factors in aviation and motion sickness, and Dr. McElroy
presented a review of the CELSS (controled ecological life
support systems) program. In summary, the partnership between
FBME and NASA Ames was greatly improved in 1982. In planning for
the 1984 PEME scientific research program we will continue to
strengthen ouwr relationship with ongoing NASA research.
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CHAPTER I
CYANOBACTERIA AND THE CAREON CYCLE

Frofessor W, E. Erumbein
Carmen Aguilar-Diaz
Margriet Nip
FKent Sprague
Mawd Walsh
Kevin Zahnle

INTRODUCTION TO CYANOBACTERIA
Importance of Cyanobacteria

(Mavin Zahnle)

Oyvanobacteria are the most widely distributed photosynthetic
organisms, thriving in a wide range of temperatwe, salinity, and
illumination., They are among the oldest of earth’s inhabitants.
Cyanobacteria probably first appeared in the fossil record as early
as 2.9 billion years ago in the Warrawoona Supergroup,. Western
Australisa. Much work on their history bhas depended on molecul ar
biological studies of modern forms (Woese and Fox, 1977), but
fossil bacteria and their resicdual organic matter can be studied
directly (Hayes, ¢ al., in press). They {(or their direct
ancestors) are credited with the formation of oxygenic
photasynthesis, & truly epochal event that revolutionized the
bicsphere. The use of abundant water as an electron donor in
photosynthesis permitted biological access to environments that
were previously forbidden for want of relatively scarce
molecules such as Ha, Ha8, 8° and S20+-% which probably .
ware abundant only locally, rather than globally. The generation
of oxygen as a byproduct spurred the development and radiation of
aarobic respiration.

The generation of oxygen eventually led to other global
conssquences. MMygen reacted with the crust--indeed, the
reaction may have been the geresis of the continental crust.

It is certainly responsible for forming large reservoirs of iron
wides and sulfates from previously reduced material (Broecker,
19700 . Riogenic oxygen may even have altered the initial
oxidation state of the entire upper mantle (Arculis and Delano,
19800 . Eventuwally, oxygen generation overwhelmed the abiotic
sowrces of reducing power and produced an oxygen-rich atmosphere
which also heavily affected the evolution of life (Walker, 1980).

In keeping with the dominant theme of this project, 7Z.e.
the discrimination by living systems between the two stable
carbon isotopes, we have focused much of our experimental work on
the carbon isotope $ractiomnation by cvanobacteria, both for its



intrinsic interest and as a research tool.

In general, bicological mathter is isotopically light,
preferring to incorporate *2C to **C., Most of this
fractionation occurs in the uptake of Cln when used as a
carbon sowce (Bmith, 1972). For cyanohacteria, as for the C3
plants, this occuws in the carboxylation of ribulose bisphosphate
(RuBF)Y. Typically, C3 plants are isotopically light by some
=28/ wwmy although there is a great deal of variation.
Cyanobacteria are apparently somewhat heavier, with reported
fractionations by laboratory-grown pure cultures ranging from
~11 = /o b ~24 L eren (Fardue, €t al.,
1975) . The extent to which they fractionate depends strongly on
environmental factors. Conditions unfavorable to growth tend to
cauase more fractionation, although higher CO. concentrations
also augment delta **C fractionation (Pardue, e¢
al., 197%). Interpretation of the data is further complicated
by the closed system effect, in which a dense community becomes
isotopically heavier as it makes use of carbon faster than it can
be exchanged with the external world, thus cauwsing the community
to be living in & locally isotopically heavy carbon pool.

Partly because the early prefFhaneroroic foseil record is so
limited, the carbon isotope record as preserved and/or
metamorphosed in fossil microbial mate has plaved a large role in
the reconstruction of ouw hazy past. Typlical prePhanerozoic
reduced carbon is isotopically light, 30 ©/.., (Hayes
et al, in press). Unfortunately, the isotope record has its
pitfallss not least among these is ouw inadequate knowledge of
how modern microbial mats (thought by many to be directly
analogouws to the stromatolites that figure so prominently in the
prefFhanerozoic fosseil record e.9., Keumbein, 1979)
fractionate as a function of depth, population density, nutrient
availability, and state of degradation. Modern mats are less
fractionated, about ~1é6 */,a, than the fossil
gedimentary carbon to which they are usually compared (FPardue
et al., 1978). UWe studied isotope fractionation, correlated
with microorganisms living in three modern microbial communities!
two populations from lubkewarm sulfuwr springs in Alum Rock Farlk,
and one from a salt marsh in the Palo Alteo Baylands adjacent to
the Sanrn Francisco Bay.

We also used stable isotopes to study the use of glucose by
an axenic culture of Phormidium luridiun. This experiment
demonatrates some of the power of stable isotopes as an
analytical technique.

Although cyanobacteria are widely digtributed and thrive in
a wide range of environments, they do not seem to do very well in
Patri dishes, bottles, and test tubes. Nevertheless, & major part

2



of ouw group effort was dedicated to the characterization,
growth, isolation, and purification of diverse strains of
cvanobacteria gathered at the three aforementioned sites.

The role of cyanobacteria in the global carbon cyele was
examined in several different experiments. We studied the
preservation potential and morphologic degradation stages of
cyanabacteria and compared these to fossilized orgaeniams,
preserved mainly in cherts that resemble modern cyanobacterial
communi ties.

The following projects were undertaken!

Comparison of ancient and recent microbial mats and the
microorganisms within them.

Isanlation and purification of 6-8 strainsg of cyanobacteria
fram Alum Rock Park.

Ilsolation and purification of 4~6 strains of cyanobacteria
from the salt marshes at Embarcadero Road.

Detailed description of the microbiota of Alum Rock Park and
the Embarcadero Road salt marshes, including:

Descriptions of cyanobacteria, anoxygenic
phaotosynthetic bacteria, chemolithotrophic bacteria,
and eukaryotes in both environments.

Measurement of chlorophyll/protein ratios per surface
unit area.

Delta *™(C fractionation patterns from
different commuinities of both environments.

Delta *™C fractionation in cyanobacteria
selected by matility experiments directly in the
environment.

Belts **C fractionation by pure cultures of
cyanobacteria Phorwidium, Oxcillatoria.

Nitrogen stable isotope fractiomation patterms and
nitrogen fixation by the Alum Rock and salt marsh
communities.

Delta *“C fractionation by pure cultures
re-introduced into their natuwral environments (l.e.,
"matural chemostats"), kept physically, but not
chemically, separated by dialysis tubing.



Description of partial degradation sequences of
microorganisms for comparison with fossil
microorgani sms.,

We attempted to study **C fractionation by an axenic
culture of Phormpidian luridiun under the following
nutritional modes:

Aerabic oxygenic photolithoautotrophic
Anaerobic oxygenic photolithoautotrophic
Anoxygenic photoorgancautotrophic
Anoxygenic photoorganoheterotrophic
Chemoorganoheterotrophic

COMMUNITY STRUCTURE AND FIELD SITES
(Margriet Nip and Maude Walsh)

Alum Rock Park

The warm sulfur springs of Alum Rock State Park are sites of
varied microbial communities. Two springs were chosen for "natural
chemostat" experiments where carbon iscotopic fractionation of both
the communities and specific members of the community could be
isolated and studied,

Alum Rock Park Site 1 (Figs., I-1 and I-2) is a steep talus
slope on the banks of Penitencia Creek, extending from the road
agouth of the stream to the stream bed. The main components of the
micraobial community at this site were: purple (Chromstium) and
green (Chlorobiam) sulfur bacteria, Thiothrix, a colorless
filamentous sulfur bacterium which deposits sulfur globules
internally, cyanobacteria and green algae. The purple and green
wmUul fur bacteria ocouwrred in small patches (of a few ocm® of
surface area) near the top of the spring where the water first
emergecd from the rocks. thiothrix predominated near the top of
the flow, and followed the main water flow to near the edge of the
slope. Extending outward from the concentration of Thiothrix
were the dark green patches of cvanobacteria.

The cyanobacteria community was varied. In some areas there
were small pillows (up to 1 cm diameter). The pillows were made up
of a thin LPP Broup A filament, an Oscillatoria, and a few
Calothrix, with purple and green sulfuw bacteria at the center
(Fige I=-3~4). The cyanobacterial community also comprised white
and dark green mats (less than 2 mm thick). The dark green
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portion of the mat consisted of approximately 60 percent
Nostoc~like filaments (Fig. I-4c) and 40 percent thin
Prcillatoria (Fig. I-4b). The white part of the mat was made

of an almost colorless flexibacterium, possibly Chloroflexus.

The major portion of the cyanobacterial community, that which was
aamplead for isotope fractionation studies, was primarily composed
of a species of Oscillatoria (Fig. I-4&) and coccoids,
Bynechococcus (Fig. I-4e),.

Fig. 1-3
Cyanobacteria Community

A, Alua Rock Park pillow mat. Hostoc sp. Bar equals 13 4.

B. Alus Rock pillow mat. Calothrix sp. Bar equals 15.4.

C. Alus Rock pillow mat. Pleurocapss sp. Bar equals 15 4.

D, Salt Marsh Oscillatoria sp. (30 4 diaseter species) Beggiatoa Bar equals 15 .

E. Galt Marsh Oscillatoria hormogonia. Bar equals 15.4.

F, Salt Marsh Oscillatoria (304 diaseter and 254 diameter species). Bar equals 38 4.



Fig. I-4 Alum Rock Cyanobacteria
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Alum Rock Park Site 2 (Figs. I-1 and I-5) is on a gently
sloping northern bank of Penitencia Creek. The microbial community
at this site was simpler than that at Site 1. The major components
of the community wered Thiothrix, cyanabacteria, brown-green
diatoms and chlorophytes. Thiothrix, flapping vigorously, and
consisting of a nearly pure population, were attached to the rocks
in the main flow stream. The cyvanobacterial community consistecd
nearly exclusively of an Oscillatoria distinguished by a hooked
tip (Fige 4F). Within 1% minutes the hooked-tip Oscillatoria
clumped in culture. Some of the trichomes were identical to hooked
tipa. The hooked-tip trichomes may have separated from the rest
of the trichome by breakage (hormogonial. 8Bince the hooked and
non-hoaked terichomes persisted through several transfers in liguid
media, we considered them to be different morphotypes of the same
species,

Palo Alto Baylands Salt Marsh Community

The Palo Alto Baylands salt marsh, & brackish water
egnviraonment adjacent to San Francisco Bay, was dominated by
Balicornia and cord grass and underlain by a sulfuretum. At
sediment surfaces, especially in less vegetated areas, there were
dense mats of microorganisms consisting of suwface diatoms,

45 types of Oscillatoria cyanobacteria or a
Chromatiun-Thiocystis community above sulfate-reducing and
methanogenic communities, The Oscillatoria community contained
at least four different types of Oscillatoria, including a
dominant gigantic brown-green form (2%um and

20 um-wide)., Cleaned natuwal samples of this giant
Gscillatoria were apparently capable of fixing No (see

FEME 1980 report). The coesistence of four different morphotypes
at one site may indicate different adaptation patterns or
ecological advantages, e.g. Na fixation, H:8 tolerance,
anokygenic photosynthesis, photoorganotrophy. and so forth.

Alum Rock Park Sulfur Springs

(Kevin Zahnle)

Alum Rock Park, San Jose, California, is the site of sulfur
springs containing sulfide and oxidized sulfur compounds as well as
a substantial amount of dissolved inorganic carbon., Two sulfur
apring sites were selected for study., Bite 1 (Figs. I-1, I-2) was
a travaertine mound below a small 3.3 liter/min spring. The
travertine mound indicated that carbonate was actively deposited by
the highly COp-charged springwater. Dissolved minerals
supported dense populations of prokaryotes which covered the mound
over ite entire two meter height. Site 2 was fed by a fifteen



liter/min spring and was a relatively horizontal spring consisting
of several pools and riffles heavily lined with microbial mats and
clumps., The odor of volatile sulfides and sulfates was very
evident at both sites.

These spring sites were "natural chemostats," which provided
nearly steady-state input of water and minerals to communities of
proakaryotes. The "chemostats" offered an opportunity to measure
the **C contents of the communities® relatively unmodified
gnvironments. The variety of community structures, (microbial
mates, clumps and strands bathed in water) offered conditions where
both maximal as well as limited expressions of carbon isotopic
fractionation could be observed.

T test the assumption that the **C content of the
springwater was nearly constant, water samples were analyred both
upestream and downstream of the sites where microorganiasms were
sampled. As Tables I-I and I-II1 indicate, the delts *&C
of the total dissolved carbomn increased downstream along the spring
runsg (compare the “"top in" with "bottom out" values.) These
delte *™0C increases (about 2.2 9/.. for Site 1
and less than 1.0 @/, for Site 2) reflected the
outgassing of relatively **C-~depleted G0 from the
waters. The greater dJdelte *C shift observed for Site 1

Table 1-1 Isotope Fractionation Dat& for Bacteria
Isolated from Alum Rock Park, Site 1

Apparent

13 Fractionation
delta CO 13 {average)
(total) delta co, delta 13¢
€0y {parts per {parts per (parts per
Hater?® Temp.  Eh pH  (content) thousand) thousand) thousand)
. d
top in 28.6°C 6.43 - 6.5%0,2 -10.5 R
top in 28,6 ) -30  glsg ) 4B m/l ~ 6.5 -11.0 -
bottom out  27.8 _ 6.87 - 4.3 - 9.8 ———
bottom out  27.8 1 “26% 7l ) 36 me/l - 4.3 109 -
Organisms
purple (+ green sulfur) bacteria at top ~27.9% —— «17.7
(largely Chromatium sp. and Chlorobium sp.)
a) Thiothrix spp. at top ~16.5 ~ 5.8
b) Cyanobacteria and community at top -12.1 - 1.3
¢) Motility selected cyanobacteria at top ~28.4 -17.7
d) Motility selected cyanobacteria at bottom ~26.5 —— -16.1
©) Thiothrix at bottom (and bluegreen -29.0 -19.6

contamination)

PWater flow was 3.3 liters/minute.

bErrors are for mass spec measurements alone. They are doubtless small compared to other, less easily
quantified errors that could have arisen anyplace between site and datum.

“delta 13CO refers to dissolved C0,. It is calculated assuming isotopic equilibrium between €O, (aq) and
HCO3". This may not be a wholly justified assumption.

d7otal carbonate as COy.

€Cell mass as CO,,




was consistent with the greater Cl. loss, which caused rapid
carbonate deposition. This rapid deposition was evidenced by the
travertine mound and by the greater decrease in dissolved
inorganic carbon observed across that site (Table I-1.)
Fortunately these delta **C increases were not so large

as to obscure the biological isotopic fractionation which was the

object of this study.

Table I-lIl Isotope Fractionation Data for Diatoms and
Bacteria Isolated from Alum Rock Park, Site 2
Apparent
13 Fractionation
delta (avera;[zg)
(total) deita 3co delta 13C
co (parts per (parts per (parts per
Waterd Temp. Eh pH (content) thousand) thousand) thousand)
in 7.42 ~ 4.8 -11.9
5e 0, .
in } 27.6% } -231 7.37 } 36 mM/1 - 4.0 T
out o 7.49 - 3.6 ~10.7
out } 27.0°% } -187 765 128 mM/1 ~ a0 T
organisms
diatoms -17.3 - 6.1
Bluegreen community LOST
Bluegreen motility selected -23.7 -12.5
Oscillatoria spp. purified and returned to -18.5
field for 48 hours.
Oscillatoria spp. purified and returned to ~19.3 - 77
field for 48 hours.
Thiothrix
overall -34.4
set 1{ overall ~36.4 ~22.9
overall -33.1
tips at top -32.6 _
tips at top ~32.9 2.5
set 2{ clumps at top ~30.7 “19.2
clumps at top ~30.1 :
tips at bottom -31.8 ~-20.6
bases at bottom -32.2 ~21.0
*Flow rate = 15 1 min™}

"Apparent Fractiomation” values (Table I-1) were obtained
from purple and green phototrophic bacteria which grew chiefly
near the spring outlets, and from cyanobacteria and
chemolithotrophic bacteria, primarily Thiothrix which grew in
abundance all along the spring runs. These isotope values, which
are discussed below, denote the difference between the Jdeltea
EC values of the organisms and the deléa **C value
of their inorganic carbon souwrce, assumed bhere to be agueous
Clz in equilibrium with other agueous carbon compounds at
the temperature and pH indicated in the table.

fractionation (~17.7 o/_.) was

A substantial

observed for the purple and green phototrophic bacteria, which
grew at the top of the travertine mound. This fractionation was

consistent with values obtained for Chropatium in the
Laboratory (Guandt et &l., 19778 Sirevag ¢ &l., 1977).

Even though these colonies grew as mats and clumps, the
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substantial fractionation indicates that, due to the high
inorganic carbon content of the water and/or the slow growth rate
of thewse bacteria, the rate of carbon diodide supply duwring their
growth exceeded the rate of enzymatic uptake of carbon. Also the
large fractionation suggests that purple, rather than green
sulfur bacteria were principally responsible for this carbon
fivation because even impure cultures of green sulfur bacteria do
not discriminate against **C to this extent (Sirevag et

&l .y 19773 CQuandt et al., 1977).

Both the cyanobacterial and the Thiothrix communities
exhibited low isotopic fractionation. Although such a low
fractionation has been observed in cyanobacterial mats (Barghoorn
¢t al., 1977) the apparent fractionation for Thiothrix
here was mach less than all values reported for it elsewhere in
this work (see Tables I-1 and I-11.) Although such low

- . - .
Table I-ill Isotope Fractionation Data for Bacteria Isolated
from the Palo Alto Baylands Salt Marsh
Apparent
Fractionation
delta 1300 i3 (avera%g)
(total) delta "7CO, delta 17¢
o, (parts per (parts per (parts per
Water Tenp. Eh pH (content) thousand) thousand) thousand)
pond 240¢c  +100 8.1 2 m/1 (3.6)° -10.24 -18.1
black sediment —— ~400 7.2 ———
mat e -380 6.82 - ——— -16.6
pond —-—— +100 8.1 2 oM/1 -10.6 ~18.5
‘Qrganisms.
purple phototrophic‘bacteria (gﬁfgpatium -21,5¢ 42
sp. and Thiocystis sp.) 16 } - 3.

purple phototrophic bacteria (Chromatium

sp. and Thiocystis sp.) o
dark bluegreen dominated mat, 24 um (contains ~18.? } - 0.1
30 p Oscillatoria, 7 um Oscillatoria, -18.4
diatoms, nematode worms, fecal matter, a
few Lpp forms)

motility selected cyanobacteria ~24.1 - 5.8

purple prototrophs by cultureh: 172
Chromatium sp. =56.1 _17.5
Thiocystis sp. =56.4 8.0 17.5
Mentum! ’ 22.4 wM/1 -33,1 -38.

aMethanogen group supplied water.

Phototrvoph group supplied bacteria.

CPhototroph group suppiied their results: J. Chanto K. Kneller,
dTotal carbenate as €Oy,

®Cell mass as €0o,.

fractionation suggested that the rate of enzymatic carbon
assimilation exceeded the rate of Cl. supply, perhaps the
rEC-anrichment was also enhanced by the isotopically heavy
carbonate precipitating among the cells at the top of the mound.
Carbonate was being deposited at the top and its precipitation
rate would have been enhanced among actively growing cells where
COz uptake is occuwrring., Note that the Thiothrix

harvested at the bottom of the mound (Table I-I) was relatively
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LG depleted, reflecting the absence of significant

carbonate precipitation., The significant fractionation value
(Jelta *™0 = 29 @/..) for Thiothrix at the bottom is consistent
with the observation that its enhanced fractionation may reflect
a greater dependence of the community on autotrophic nutrition,
This organism contains RuBF carboxyl ase.

Isotopic fractiomation was measured in cyanobacteria which
glided into clumps of wet gquartz wool placed on top of the mats.
This technigue mainly selected for Oscillatoria which can
glide by phototasis and therefore concentrate themselves into a
dense, nearly pure population. These cyanobacteria travelled 1
te 2 om in 24 to 48 hows and occupied the qgquartz wool. As Table
I-1 shows, these "motility selected” cyanobacteria exhibited
fractionated **C to a significantly greater extent than the
mixed community comprising the cyanobacterial mat. This
fractionation probably reflects a greater rate of COz supply
to the cells relative to the rate of RuBF carboxyl ase activity.
Two reasons may bhave accounted for a greater rate of Olx
supply: lower cell densities in the wool and therefore less
competition for Gz, or the absence of cyanobacteria sheath
material swrounding these cells. Sheaths swrounding the cells
may have reduced the rate of Clzx transported to the cells.

Alum Rock Park Site 2 had & larger stream with a lower
gradient and bigger pools than did 8Site 1. The experiments
conducted at Site 2 were as follows:

Water and microbial community samples were taken as at Site 1

fOeeillatoria were sampled and purified and returrned to
the stream in a dialysis bag for 48 hours, and

Clumps and free-floating filaments were analyzed from
Thiothrix, an organiasm for which isotopic analyses of
almost pure natural enrichment cultures have not previously
been reported.

The apparent fractionation for the Oscillatoria in the
dialysis bag experiment was delte **C = ~7.7 ©/.0,
which exceeds the fractionation observed for cyanobacteria at
Bite 1. Unfortunately the cyanobacteria mat sample from Site 2
was lost during analysis. Also, the delta **C value of
the cells at the beginning of the 48 hour growth period in the
tialysis bag was unfortunately not measurecd.

Cyanobacteria were again selected for motility, and as was
seen at 8ite 1, the motile cells displayed a larger isotopic
fractionation than was observed for other cyvanobacterial cells at

See Appendix V on interpretation of carbon isotope values.
12



the wite.

The analyses of Thiothrix were performed in two sets
(Table I~1l.) Reconnalssance measurements were performed early
in the study {(set 1) with randomly selected samples. These
samples were mostly the middles and tips of Thiothrix
trichomes dangling in free-flowing water. Isotope results
obtained from samples taken at different times were in agreement.
The set 2 sanples were carefully selected trichome "tips,"
"bases" (attachment sites where water flow was somewhat
restricted) and "clumps" (clumped strands within which water flow
was more restricted than in the "baze" samples). At the upstream
end of Site 2, the Thiothrix "clumps" were enriched in
YEC by about 2 /.., relative to the "tips". This
difference may have been due to a slower rate of Cls
delivery in the "clumps". There was no apparent difference
between "tips" and "bases" downstream, suggesting that the rate
of carbon delivery to the "base" cells exceeded the delivery rate
in the "clumps.'" Note that the carbon fractionation by
Thiothrix exceeded that of any other organism studied at this
site by this group. This fractionation was consistent with the
presence of RUBF carboxylase, the rate of carbon fixation of
which does not equal or exceed the rate of inorganic carbon
supply. The growth rate of Thiothrix may have been limited
by the availability of sulfide, a factor which would have
attenuated the carbon fixation rate.

Palo Alto Bavlands Salt Marsh Community

The marash site, near the Raylands Nature Interpretive Center
o Embarcadero Road in Palo Alto, is a tidal marsh with flat
stagnant pools and black mude populated both by grass and by mats
of bacteria and chlorophytes. Cyanobacteria and phototrophic
bacteria were easily sampled. Fhototrophic bacteria were also
aobtained from the FBME Phototrophic Bacteria Group, which
enriched and igolated organisms taken from this salt marsh (see
Chapter 11).

Ao Table I-I11 shows, the salt marsh pond water contained
much less dissolved carbon than the Alum Rock water (less than
one tenth). The Jdeléa **C value of this carbon was also
markedly lower than that of seawater bicarbonate (typically 0 ©/..).
Ferhaps **C-depleted carbon dioxide, produced by the breakdown
of organic matter in the mud by fermentation and sulfate
reduction was entering the pond water.

The purple phoatotrophic bacteria and cyanobacteria in the
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marsh showed little or no apparent iscotopic fractiomation, which
may have reflected competition for limited quantities of
inarganic carbon. I competition was causing the low apparent
fractionation, the remaining inorganic carbon in the mats should
have been markedly enriched in **C, But neither the

isotopic composition of the mat nor of the sediment water could
be measured due to time limitations.

Fure cultuwres of Chropetiun and Thiocystis obtained
from the salt marsh were analyzed isotopically. As Table 1111
indicates, these organisms produced much larger isotopic
fractionation in the laboratory cultures than they did in the
marah. This difference suggests that the rate of carbomn supply
exceaded the rate of carbon fixation by a wider margin in the
laboratory cultures tham it did in the marsh. That the inorganic
carbon concentration in the culture medium exceeded the marsh
pond water by more than tenfold (Table I-1I1) could easily have
accounted for this observed difference in fractionation,

Moist guart: wool was placed in the marsh at Baylands Nature
Center to obtain enriched samples of motile cvanobacteria. These
COgeillatorisa were more *Tl-depleted than were the mat
Oeeillatoria, suggesting elther decreased competition for
carborn and/or enhanced delivery rate of carbam due to the absence
of sheaths in the guartz wool colony. Note, however, that the
apparent fractionation for these motile Oscillatorie was less
than that observed for the motile Oxcillatoria at Alum Rock
Fark (Table I-IIl va, Tables I-I and I-I11). This lower
fractionation may have been due to the lower concentration of
inorganic carbon in the water. At low extracellular carbon
concentrations, cyanobacteria concentrate inorganic carbon in
their cells at levels greatly exceeding extracellular inorganic
carbon (Kaplan ¢ al., 1980). This concentration mechanism
which inhibits exchange of carbon between the cell and its
environment leads to lower apparent isotopic fractionation.

Large pieces of glass wool placed above the mat surface in a
cylinder forced the motile bacterial components of the mat to
move wupward phototactically. New growth ocourred toward the new
upper suwface. The thickness of each of the mat layers expanded,
while the stratigraphic position of the layers appeared to remain
constant. (Experimentally induced expansion of the mat lavers
also has been seen in salt microbial mats of the Sabkha Gavish,
larael by Friedmann and Krumbein, in press.) The mat layers
expanded from about 0.1 mm to 1 mm, or from 10 teo 100 times, due
to enhanced transmission of light through salt crystals or
throuwgh guarts wool fibers which were very translucent. The
aexpansion may also have allowed greater exchange for CO.
into the lavers.,
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Time limitations precluded gathering and storing samples
for microscopy, chemistry and iscotopic analysis simultaneously.
A map of the mat site was dirawn, Within the five week study the
commuanity changed occasionally. Water from within the mate, at
the level from which cells were taken, was studied., 8ince the
community was patchy on a sub-millimeter scale, microsampling and
microelectrode techniques were correlated with identifications.

ISOLATION OF CYANOBACTERIA AND DESCRIPTION OF CULTURES
(Carmen Aguilar-Diaz)

Media

Using the different media listed below, (pH 7.0-8.3) we
tried to isolate the different types of cyamnobacteria from their
natural environments.

BG 11 and BG 11° for the freshwater strains

ABN XTI and ASBN I1I° for the marine strains (Rippka
et al., 1979

Maedium D (pH 8.3 for thermophilic strains (Castenholz,
19281) ., used for Alum Rock Park cultures.

We used the media in several ways: liquid, pouwr plates, agar
shakes, enrichment of the atmosphere with COx (in the case
of the liguwid media), and addition of H: or selenium (see
Appendix 1),  In the case of the agar, we used Difco Bacto-Agar
(Final concentration 1 percent (w/v Rippka ¢ al., 1979).
The light source was cold fluorescent white lamps.

Isolation

We slso used different isolation techniques!

Single +ilament transfer

In the first technique we cleaned the fresh samples with
filter-aterilired water (Alum Rock Park and salt marsh water).
Thern we picked out single filamentse with a probe and transferred
them to an agar plate with the aid of a dissecting microscope.
After 2 dayves or so, we transferred them to fresh plates, and
incubated them at room temperature.
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Taomlation of motile trichomes

In the second technique inoculation of cyanobacteria in the
center of an agar plate allowed the gliding trichomes to moave out
from the inoculum, making it easy to transfer the isolated ones.
The muicus trails left behind tended to get contaminated with
heterotrophic bacteria. After trichome migration, we cut the
piece of agar in which they were embedded and placed it on & new
agar swface., Most filaments were motile in every phase of
girowth, We also isolated the trichomes of cyanobacteria by
placing several glass slides in a vertical postion into the
sample., After twelve houwrs a large number of filaments clean
enough to use for the first inoculum glided up the slide.

Manual isolations with the aid of a dissecting microscope

In another isolation technique we washed masses of
recoghnizable filaments with sterile water or medium. We
inocul ated them by means of a loop, by submerging them in the
agar, or just by placing the inoculum into the sterile liguid
meacii wm,

Agar shakes and dilution series

In the last technigue we used & small inoculum placed in
melted agar (T=45 ) and then homogenized with a vortes.
Onee the agar had solidified, it was incubated at room
temperature and exposed to continuous light., The dilutions, from
107 to 10-%, were poured onto plates afterwards.

Purification

To purify the cleanest cultures, we transferred plieces of
agar containing filaments into cyclohexamide (104 #
final concentration) to rid the culture of the accompanying
gukaryotic organisms,

Results

The general appearance of the Alum Rock FPark and salt

marsh organismsg ise shown in Fig. I-3. In general, we observed
growkh in the ligquid freshwater medium (BG 11) both in the Alum
Rock Park and in the salt marsh samples. Most salt marsh strains
dicd not grow when transferred directly from field samples into
the liguid medium (ASN I11). They grew better in pouwr plates of
that medium, and we transferred them several times in it before
we finally placed them in the aterile ASN III liguid medium. The
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wae of BGE 11° and ASBN II1I° was not very successful.

During the microscopic observations of the samples of the two
ervironments, we anly found two heterocystous cyanobacteria
(Calothrix Fig. I~4d) in the Alum Rock Park samples.

Nostoo was overgrown in culture by an Oscillatorie sp.

(Fig. I-44) and eventually died. In the Alum Rock Park liguid BG
11 medium we obtained a monocyanobacterial culture of the
Oecillatoria type (Fig., I-44) and a mixed one containing two
Gecillatorig-type trichomes (Fig. I-4a and I1-4F). To purify
these cultuwres, we added cyclohexamide (10794 #) to

inhihit the growth of eukaryotic organisms and bransferred the
cultures. Small amounts of the culture (0.5 percent) were
transfered to new sterile liguid medium., The oscillatorians were
clean but not axenic.

We obtained the large Oscillatorie (Fig. I-~éc) omn BG 11
Ligquid medium from salt marsh samples in almost pure culture for
gseveral weeks., Two types of oscillatorians (Fig. I-éc and Fig.
I-6cd) and one LFPP group B (Fig. I-6b) continued to grow in mixed
culture until the end of the course. .

Fig. 1-6 Salt Marsh Cyanobacteria
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A poorly growing mixed cultuwe of coccoids (Fig. I-6h) and
ascillatorians (Fig. I-6f) and one monocyanobacterial culture of
the Gscillatoria type (Fig. I-é6e) were enriched in ASN III
mecdid um.,

We obtained a mixed culture of Nostoc-Anaebasna type
(Fig. I-4a) and dscillatorie type (Fig. I-4e), using liqguid
medium D for the Alum Rock Park samples as suggested by Dr. B.
Fierson., This medium was useful for the cultivation of
cyanobacteria found at temperatures lower than 30 C, It
also supported good growth of a salt marsh Oscillatoria sp.
(Fig. I-6e) and some coccoids (Fig. I-éh).
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The agar plate cultures showed good growth of cyanobacteria
from both environments. The dominant form on BEG 11 from Alum
Rock Park was an Oscillatoria type (Fig. I-4e). We obtained
the growth of two salt marsh oscillatorian types, one with a 26
am width (Fig. I-é6d) and one with a 5.2 um width (Fig.

I-&F), as well as thin filaments, on ABN IIl medium. In the agar
shakes we observed the healthy growth of an LPF-B cyanobacterium
in both media, most of which were mixed cultures. However
different Oscillatoria type cvancbacteria grew

uncontaminated, though slowly, in ASN III agar medium (Fig. I-&).
Bince we observed growth of the 5.2 um and the 7.8 um
pecillatorians in the anasrobic area of the tube, we transferred
them for purification to see if they grew anasrobically on

sul fide.

The isolation technigques for the various cvanobacteria were
useful., We varied the conditions by using different M8
concentrations (1,2,%,4 and % uMi Fadan, 1978) and NHACL
(0,01, 0,02 and 0.04 M) instead of the usual nitrogen source
(NCLs) in the medium growing the larger Ozcillatorians
(25~20 _uM) . But the experiments were not continued long
enouwgh to obtain results.

Cyanobacteria are very difficult to isolate and purify in a
short interval of time since they do not grow fast. With thie in
mind, we think that the results of our work during only six weeks
waere amazing. At the end, cultures were growing in good health.

We took the isolated material to ouwr home labs to be
purified., The work is continuwing there! Geomicrobiology,
University of Oldenburg, Oldenburg, West Germanyid Geology,
Lowisiana State Univeristy, Baton Rouge, LA and Laboratory of
RBacteriology, Mexico City, Mexico.

Description of Cultures

Marphologies of degrading cyanobacteria

In the prefhanerozoic fossil record, cyanobacteria-like
aorganiesms have been described, and in many cases clagssified on
the basis of their morphology. But it is important to remember
that the morphology of unhealthy cells and degrading cells may
differ significantly from their healthy counterparts. Some
examples of this were observed during microscopic study of field
samples and cultures. The Alum Rock Fark Nostoo degraded
into single pinched cells that couwld easily have been mistaken
for dividing coccolds (Fig. I-7a). Many of the Oscillatoria
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apecies when dying or dead exhibited differential shrinkage of
cells that left intact some large cells reminiscent of
heterocysts, the nitrogen—fixing cells whose presence is one
hasis for generic distinctions (Fig. I-7h). The two large salt
marsh Oscillatorie actually exploded while being viewed under
the microscope, presumably because of osmobtic pressure changes.
The result was a clowd of extruded intracellular material
containing nearly spherical packages of cells (Fig. I-7c).

Fig. -7 C
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These observations support the contention of many
paleobionlogists that classification of microfossile according to
the morphology preserved in the rock record is risky at best.

Summary

Fouw different strains of cyanobacteria from Alum Rook
Fark were cultuwred, These include Odscillatoria type,
Nostoo/Rnabaeena type, and Calothrix. From the salt marsh
five Oxcillatoria~type cyanobacteria, one Nostoc/Anabaena
type, one LPF-B type, and one coccolid type were isolated. All
the different media we used were useful, but BG 11 and D media
seemnad to be the most versatile. The use of selenium did not
saem to benefit or impede growth, as determined from the
inoculations into media with and without selenium,

CHEMICAL ANALYSIS OF MICROBIAL MATS OF ALUM ROCK PARK

(Margriet Nip)

In order to compare measurements of chlorophyll a and
protein contents per square centimeter with microscopic
investigations and field site isctope fractionation studies,
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three samples from Site 1 and two samples from Site 2 of Alum
Roek Fark were analyzed. (For methodology, see Erumbein e
al.y 1977, Jorgensern and Cohern, 1977). Total protein content
was determined by the method of Lowry, et &l., 1951,

The results are shown in Table 1-IV. The chlorophyll
a-protein ratios of the field samples seem Lo correlate
aquite waell with the microscopic investigation of the samples with
respect to the relative abundances of the different organisms.
Those samples dominated by photosynthetic oxygenic organisms
(approximately 80 percent) displayed chlorophyll & to protein
ratios between 15100 and 11200, Those samples dominated by
sl fur oxidizing bacteria showed much lower chlorophyll & to
protein ratios (about 1:7000).

Table I-1V Content of Chlorophyll a and Total Protein
in Species of Cyanobacteria and Diatoms

Chlorophyll a Protein
Sample Conten5 Conten% Chlorophyll a:
Sample # Site Sample Material Cug/em®) (mg/cm®) Protein

1 T3m Flexibacteria with a thin layer 251.0 43.6 1: 173,71
of cyanobacteria (60% LPP Group B,
40% Oscillatoria), ~ 80%
cyanobacteria

2 jd Chromatium mixed with Thiothrix 30.336 27.0 1: 890.03
and Chlorobium, ~70-75% Chromatia
and Chlorobium -

3 T Thiothrix with Oscillatoria sp. 12,616 88.0 1:6975.27
and few Anabaena, > 95% Thiothrix

4 B/Bm Thiothrix with a thin layer of 29.8 48,0 1:1610.74
Oscillatoria sp.; approximately
70% Oscillatoria, 307 Thiothrix

5 A Diatom, > 80% diatoms 338.26 37.6 1: 111.16

Since the chlorophyll & and protein measurements were
consistent with the microscopic investigation on the samples, we
concluded that the carbon isotope fractionation data described in
the following section can be regarded as being representative for
communities dominated by different organisms. A1l the different
field samples showed different patterns of delta *™(C
fractionation, although many of the organisms in them are known
to use the RUBP carboxyl ase pathway for CO. fivation., Some
of the obligatory anodygenic photosynthetic bacteria used a
reverse TOA-cyele and fixed Clz in different ways (Sirevag
et al., 1979 .
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ISOTOPE FIELD EXPERIMENTS: NATURAL CHEMOSTAT

(Carmen Aguilar-Diaz, Hent Sprague, FKevin Zahnle)

Three sites were selected for studies of community iscotope
fractionation. The two sites of Alum Rock Fark were selected
because they act like "matwral chemostats" providing nearly
steady-state input of water and minerals to the specified
conmunity.  The water $lowing through the community had an almost
neutral pH, and was very high in sulfide and oxidized sulfur
compounds, as well as having had a high total of dissolved
CO/HCOx~., Area limitations of the communities
were designated not by natural boundaries, but by the need for
congistency among the workers of owr group, and for the
occurrence of organisms of interest to us., Once the field
designations were assigned, as shown on the sketch maps, they
were retained through the project (Figs. I-1,1~2,1-5). The salt
marah site was chosen for accessibility and the presence of
extensive microbial mat cover.

The object of the field studies was to evaluate different
isotopic fractionation in the communities of horizontally,
gracdual ly changing and stratified microbial mats., Samples taken
from the field often had a large concentration of the species of
interest, and were therefore considered isotopically identical to
the species itself. A pictuwre of how organisms fractionate
relative to each other under natural conditions in the presence
of excess sulfide and bicarbonate could be estimated using ow
data (Tables I-I, I-II, I-II1). The use of "matural chemostate"
allowed us to look for maximal fractionation and cases of closed
syasten effects, as when the organisms were clumped in a mat. In
the cyanobacteria motility studies, quartz wool was placed on top
of the dark green patches. Some of the species of cyvanobacteria
(mainly Oscillatoria) glided up by phototropotaxis seeking
available suwifaces. The cyanobacteria with few others
concentrated themselves. The cyanobacteria travelled through 12
tzm and "filled" the quartz wool in 24-48 hours. The hypothesis
was that they would be isotopically heavier because of their
greater access to Clz in the air and their exchange of it to
redch equilibrium due to the continuous flushing of water in the
wool .

Our First set of total Clz: and isotope analyses was
performed in order to evaluate the suwitability of the Alum Rock
Fark sites for community studies. The incoming and outgoing
water was tested in order to determine whether there were
excessive kinetic effects which might mask biogenic isotope
fractionation and delta **C fractionation between
HCO=" and CO= caused by diffusion. Since there
was almost no difference in deléta *™C between ingoing
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effects could be neglected in Sites 1 and 2 of Alum Rock.
Binlogic fractionation upstream could be neglected as well
because of the high rate of water flow and dissolved carbonate
relative to the biomass of bacteria.

Alum Rock FPark Site 1

Upstream and downstream, various organisms from the steep
community were sampled and total cellular carbon was analyzed,
The upstream sample was composed of purple and green phototrophic
sgul fur bacteria. The carbon iscotope fractionation of 270
was approximately ~16 /.., which was expected.

Thiothrix was sampled and analyzed, but the value of this

datum (~5.8) is gquestionable because of its disagreement with the
other seven determinations on this organism. (The fractionation
ranged from -19.2 to ~22.9) We also obtained an anomal ous

delta *™C number for the cyanobacteria living in the top

inlet (~-1.3)., These very isotopically heavy values could
indicate a mat with atmospheric exchange effects (limiting

COz), or the presence of contamination by travertine

granules or Ca plant carbon.

The cyanobacteria selected by their motility were enriched
in *2C dindicating RUBF carboxylase COn fixation in
ercess Clz, The motility-selected cyanobacteria moved
guickly away from most other organisms onto the guartz wool
placed on top of the mat. Their isctopically light values (~28.4
to ~26.5) suggest they grew under conditions favoring
fractionaton.

Thiothrix mived with cyanobacteria within the clump was
obtained near the outlet. The isotope fractionation value
(»29.0) was intermediate between the expected values for
cyanobacteria or Thiothrix alone.

Alum Rock Site 2

Bite 2 is & flat community with some standing pools of water.
The experiments for this community were!

Analysis of the community structuwre, as at Site 13

Obtaining iscotope values for Thiothrix, since these have
not previously been reported for almost pure natural
anrichments of these organisms)

Flacing dscillatoria, taken into culture and purified
from thig site, back in the environment for 48 hours in a
dialysis bag.
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The diatoms, showing relatively light **C values
(~17.1) may have been C. limited., The cyanobacteria
selected by motility (deldae *¥C = -23.7 9/,.) including those
purified and returned to the field also showed large
fractionation values. The cvanobacteria from both sites
fractionate in their natural setting within the normal range
expected from published data (Pardue, ¢ al., 19759). The
small (~7.7 “/,.) fractionation value by the
Oecillatoria in the dialysis bag was not certain because the
dalta ** 0 for the cells at the beginning of the
experiment was not measured.

The Thiothrix measurements were done in two stages.
Survey measurements were performed sarly in the study with
ramdomly selected samples (probably mostly middle parts and tips
of strands dangling in the free-flowing water). These results
ware consistent at different sampling times. Thiobthrix,
relative to other community members, showed consistently
iwotopically light values., These chemolithotrophic bacteria,
bathed constantly in COz-rich water, preferentially used the
isotopically light COn., The second set of samples (set 2,
Table I-1) were selected for trichome "tips" (the bacteria at the
end of a long strand bathed in rapidly flowing water), "bases"
(attachment sites where clumping may cause some limitation of
L) and "clumps" (free-flowing clumped strands inside of
which limitation of Q0. might occur). Large apparent
fractionation was consistently estimated (from -19 to —23
Ploawm). A major source of isotope fractionation in
sedimentary carbon may be due to that performed by sulfide
oxidizing autotrophs. There was no indication of Cl.
limitation for Thiothrix at the bottom of Site 2. ALl
Thiothrix samples showed deléta **C values between
~R0.1 and ~34.4,

Balt Marsh Community

The data for this study are in two parts. We studied the
field comminity of microbial mats found in the marsh, and almost
pure cultures of purple sulfur bacteria obtained from the Trueper
TLab group.

Furple sulfur phototrophic bacteria and some mat
cyanabacteria showed little or no apparent fractionation under
matuwral conditions in the field. A relatively homogeneous field
sample consisting of mostly Chromatium and Thiocystis was
gampled and the Jdelta **C determined. The apparent
fractionation was only 3.2 “ae delta *=0.

The CD: in low concentrations in the water around the mat
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was isotopically light (~10 ©/..), relative to the Alum
Rock Park water (—~4 ©/_..).

Motile cyanobacteria did fractionate significantly, becoming
Lighter as they exchanged Cl. with air in the guartz wool.
It would be interesting to grow some of the dscillatoria in
pure culture in the lab under high and very low GO
concentrations for 1-2 weeks, and then place them out in the salt
marsh for 4 or 5 days on gquartz wool (on floats to stay at the
top of the water). The high COz culture might be expected

to fractionate to a greater extent tham the low CO. culture.

Almost pure cultures of both organisms isolated from the
salt marsh were obtained from D. Craven and delta *70
assayed, In both cases the Jelta *™C was very light
comparead to the orginal delte *“C gignature of CO
in the medium. Thus the capability of cultured phototrophic
bacteria to select *2C ig firmly established. This
information reinforces the conclusion that the salt marsh mat
environment was COz limited. The phototrophic bacteria were
forced either to use more of the *®C-prich C0. under
those natural conditions, or to depend more on heterotrophy.

CARBON ISOTOPE FRACTIONATION BY PHORKIDIUM:
LABORATORY STUDIES

(Carmen Aguilar—-Diaz, Kent Sprague and Kevin Zahnle)

We investigated carbon isotope fractionmatiomn by Phormidium
luridium in a variety of media (data summarized in Table 1-V),
The basic stock medium was BG 11, but the carbonate buffer was
omitted in order to better control the isotopic composition of
Cz. The cultures were gassed for two minutes every six
houre with the given gas composition. They were grown for 72
houwrs (with the exception of cultuwe 1, which was grown for 48
houwrs) . The CO. used for gassing was isotopically light
(delta *7C = ~38.9 @/,,), DCMU was added to
some media in order to block Fhotosvstem 11, preventing the use
of water as electron donor in photosynthesis. Isotopically heavy
glucose (delta *¥C = -9 @/ ) was added to
some media. If the glucose were incorporated into cells, the
cells would become isotopically heavier. Medium 3 was
particularly interesting, as here we tested for the ability of
Phormidium to use glucose as an electron donor in
photosynthesis.
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The method of discontinuous gassing was inferior to
continuous gassing. It permitted oscillation in the delta
MEC due to the closed system effect. However, the gassing
was rapid enough compared to the culture’s growth rates that we
expected no problem to arise. We therefore concluded that the
orgarisms used Cl. at delte *™C = ~38.9 ©/,,. because this
was the input reservoir. This predicted that the media samples
which were dominated by the iscotopically heavy bicarbonate would
give an isotopic ratio of deltae *™( = -Z2.2 “/uo.
Our experimental results {(Table I-V) disagreed rather strongly
with this prediction. It is unclear which {(if either) of these

Table 1-V Photo- (Organo-) and Heterotrophy Experiment Using Pure Cultures of Phormidium luridium
X 13
Relative delta " C Relative
Cell for Cell 13 Fraccmnagone
Potential Potential Potential Densities Material, delta "7C for Medium, o4 cozll* delta ““c,
Designation/ Energy Electron Carbon (arbitrary parts per parts per thousand Total Co. parts per
T Deseription Source(s)  Donorfs) ~ Source(s) 0, units)  pH thousand HCO,” <o, in Medium thousand
la BGI® + air + light 0 o, + 0.45 6.8-  —meee -18.2 -26.2 3.5
1b 5% cogb + 0.45 7.3 ~53.420.2  -22,6 -30.6 2.7 ~34.5, -22.8
2a BG11 + N, + light "2° co2 - 0.58 6.8- -54,420.2 -21.5 -29.5 -15.5, -24.9
5% Co, - 0.58 7.3 ~55.7:0,2  ~22.8 -30.8 ~16.8, -24.9
3a BGI + air + 1light, 1,0, o, + 0.46 6.8~ mmmem -21.5 ~28.3 2.2
3b 5% 0, + glucose® glucose glucose glucose  + 0.41 7.3 “32.480.4  =21.7 ~29.5 4.4 +6.5, -2.9
4a BGLL + air + 57 €O,  light —--— co, + 0.04 6.8 ~20.8:0.3 +18.1
&b+ DOMY + 0.04 73 e -10.8 -18.8
5a BGLL + air + 5% €O, light, glucose co,, + .09 6.8 0.3 -21.0 -29.0 2.0 +24.1, +14.2
55 + DOMU + glucose glucose flucose  + 0.10 7.3 ~21.0 ~29.0 2.0
6a BGLI + N2 + DCMU light, glucose glucose - 0.31 6.8- -12.7£0.2 -10.6 -18.6 426.2, 45.9
6b + glucosé glucose - 0.03 73 Lol
7a BGIL + N, + 1light, 1,0, glucose - 0.30 6.8- ~16.7+¢0.2  -10.5 -18.5 422.2, 41.8
7  glucose glucose glucose - 0.20 7.3 ~13.8:0.2 - 7.5 -15.5 +25.1, +1.7
d8a BGlL + air + 5% O,  ---—- R glucose co,, + 0.12 6.8- ~13.540.3 425.4
8b -+ dark + glucose glucose glucose  + 0.13 7.3 13.650.2  ~15.6 3.6 1.2 +25.3, +10.0
9a BGLL + air + €O, -mmmm mmemm e - —-== 5.50- -17.9 ~25.9 2.5
9 (blank) 573 ____ ~17.9 -25.9
Tnoculum  =m=m= mmmem —meee - 0.18 =

*These are amounts of €O, (or Carbon) the millimcles per liter representing the
a total CO,/HCO; . The gfucose is present as 4 g/l = 132 mM Carbon,
See appendix. -2

b

deita 13¢ was -38.9%/00 (parts per thousand).
Cdelta P3¢ was -9.0%00,

YRun only 2 days.

®Lower limit with respect to tank COy, upper limit with respect to medium COy, as measured

ratios was to be bhelieved., 8Since both ouw method of periodically
gassing the media and owr method for processing the media may
have been flawed (see below), it is not possible to report
acecurate values for carbomn isotope fractiomnation by

Phormidiumn. Nevertheless, we believe our qualitative
conclusions, which follow, are valid:

Phormidium luridium can use isotopically heavy glucose

as a carbomn source, as indicated by the resulting
isotopically heavy cell mass.
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Although it is an asrobic organism, P. Juridian grows
better under microaerophilic conditions.

Pao Turidium, when confronted with both CO. and

glucose as available carbon souwrces, incorporated both the
imotopically light Gz and the heavier glucoses;

however, it did not grow faster thamn under autotrophic
conditions.

There was no evidence that P, Juridiue could use glucose
as an electron donor in photosynthesis when living
agrobically. Tt was not definitively demonstrated that .
Juridiuan can uwse glucose as an electron donor if grown
anaerobical ly.

Although P, laridiun was able to use glucose as a carbon
source in the presence of 0., cultures did not increase

in cell masas when deprived of photosystem 11 by introduction
of DOCMU. Oz may inhibit glucose fermentation or some

aapeact of photosystem II may be reqguired for growth under
theas conditions.

It has been suggested that Oz may decrease carbon
fractionation by inhibiting RuBF carboxylase (Fardue, et
aly, 197%)., Gince fractionation occured in the presence of
Oz, our gxperiments seem to rule out this as an

important effect in P, luridium.

SUMMARY
(Wolfgang Krumbein)

Field Work

Iasotope fractionation experiments showed that field
communities tend to be richer in **C, that is, isotopically
heavy relative to pure cultures of their members. Fractionation
values reported in the literatuwe for cyanobacteria and the other
microorganiems that we sampled can be very high in *#C, We
interpret this as being due to the closed system effect, in which
growth outstrips the Clz supply, forcing the organisms to
make use oOf Cl: supplies that are not in eqguilibrium with
the atmosphere. This interpretation is supported by the
fallowing observations:

Thiothrix, living in the most open environments in Alum
Rock Park, was isotopically the lightest sample studied.
Thiothrix that were clumped were isotopically heavier
than those that trailed in the stream.

The motility~selected cyanobacteria, living in the second
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The motility-selected cyanobacteria, living in the second
most open environments, were the mnext isotopically lightest.

The isotopic fractiomation was least among organisme of the
galt marsh mats. These communities were probably
COz-limited, as bicarbonate concentrations were far

lower than those of the Alum Rock Park site. The simplest
interpretation is that these mats were forced to wse locally
wmoarce and heavy Cl.,

Field communities tended to be isotopically heavy relative
to fossil sedimentary reduced carbon. The reason for this
discrepancy and ite relation to factors such as environment of
deposition and diagenesis is under discussion., Clearly the final
imotopic value of carborn in sediment may be related at least to
the species in the community, the extent of autotrophic
mataboliem by those species, the relative population densities,
the exchange of COz with the atmosphere and other factors.

A direct comparison of the isotope fractionation values of modern
microbial mats to those taken from organic matter in fossil
stromatolites, cherts, and shales is not yet possible.

Fractionations by purple and green sulfur bacteria were
indistinguishable from those by cyanobacteria in the same
environment.

Thiothrisx fractionated on the order of approtimately
delta *™( = -20 @/, which is suggestive of
awtotrophy. Its carbon source is apparently L0
incorporated by the RuBP carbouylase cycle. Both sulfide
oridizing and phototrophic bacteria may be important sources of
20 enrichment seen in the carbon of sedimentary rocks.

The placement of glass wool on microbial mats proved to be a
weeful technique for concentrating and separating into layers
phototrophic members of mat communities. The glass wool
technique was especially useful for concentrating pigmented
gliding bacteria like Oscillatoria sp. that entered it
quichkly.

Laboratory Work
Our laboratory experiment with Phormidian luridiuw led

us to the following conclusions,

P, luridiun apparently cannot grow
photoorganotrophically in an oxic enviranment.
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P. Turidium grows best in an anoxic environment where it
may girow photoorganotrophically or photoautotrophically.

P, Turidiun can ferment glucose in an anoxic
gnvironment, but can neither respire nor ferment it in an
oMl one.

Free oxygen concentration has, at most, only a minor
influence on carbon iscotope fractionation in P.
Taridiam. The uptake of COzx involves the enzyme of
RUBF carboxylase in the organism.

The delta *¥C /.. value for cell

material from P, luridian ranged from ~12.7 (anaerobic,
Na + DECMU + glucose) to ~55.7 {(anaerobic, N + 5

percent Clz) depending on the growth conditions. The
relative fractionation varied from almost none to over 28
percent.
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APPENDIX I
CYANOBACTERIAL MEDIA AND TECHNIQUES

Our composition of Media BB 11, ABN III, BB ll® and
ABNITI® is according to Rippka, et al (1979),
® indicates omission of NaN(.,

Prepare Stock Solutions:

NaNQ.: 150 g/:l.
KaHPOa . 3H:0: 4 /100 ml
Mg80a. 7H:0 350 g/1
CaCla. 2Ha0: S0 g/1
Fe Solution
Citric acid, ferric ammonium citrate, EDTA (disodium
magnesium salt)? 600, 600 and 100 mg/100 ml, respectively.
NazCOx: 2 g/100 ml
Trace metal mix AS + Co:
HxBOx 2.86 g/1, MnClae.4H0: 1.81 g/1,
ZnBa., 7H.0: 222 mg/l, NasMolOa.?H.07
AP0 mg/l, CuBla.5H20: 79 mg/l,
Co(NO=x) . 6H-0: 49 mg/l.
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To prepare 1 liter of the medium: put the following amounts of
shtock solutions into 7H0 ml Ha0, adjust the pH to 7.0 using HCL
amd Fi11 it wup to 1 liter:

Solution BG 1 , MN ASN TII11
NanMC o 10 ml ¥ oml 8 ml
Kook Oa - 3Ha0 1 ml 0.5 ml 0.5 ml
Néaf:ﬁ(::o::e: 1 ml 1 ml 1 ml
Mg8Qa- 7HL0 .2 ml 0.1 ml 10 ml
Calila- 2Ha0 0.7 ml 0.4 ml 10 ml
Fa-aolution 1 ml 0.% ml 0.% ml
Trace metal mix L ml 1 ml 1 ml
NaCl (sal t) - - 2% g
Bea water - 7EHQ m) -
Diatilled water 750 m) - 7E0 ml

To prepare solid media, put 10 g of purified agar into the
mecium.

Special Media For Cultures

Test for purity of culture by supplementing the solid
madium with 2 g glucose and 0.2 g casamine acids, and looking for
heteraotrophes.

Test for vitamin .o requirement by adding 1 ml of a
solution containing 1 mg/lo0 ml of B.x to the sterilized
mecdium, using a syringe equipped with & sterile filter.

Tast for photoheterotrophy by supplementing the medium with
9 og glucose, fructose, sucrose, ribose or 1 g glycerol, acetate
or glycolate.

Medium D
Firnal concentration

Double distilled water 1,000 ml
NTA (nitrilotriacetic acid) Q.1 g
Micronutrient solution 0.5 ml
FelCly solution (0.29 g/liter) 1.0 ml
CaBla - 2H20 Q.06 g
Mg8Qa- 7H,0 Q.10 g
Nall 0. 008 g
KNQ:x 0.010 g
NanNQ.y 0.70 g
NamHFPO, 0.1l g
gy e 15 ¢
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This medium has a pH of 3. Adjust the pH to 8-8.2 with a 12

M NaOH solution. Add agar aftter the pH adjustment. The

normal medium before autoclaving has a pH of 8.2. After cooling
and complete clearing, ouw pH was 7,.5-7.6.

Micronutrient solution

Double distilled water 1,000 ml
HaB0a4 (concentrated) 0.5 ml
Mr0a - 7HL0 P28 g
Zn804 - 7H..0 0. 50 g
HaxBO. 0,50 ¢
Cus0a4- 5H..0 Q.023 g
Na-Mala - 2H..0 0,025 ¢
Calil o, &0 0. 045 ]
Reference

Rippka, R., Deruelles, J., Waterbury, J.B., Herdman, M. and Stanier,
R.Y., 1979. Generic assignments, strain histories and
properties of pure cultures of cyancbacteria, J. General

Microbiology, 1ll:1-61.
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CHAPTER 11
ANCXYGENIC PHOTOTROPHIC BACTERIA

Fraf. Hans G. Trueper
Jaap J. Boon
Jeffrey F. Chanton
Alejandro Lépez-Cortés
Debaorah B. Craven
Karinlee kEneller
Dorothy L. Read

INTRODUCTION TO GREEN AND PURPLE PHOTOSYNTHETIC BACTERIA

The initial aim of this group was to introduce young
srientists of different fields to the technigues of recognition,
agnrichment, iscolation, ldentification and maintenance of
ancxygenic photosynthetic bacteria (Stanier et &1., 1981). FPure
cultures of Rhodopseudomonas, Rhodospirillum
(Rhodospirillaceae), Chromatiam, Thiocapsea,

Ectothiorhodospira (Chromatiaceae), and Chlorobium,
Prosthecochloris (Chlorobiaceas) were obtained from field
samples, including samples from Big Soda Lake (Nevada) and Mono
L.ake (California), both extremely alkaline hypersaline
environments.

Although purple and green bacteria are of central importance
to phylogenetic studies, their predominantly anaerobic
phototrophic way of life renders them difficult to isolate and
maintain in pure cultuwre. This holds true especially for the
phototrophic sulfuwr bacteria (Chromatiaceae, Chlorobiaceae) which
consume reduced sulfur compounds (¢.9. sulfides) at low
levels but cannot tolerate them in high concentrations.

To become familiar with the techniques involving anoxygenic
phototrophic bacteria, pure cultures from the collection of the
Department of Microbioclogy, University of Bonn, Germany, were
used, in addition to the enrichments and isolations obtained at
the field sites during the course.

HSamples containing red, purple, pink, or olive-green
material were collected at three sites in Alum Rock Park, and at
four sites at the salt marsh. For the isolation of
Ectothiorhodospiraea strains, alkaline and highly saline
samples were obtained from Australia and western North America as
noted.
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Based on the iscolations and the mastery of techniques the
following studies were undertaken:

We measured the deléta **C of growing Chlorobiam

wibrioforme, which has a complex "reverse Krebs cycle!
maechanism of COz assimilation. This organism proceeded

thirough a typlical batch culture growth curve from rapid to slow
growth,. Preliminary results indicated that the bacteria
fractionate carbon less than -39 “/,,, a result which

may be related to their ancient origin.

We studied the fractiomation of nitrogen and carbon with growing
cultures of Rhodospirillaceae under photoheterotrophic conditions
(light, Nz) relative to chemoheterotrophic conditions.

We studied the influence of salinity on growth and the sulfide
tuwrnover in Chlorobiaceae and Chromatiaceae from fresh water
{(Alum Rock Park) and from the salt marsh (Embarcadero Road).

We compared the absorption spectra of photosynthetic bacterial
cultures atter different preparation methods to determine the
most reliable methods to identify the different genera and
species.,

ENRICHMENT, ISOLATION AND GROWTH OF PHOTOTROPHIC BACTERIA

Rhodospirill aceae: Rhodopseudomonas, Rhodospirillum

{(Dorothy Read)

Samples were collected from the two field sites and
enrichments for non-sulfur purple phototrophic bacteria
(Rhodospirillaceas) were carried out in three media, which all
contained sulfate and an organic carbon source, but differed in
pH (5.5, 6.8, or 7.5 and carbon source (acetate or succinate)
(see Appendix I for composition and preparation of media). Each
enti chment culture consisted of & 125 ml bottle inoculated with a
few drops of the field sample and filled with medium, leaving
only a small air bubble to accomodate pressure changes (Biebl and
Fefannig, 1981). The bottles were incubated facing a 100-Watt
incandescent bulb at a distance of 3545 om, resulting in an
estimated illumination of 200 lux and a measuwred temperature of
28-I2e aproses the bottles. Growth, as evidenced by visible
turbidity and pinkish or brownish color, was observed in three to
five days in all the enrichments in the pH 7.3 acetate medium,
and in five to seven days in the emrichments in pH 6.8 succinate
mecdium (see Table I1-I). However, no growth was observed in the
pH 5.9 medium even after 30 days, suggesting that acidophilic
Rhodospirillaceae were not present in significant numbers at the
field sites sampled. This is consistent with the neutral to
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gomewhat alkaline range of the pH measuwrements of these sites,
noted above.

Table Hi-l Results of Enrichment Cultures
Field Enrichment Medium

Sample Succinate pH 6.8 Acetate pH 7.3 -
Fli red~brown yellow-brown

F2 green greenish~brown

F3 yellow-brown brownish yellow-green
513 pinkish-brown pink

M2 brownish-green red-brown

M3 pinkish brown red brown

F1,2,3 = freshwater samples from Alum Rock Park, See Fig. I-I.
M1,2,3 = marine samples, salt marsh, see Fig. I-I for sites.
A1l samples showed growth (obvious turbidity) within a_week or so.

Fure cultures were obtained by plating on the same medium
and picking individual colonies, either by guadrant streaking or
by suspension in distilled water, dilution, and spreading.
Flates were incubated in anaerobic jars under the same
illumination as the ligquid culture. Purified isolates were
identified by the criteria of colony appearance, microscopic
morphology (cell size, shape, motility, aggregates, and
inclusions), and, when necessary to make & species determination,
by carbon source utilization or absorption spectrum of
sucrose-lysed cells (see Appendix 11 for media and methods). In
most of the enrichments, one colony type predominated and was
purified,

The pure cultures obtained are shown in Table II-I1 with
their identification. Attempts to grow these organisms on
molecwlar nitrogen as the only nitrogen source were unsuccesstul
within the available time (maximum two weeks).
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Table 1I-il Pure Cultures of Rhodospirillaceae

Enr ichment
Culture Characteristics and Identification

Fl on Ac 7 Colonies: round, smooth, red-brown.
ﬁiz;oscopic: short, almost coccoid rods, about
1 x 2u; highly motile; some groups of two or
four; a few zigzag chains of four to ten, Neg-
ative stain with India ink showed transparent
capsule.
Carbon source utilizatien: growth on 0.1%
acetate, no growth on 0.2% ethanol.
Identification: Rhodopseudomonas capsulata

F2 on Ac 7 Colonies: round, smooth, rust-brown
Microscopic: small motile rods, slightly peaxr-—
shaped, appearance of budding.

Tentative indentification: R. blastica (de-
scribed recently by Eckersley and Dow 1980)

F3 on Ac 7 Colonies: smooth, round, dark yellow-brown
Microscopic: short motile rods about 0.5 x 1.5u,
some appearance of budding.

Identification: R. palustris

M2 on Ac 7 Colonies: round, smooth, red-orange.
Microscopic: short motile rods 1.5 - 2u long,
some movement in circles, many pairs appear
budding. Dark inclusions one or two per cell
near end{s) of cells.

Identification: Rhodoy d palustris

Fl on Suce same as Fl on Ac 7.
(x. capsulata)

M3 on Suce Colonies: round, smooth, dark yellow-brown,
Microscopic: very large spiral cells, motile,
about Iy x 15 - 20p, up to 30u long.
Absorption spectrum of sucrose-lysed cells:
maxima at 585 nm and 460, 490, 525 nm (triple
peaks). None at 550 nm.

Identification: Rhodospirillum molischianum

Cells taken from plates incubated in anaerobic jars. Microscopy
of cells in wet mount in distilled water observed by phase contrast
with ocular micrometer at 1000X magnification,

Ac 7 = acetate pH 7.3
Succ = succinate pH 6.8

Ectothiorhodospira Species

(Jaap Boon)

Field samples from hypersaline ponds at West Dunbarton
Bridge, from the alkaline lakes Mono Lake, California, and Big
BSoda Lake, Nevada, from the cyanobacterial mats of Laguna
Figuaroa, Mexico and Shark Bay, Australia, and from the Great
Balt Lake, Utah, were incubated in media suwitable for growth and
isolation of Ectothiorbhodospira species. Several strains of
Ectothiorhodospiraea were isolated from the alkaline lakes,

Mono and Rig Soda Lakes.

A pure culture of Ectothiorhodospira halophila was
maintained omn the medium of Imhoff and Trueper (1977). Attempts
ware made to grow these bacteria on the same medium without
organic substances (yveast extract and sodium succinate) with
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the aim of preparing them for delta *™0 analysis by
autotrophic growth on Clz: as the sole carbon source, but
very poor growth was obtained on these media.

Media uwsed for growth and iscolation of Ectothiorhodospira

The medium in which Ectothiorbodospira halochloris was
isolated by Imhoff and Trueper (19775 20 percent NaCl) was used
for maintenance of the Ectothiorhodospira halophile culture.

For greater versatility in medium preparation, the mineral
part and the organic part of the medium were prepared separately
arnd combined when a medium plus organic components (yeast
extract, vitaming and sodium succinate) was needed for enrichment
or isolation. The medium used for enrichment at 6.6 percent NaCl
was derived from that of Imhoff and Trueper (1977) by using one
third of the amounts of NalCl and NaxS50..

The choice of &.6 percent salinity was based on
determinations of major ions in the sulfide rich bottom water of
the Big Soda Lake (see Table I1I1-I1I). The pH eof the medium was
8.7, A X percent salinity medium described for isolation of
phototrophic sulfur bacteria by Trueper (1970) was used in
enrichments from Mono Lake. This medium was enriched with yeast
extract, vitamins and sodium succinate in concentrations similar
o those in the Imhoff and Trueper (1977) medium.

The pH was adjusted to 10, since the measuwred pH of the Mono
L.ake water sample was pH 10.5. At this pH, a precipitate
developaed, but it did not affect the growth of the bacteria.

For agar shake dilution experiments, the methods given by
Trueper (1970) were followed. It is advisable, however, to
increase the amount of agar at high salinity and high pH to a
final concentration of o percent. ALl cultures were
incubated at room temperature and illuminated by ordinary white
light bulbs.
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Table lI-HI Major lons (mg/1) Throughout

Water Column of Big Soda Lake (pH 9.7)

Component Surface Water Botiom Water
Na* 8050.0 27000.0
K" 315.0 1130.0
cl 7000.0 28000.0
Br- 16.0 59,0
L 1.7 4,0
Mg+t 148,0 5.6
ca’ 5.0 0.8
st 1.4 0.5
sou' 5600.0 6500.0
B 42,0 190.0
Alkalinity {as HGOB_) 4000,0 24000,0
pettT 0.1 0.1
iy, 0.13 45,0
Diss. Org. Carbon® 20.0° 60.0°
s 0.0 200.0
Other reduced sulfur 0.0 200,0
810, 4.0 210.0
Salinity (estimated) 21.13 62.69

1Dau‘ca. courtesy of Dr, R. Oremland, USGC.

2Dissolved organic carbon,

3seasonally affected.

Samples available?

Big Soda Lake samples were provided by R. Oremland (USGS).
Samples available were! a Winogradsky column enrichment culture
with lake water and mud, and pure lake water collected in
February 1982 (coded OR). The Mono Lake water was collected in
July 1982 by H. 6. Trueper.

The Great Salt Lake sample contained mainly mud and some
supernatant with pink microorganisms. The Shark Bay sample was a
carbonate sand containing green coccoid cyanobacteria and purple
bacteria. The sample was dry and had been exposed to the
atmosphere.

The Laguna Figueroa sample was an enrichment kept in the
light for two vears in the Biology Department of Santa Clara
University by G. Tomlinson. The sample contained reddish purple
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hacteria which were thouwght to be living £ctothiorhodospira

spp. Water near the NaCl saturation point was collected in an
orange colored pond at West Dunbarton Bridge, San Francisco Bay.
Other samples from this location were taken from old salt ponds

puepl e Layer, and muac.
Results from enrichments for Ecéothiorbodospira

No growth was obtained in samples from Great Salt Lake,
Bhark Bay, Australia, Laguna Figueroa and the West Dunbarton
Bridge. Ectothiorbodospira gpp. were enriched in samples from
Big Soda lLake and from Mono Lake. The Big Soda Lake samples grew
to high density in a few days on the &.6 percent Nall medium
supplied with the organic compounds at a pH of 8.7. Some growth
was abtained in the inorganic medium. Microscopy of cultures
tfrom these samples showed rod-shaped, very motile cells (0,9
s owide), immotile ellipsoidal cells with gas vacuoles (long
aris 2 _um) and spirochetes (18 um long). After 4 weeks
of incubation, some growth was obtained in 20 percent salt
supplied with organic components. Ectethiorbodospira spp.
were cultuwred throwgh agar shake dilutions on organic—free and
prganic-containing media in 6.6 percent NaCl enrichments.
Bimilarly, the Rig Soda Lake water sample containing visible
amounts of Efctothiorhodospira vecuolata (ovoid cells with
vacuoles) was cultured through agar shake dilution on mineral
maedium at 6.6 percent NaCl.

Ectothiorhodoxpira halophila, a pure halophilic strain,
was successfully maintained on the medium of Imhoff and Trueper
(1977, This medium contains 20 percent Nall, yeast extract,
sodium succinate and vitamins. Very poor growth was obtained on
inorganic media. After several transfers omn this medium,
howaever, pinkish suspensions were visible in the culture flask
which indicated that some growth was possible under these
conditions. No attempts were undertaken to grow sufficient cells
for dJdelta *0 analysis on this high salt medium.

Two single colonies, growing in the first dilution of the
Big Soda Lake water sample, were selected and used for isolation.
They were grown in &.6 percent NaCl supplied with organics. One
of these colonies (Coded O0R-A) consisted of nonmotile gas
vacuolated ellipsoidal cells which formed a fine pink suspension.
These organisms were tentatively identified as
Ectothiorbodospira vacuolata. The others (Coded OR-E) were
motile rods, which formed red clots of celles. These organisms
were tentatively identified as Ectothiorhodospira mobilixz.
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Two colonies were isolated from the 7th dilution of the
enrichment on &.6 percent NaCl without organics. They were
trangferred to &.6 percent NaCl medium with organics. The one
coded 86~ was a pink suspension in which many £. vacuolata
and some £. wpobilirx were seen. The one coded S6~B showed red
clots, which prefer the glass swwface for growth. The isolate
was a pure culture of motile rods.

The colony isolated from Big Soda Lake in the 7th dilution
growing on é.é6 percent Nall plus organics, was transferred to the
same medium. This isolate contained both motile rods and gas
vacuolated cells.

lake water from Mono Lake that contained no visgible
microorganisms visible) was incubated in the 6.6 percent NalCl
medium plus organics, and in 3 percent MaCl medium plus organics.
Both media were adjusted to pH 10 with 24 Na.CO.,
because the pH of the lake water was 10.5.

The enrichment on 3 percent Malll was very successful.
Within two days, a massive development of red colored cells was
observaed which formed clots sinking to the bottom of the flashk.
A similar, but slower growth pattern was observed in the &.6
percent NaCl medium plus organics. No growth was obtained on 20
parcent NaCl media. The only microorganisms in both enrichments
were motile rods.

The results of these enrichments and isolations support the
hypothesis of Trueper and Imhoff (1981) that in
alkaline, strongly saline environmente Lctothiorhodospira
species are the prevailing purple sulfur bacteria.
Ectothiorhodospira species so far have only been isolated
from rather shallow soda lakes and salt flats. They were also
enriched over a six month period in a light-incubated sample
bottle collected by E.8. Barghoorn and C.C. Lenk at Carbla Foint,
Shark Bay, W. Australia. They were identified during the summer
course by H., Trueper.

Chromatiaceae and Chlorobiaceae: Chromatium, Thiocystis,
Thiocapsa, Prosthecochloris, €hlorobium
(Deborah B, Craven)
Samples from Alum Rock Park and the salt marsh were
inepected by light microscopy. They all contained several

morphologically distinguishable species of Chromatiaceae and
GChlorobiaceae (Ffenniq and Trueper, 1981). The pink to brownish

40



material from the freshwater sites at Alum Rock Park was
dominated by Chromatium vinosun and Chlorobium species.

The purplish-pink samples from the salt marsh contained large and
amall cell Chrometium species, Thiospirillum,

Thiocapsa and Thiocystis, as well as unidentified

Chlorobiaceas.

L

Liguid enrichment cultures with FPfennig's medium + 3 percent
Nalll (see Appendix 11) were obtained from all samples. The
relatively low light intensity favored Chlorobilacese over
Chromatiaceae. Therefore, direct inoculations of fresh sample
materials into agar shake dilution series (Pfennig’s medium + 3
percent NaCl) were done in addition, as these preserve the
ariginal ratio of purple to green sulfur bacteria in the field
mample.

From these direct inoculations and the liquid enrichments we
obtained, by repeated agar shake dilution series, pure cultures
of the following species!

From Alum Rock Farks

Chlorobium limicola
Chrometium vinosum

From the salt marshs

Chromatium buderi

Chromatium vinosun

Thiocystiy violacea

Thiocapsa roseopericing
Rhodopseudomonas sulfidophila
Rhodospirillum sp.
Prosthecochloris aestuarii

The identification of these species was carried out
according to Trueper and Pfennig (1981). The species isolated
from the salt marsh generally agreed with those found by Trueper
(1970) in different marine environments. Typical for these
environments are Chromatium buderi, Prosthecochloris
aestuarii and Rhodopseudomonas sulfidophila as NMaCl (3
percent) reqgquiring bacteria. Chromatium vinosum, Thiocystix
violacea, and Thiocapra roxeopericing are also very common
in marine environments.
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Chromatiaceae and Chlorobiaceae

(Alejandro Lépez Cortés)

Samples were taken from the field site and observations of
pink to purple red masses with different concentrations of sulfur
compounds were made. Cultures were prepared in Ffennig’s medium
(Truweper, 1970). The water and mud samples were inoculated into
serew capped bottles containing Pfernnig’s medium, and incubated
in light (40850 foot candles) at room temperature. The cultures
ware then prepared by agar shake dilution (Trueper, 1970§ see
Appendix I1)Y and single colonies were removed. The colony was
suspended in 1 ml of sterile medium, and the whole agar dilution
series was repeated (see Appendix I11).

The isolated colonies were identified by morphological
characteristics and physiological properties including their in
wivo absorption spectra.

At the Alum Rock Fark sites the temperature was 28< and
the pH was 6.8. Thiothrix filaments associated with
cyanobacterial black nodules were observed. The partial
isolation of anoxygenic photosynthetic bacteria was observed to
include Chromatium, Thiocystisx, and Chlorobium. The
motile Chromatium was puwrple-red, rod shaped and 2.0-2.7
pmowide by E.0-4.8 um long. The motile Thiocystis

D.0=-5,1 um) was pink-red and apherdical.  The
Chlorokiunm was yellow-brown, rod shaped and 1.0 ¢m wide
by 1.5 um long.

The temperatuwre of the salt marsh was found to be
SdewX4o ¢, Partial isolation of the samples from this
site consisted of Chropatiuw buderi and Chlorobium sp.
The Chloreobium cells, 0.8 um by 1.5 um, are green in
suspension. The Chromatium buderi were motile rods 4.4-4.8
Am wide by 6.7-9.6 am long (Fig. II-1b). They were the
colaor of the suspension (purple-violet) and behl & was
present (Table II-IV and Fig. 1I-2). A Carey 14 spectrophotomer
was used to obtain the absorption spectrum,
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Fig. i1 Mixed Culture with Chlorobium sp. (AYy Chromatium buderi (B}

Table -1V Mixed Culture of a Cell Suspension
Figure li-2 of a Chromatium buderl and a Chiorobium sp.
Absorption Spectrum of a Mixed Culture Vavelength (nm) Absorbance %

of Chromatium buderl and a Chromatium sp. . o

1 370 270 0,93 behl a
08 beht » 400 0.76
450 0.58

08 790 500 0.63 carotenoids

et o 530 0.57
6.7 550 0.48
g moavotenokﬂ 510 0.46
g oeq 610 0.33
g 650 0.22
1 730 0.59
0ad 750 0.73

790 0.78 behl a
0,34 800 0.76
850 0.59
e o 0 w50 7% a0 w5 000 900 0.58
WAVELENGTH (nanometers) 925 0.60
950 0.61
975 0.63
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CARBON FRACTIONATION DURING CARBON DIOXIDE FIXATION

(Jeffrey P. Chanton, Jaap BRoon, Farinlee kFKneller)

Introduction

Recent investigations on the biochemical mechanisms for
carbon diodide fixation in the Chlorobiaceas have shown that in
these arganisms the fixation of Cl: does mnot ocour by
ribulose bisphosphate carboxviase (RubBP) and the Calvin ocvole.
Moreoaver, Fuchs, ¢ al. (1980 a,b) and Ivanovski, et &7.

(1980) demonstrated that the principal mechanism of GO,
fivation in this group is via the reverse tricarboxylic acid
cycle as orginally proposed by Evans e¢ al., (19&46). This
pathway contains fouwr distinct Ol fixation steps, mediated
hy the following enzymes! pyruvate synthase, alpha hetoglutarate
asynthase, and isocitrate dehydrogenase, as well as Cx and

Cr carboxylation. These fincdings are remarkable, because

the purple phototrophic sulfuwr bacteria Rhodospirillaceae and
Chromatiaceae (including Ecéothiorhbodospira) principally fix
Clr via ribulose bisphosphate carboxylase, i.e. the

Calvin cycle.

There are few studies investigating the natuwre of the
isotopic fractionation of carbon by the purple and green sulfur
bacteria (GQuandt, ¢ al., 1977, Sirevaqg, ¢t al., 1977,

Wong, &t al., 1975, and Abelson ¢t al., 1961). In

addition, these studies predated the recent evidence for the
presence of an alternative Cl; fixation pathway, 7.¢.

the reverse TCA cycle, in the Chlorobiaceae. Consegquently, a
detailed study of the carbon iscotope fractiomation in this group
of phototrophic bacteria, paying careful attention to their phase
aof growth in batech culture, to closed system isotope effects, and
to the fractionation between the blicarbonate and dissolved

CO=, seemed necessary. We also measured the carbon

fractionation of several purple sulfuw bacteria for comparison,
anc of an enrichment culture of the green sulfur bacterium
Prosthecochloris aextuarii which was isolated from the salt

mear sh .

Methods

Four pure cultures of phototrophic sulfur bacteria,
Chromatiuam warmingii, Chromatium vinosum, Ectothiorhodospira
shaposhpikovii and Chlorobiumw vibrioforme were grown in 125
ml batch cultures according to the methods of Trueper (1970).
To reduce any potential interfering isotopic fractionation of
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carbon, it was necessary to exclude all extraneous souwrces of
arganic carbon from the growth media. Consequently, the
following precautions were talkend

Mydrochloric acid was substituted for EDTA to maintain the
solubility of the trace matals (Pfennig and Trueper, 1981),
Teflon spacers were used to line the culture bottle caps,
ard Teflon tubing was used in place of rubber tubing on the
mecli a dispensing apparatus.

Gince vitamin B,x is a necessary growth reguirement for
these bacteria, it was not possible to omit it from the medium.
However, it is believed that vitamin B.on at 0.08 mg per
Liter concentration would not substantially interfere with the
isotopic signature of the medium nor the cells during growth.
Each culture of Chlorokium vibrioforme was supplemented with
I ml of 10 percent thiosulfate solution (NazS.0.,5H.0) to provide
an additional electron sowce. In addition to the four pure
cultures above, an enrichment culture of Prosthecochloris
aestuarii (isolated from the salt marsh) was grown in the
described medium without the thiosulfate supplement. All
cul tures were incubated at ambient room temperature and under an
incandescent light source. The green sulfur bacteria were grown
at about 20 lux and the purple sulfur bacteria were grown at 60
Lo,

Chloreobium vibrioforpe cultures for the short term
growth study were harvested after 3, 13, 24, and 48 houwrs of
incubation., PFarallel €. vibrioforme cultures for the long
term growth studies were harvested after 1, 3, &, 8, and 10 davys
of incubation., At the time of harvesting, a & ml aliguot was
remaoved with a syringe for the medium CO, analysie (see
below), and another 10 ml aliquot was removed for pH and for
optical density determinations (at 420 nm) The remainder of the
128 ml culture was reserved for the cell CO. analvysis.

Imitially, the U ml medium samples were filter sterilized
through a 0,22 um cellulose acetate filter (Millipore G8)
that was pre-washed with 0.1 N HCL (2 ml) and filter rinsed with
distilled water (10 ml). The ftilter sterilized medium was then
injected through & butyl rubber septum into & Ne flushed
sarum vial and stored frozen until the total CO: analvsis
could be performed. For the total Gz analysis, 0.5 ml
aliguots of the filtered medium were injected into an evacuated
round bottom reaction flask containing 2 ml of 28 Cusla
and 2 ml of 2M Ha80.., The Cubls. was added to precipitate
the sulfide ion, as Hx8 gas may interfere with mass
spectrophotomnetric determinations., Because it was believed that
some of the medium CO. was being laost to the gas phase in
the serum vial, subseqguent samples were made alkaline with IN
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NallM (1 ml) just prior to the transfer to the round bottom flask.
Because of the relatively large surface area to volume ratio of
the reaction flask, some of this medium was retained by the inner
and upper walls of the reaction vessel. Duwing the evacuation
procedures for the total Clz. gas analysis, this residual

medium released Clx in a non-gquantitive manner, reducing the
reproducibility of the total CO: determinations.

Further modifications of the medium sampling procedure and
total COn analysis were then employed. UOne ml aliguots
of medium were transferred directly to the sample serum vial
described above. Furthermore, the gas analysis line was moditied
by removing the reaction flask and replacing it with a hypodermic
syrringe needle. This hypodermic needle was pushed through the
septum of the vial containing the medium just prior to the gas
analysis. These modifications reduced the number of transfers to
one, and reduced the probability of inadvertent degassing and
increased the reproducibility of the total 0. determinations.

The cultures of the phototrophic bacteria were collected by
centrifugation (Sorvall RO~-ITI) at 11,000 rpm for 10 minutes.
They were resuspended in an iscotonic washing solution, and then
recentrifuged. The pellets were stored froszen, then
fresre-dried and weighed for dry weight determinations. The
medium and cell samples for the isotopic analysis were processed
according to the methods of DesMarais (see Appendix IV,

Results and Discussion

Figuwre [I-3% shows the growth curves for the two
Chlorotiuam vibrioforme growth experiments. wperiment 1 was
run over a period of 14 days while the ambient temperature was
about 28« 0, whereas Experiment 2 was shorter (48 hours) and
the ambient temperature was 28 . BRoth optical density and
the concentration of organic carbon in md per liter are shown
on the graph. The concentration of organic carbonh was calculated
from the culture dry weight and its percentage carbon. The
culture marked "fed" on the graph received an additional ml of
asodium thiosulfate seolution two davs before it was harvested.
The growth curve of unfed cultures in Experiment 1 shows a
mawimum on day %, then a decline, and a second maximum on day 14.
Frior to day 14, elemental swulfur was observed in all cultures
whern the cells were collected: however, on day 14, it was noticed
that no elemental sulfwr was present. It would appear from these
observations that the bacteria had a lag period while switching
frrom sulfide and thiosulfate as electron donors to elemental
sul fur. It is also apparent from Figure II-% that the growth
rate in the second experiment was higher than the growth rate in
the first experiment.
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Figure 1i-3 Growth of Chlorobium vibrioforme and
Decreases in Media Inorganic Carbon in Growth Experiments One and Two
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Total dissolved inorganic carbon measuwrements and isotopic
measurements of the dissolved inorganic carbon and cell carbon
are shown in Tables 1I-V and 11I-VI. The delta **C of

Table 1i-V Carbon fisotope Fractionation
by Chlorobium vibrioforme (2 days)
. 13 13 13
o T mM Cells mM £CO, delta “£CO, delta COy delta "°C cells
SAMPLE (°/o0) * (®/00) ®/00)
time,
hours
initial
; 6.5 -- —— 15.9 -34.6 -38.8
medium 13.8 -32.2 -36.4
12.9 -32.6 -36.8
17.9 -31.7 -35.9
B 16.0 -31.6 ~35.9
X * 0 14.9 -36.8
1.9 1.1
3 hours - 6.7 0.1 -41.6
6.7 59% 0.3 ~41.4
Xto 0.730.1 515
£0.1
13 hours 6.8  35% 0.98 12.71 -30.3 -35.72 ~43.5
7.0 362 1,06 -45.4
Xto 1,02 Tk
+0.1 +1.3
24_hours 6.8 - - 14,7 ~24.9 ~29.0 ~46.0
6.9 .—— 1.61 13.1 -28.1 -33.9 -46.,1
Xto 13.9 =314 T46.0
+1.1 3.5 0.
48 hours 6.3  23% 44 9.9 ~26.9 -30.2 ~44.5
6.4 23% 3.0 10.3 -18.3 -22.1 -45.6
Xto 3.7 10.2 -26.2 ~45.1
£1.0 £0.3 5.7 0.1
* ®/oo = parts per thousand, temperature = 28°C, Experiment 2
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Table NI-VI Carbon Isotope Fractionation
by Chlorobium vibrioforme (14 days)
SAMPLE pH %I  mM Cells  mM $C0, delta '35C0, delta "3co, deita 3¢ celis
(©foo) * (°/00) (°/o0)
inftiala 6.9 - 0.106 22.5 ~31.2 ~39.2 ~ 6.5
B b 6.9 - 0.301 22.4 -31.3 -39.2 - 6.8
Xto 0.703 22.4 -39.2 - 6.6
+0.14 +0,04 £0.0 0.2
day 1 7.2 37% 1.27 7.8 ~27.4 ~35.3 ~35.1
_ 7.2 36% 1.01 8.8 -27.2 ~35.2 -32.2
Xto 1.14 8.3 -35.2 -33.6
+0.18 £0.7 +0.1 +2.0
day 3 7.1 22% 1.43 7.4 ~26.4 -33.0 ~39.9
_ 7.1 18% 2.00 6.4 ~25.6 -32.2 -39.8
Xta 1.72 6.9 2326 ~39.8
+0.40 +0.7 £0.6 0.1
day 5 6.8 18% 3.13 4.7 -22.4 ~28.1 ~39.9
B 6.8 187 1.95 12.4 -39.8
Xta 2.54 85 398
+0.83 £5.4 +0.1
day 8 6.7 20% 1.88 1.66 -20.9 -26.2 -39.8
_ 6.7 17.5% 4.38 -20.3 ~25.6 -39.0
x t g 3.02 -25.9 ~39.4
+1.,92 +0.4 £0.2
day 10 6.1 21% — 0.157 —— — -38.8
0.2
fed 4.5 172 9.91 2.27 - 7.5 ~ 8.39 -37.0
0.2
day 14 6.5 17% 7.15 —— —— — -37.8
+0.2
* o/oo = parts per thousand, temperature = 2500. Experiment 1

the dissolved GOz was calcuwlated from the pH and the

delta **C of the bulk media, which was comprised of

dissolved C0. and bicarbonate ions. There was an

egquilibrium isotope effect and the CO., which the bacteria
assimilated, is about 8 </, heavier than the

bicarbonate. The tables of Friedman (1977) were used to
determine the precise distribution of isotopes in the inorganic
carbon phase. The resultant deléta **0 of L0. ig

plotted in Figures 1I-4 and I1I-8, and the concentration of total
digsolved inorganic carbon is plotted in Figure I1I-3., Standard
deviations were calculated from replicate cultures. In
speariment 1, there was a large change in the total concentration
of dissolved inorganic carbon between the initial time of
preparation of the medium and day 1 (Fig. 1I-3), possibly as a
result of outgassing of the medium during inoculation. Through
time, the concentration of organic matter in the cells never got
higher than one half of the total dissolved carbon concentration
in the inital uninoculated medium. It is also likely that some
of the dissolved COx was fixed and then excreted by the

cells into the medium (Lippert, 1968). However, we made no
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attaempt to measwre dissolved organic carbon.

Fig 11-4 Fig i-5
Changes in the isotopic Signature of C02 and Changes in the Isotopic Signature of CO2
Cells During Growth of Chlorobium vibrioforme. and Cells During Growth of Chlorobium vibrioforme.
Experiment One, July 2—16,1982 Experiment Two, July 19-21, 1982
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In Experiment 2 the rapid decrease in total inorganic carbon
was not observed. At the end of 48 houwrs, 9% percent of the
initial medium—-dissolved inorganic carbon could be accounted for
aw oa componaent of total CO. and of cells.

The trend of the delta **C was similar in both
experiments: the delta **C of the dissolved inorganic
carbon increased while the **C carbon content of the cells
decreased, stabilized, and then increased slightly.
Fractionation factors were calculated from equations developed
for single step reactions in closed systems (Melanders and
Banders, 1980), There are two ways to arrive at the
fractionation factort from the changes in concentration and
isotopic composition of the medium in a given time interval, or
from the concentration and isotopic signature of the initial
mechium and of the cells which grew in it. Table II-VII contrasts
these ffactionation factors calculated by simply looking at the
difference of signatures between the Clx and the cells. Day
1 was used as the initial sample for long term calculations
hecause of wuncertainty about the total CO. concentration
between day O and day 1. The mass and isotopic composition of
the cultures at day 1 were removed and fractionation factors were
calcwlated relative to the growing cells.

In Experiment 1, the fractionation factor was very small
from day O to day 1, but later increased to values of around

=10 9 hwe and finally reached ~2% ©/_ when the experiment
was carried out to day 14. Rasically, Experiment 2 followed the
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mame trends the carbon
age of the culture.
phanomanon  area

isotope fractionation increased with the
Two possible exuplanations for this

That the cells released increasing amounts of >0
enriched extracellular products with age and increasing
density of the culture, or

That as the growbh rate slowed, the CO- uptake rate
slowed and the cells discriminated more against *™(C,

I the first explanation is correct, and the heavy
atracel lular products were converted to C0. and removed
from the system, then this mechanism may partially explain why
the deléa **C content of sediments often decreased with
depth, as discussed by Haves (19835 . If the second explanation
i correct, perhaps it can be attributed to the variety of
ernzymes that were available to the bacteria for COs
assimilation. The enzymes couwld fractionate differently, and
their relative importance shift duaring growth of the culture,
gepecially in batch culture.

Tabte 11-Vii

Calculated Fractionation Factors
for Phototrophic Bacteria
Closed System Closed System By Difference
Media to Cells Media to Medla From Graph
Joo* %o %o
Chlorobium
1 TR T = 25°
bay (Eb(periment ) vibrioforme
0-1 + 1.3 - 4.2 + 2.5
1- 3 -10.6 ~14.5 ~ 5.0
3-5 ~13.5 ~-12.3 ~-12.0
5- 8 - 4.9 -12.75
8-10 +19.2
5-14 -25.3
1- 5 -11.1
1- 8 ~14.3
1-14 ~16.5
Chlorobium °
i = 28
Bour (Experiment 2) vibrioforme T
3-13 - 9.3 ~12.4 - 9.0
12-24 ~14.2 ~70.0 ~15.0
24-48 -20.8 ~29.5 ~-19.0
Chromatium -20.7 =~10.7
warmingii
Chromatium ~16.4 -36.1
vinosum -
Ectothiorhodospira - 6.9 ~16.3
shaposhnikovii
Prosthecochloris -11.5
aestuarii
%°/00 = parts per thousand




Fractionation factors for four other species are shown in

Table I1I-VII

and 1I-VIiL.
Gz in the media was used up in each case,

Approximately one half of the total
except for

Prosthecochloris aestuarii which used up one guarter of the

avallable 0.,

Table §1-VHIT

Species Comparison Data

P 4T mf ECO, delta 33¢0, deita ‘3c02 delta 3¢ cells
o (%/00) * [) (®/00)
C. warmingii 6.7 697 12.66 ~26.9 -32.0 -52.94
pute (27°) 6.6  69% 10.10 ~27.4 -32.5 £0.3
11.38 -32.2
+1.8 0.4
€. vinosum 7.0 59%  cemem e e ——
pure (270) 7.2 54y 10.3 -25.7 -32.3 -52.87
0.3 +0.2
E. shaposhnikovii 7.2 10.1 -25.1 31.7 -43.5
pure (279) +0.6 £1.3 +1.3 +0.4
P. aestuarii 6.8  —en 15.9 -29.6 -35.1 ~48.4
enriched (28°) 0.3 0.3 £0.3 0.1

o
* “Joo = parts per thousand.

IT-VIT and

The range of results preserted in Table 1I1-VI,
is within the range of results cited

I1-VITI

in the li

terature,

though the results based upon media changes alone showed the

strongest amnomalies.
tactors of ~12.2
Vinosuam Qrown

fractionations ranging from
species of Chlorokium including €.

fractionation of
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The results for the Ectothiorhodospire cell-media
caloculations were somewhat anomalous, as this bacterium is krown

to use the Calvin cycle,

the Chrowatiurn species.

Fractionation
when

Conclusions

calculations were used.

media to cell calcoculations rather than media to

reported fractionation
S 9 e For Chromatiun

reported
saveral

Wong e¢ &l.

and thus should fractionate similarly to

factor calculations showed fewer anomalies

media

They also reported a
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The isotopic fractionation between media and cells
(1.3 to ~20.8 @/00) of Chlorokium vibrioforme

grown in batch culture increased with the age of the
culbure.

. witrioforwne cells which possessed the reverse TCA

cyele fractionated carbon less than did bacteria having the
Calvin cycle. The results from Prostbhecochloris

acxtuarisy supported this conclusion, and suggested that
this may be a generalization for the Chloroblaceae.

FAST ATOM BOMBARDMENT SPECTROMETRY OF ECTOTHIORHODOSPIRA

{(Jaap J. Boon)

Fast atom bombardment mass spectromebtry (FAB-MES) is a
relatively novel technigue to desorb polar organic molecules in
the ion souwce of a mass spectrometer. In the past, the
application of mass spectrometry to polar molecules was severely
limited, due to the inability to produce the corresponding ions
in the gas phase. Prior to volatilization, the molecules were
decomposed by thermolyvtic processes.

FOR-MS has been applied to the analysis of inorganic salts,
organic salts, nucleoside phosphates, underivatized peptides
gto. (Williams ¢ &1., 19681, Burlingame et al.,
1982) . No information was available concerning the analysis of
complex macromoplecular mixtures as represented by whole cells.
fnalysis of & few bacterial samples was undertaken in the hope of
finding a relatively simple way to characterize intracellular
solutes. During this summer program a few hours of instrument
time were available on a Kratos mass spectroscope 50 equipped
with a Xenon~FAR source at the Mational Institute of Health Mass
Bpectromatry resource in San Francisco. BSamples from
Ectothiorhodospira halophilas (whole cells, water wash and
residue), Chlorobium (freeze dried) and Solar Lake
cyanobacterial mat water (Simnal Desert) were analysed. Because
betaine (CwH,,:0:N) has been recently found as a
major compatible solute against high salinities in the
anvironment, the samples of £. halophilae were especially
interesting (Balinski and Trueper, 19823).

Principles of the Volatilization Method

Accelaerated xenon ions were first produced from xenon
atoms (kinetic energy of 8 Fev.) of high translational energy
(ion beam current 40 usamps). They were converted to xenon
atoms by charge exchange in the ion source of the mass
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spectrometer. The 8 Fev beam was then impacted on the sample,
mived with glycerol, and applied to a copper probe tip. The
operating pressure in the source was 107 tLorr. (The
machanisms of generation and desorption of ions is not yetb
completely understood.)

Molecular weight information is wsually obtained as (MH) ™ ions
in positive spectra. Dwring bombardment with the atoms, charge
transfer took place in the glycerol matrix, leading to protonated
molecular ions. The desorbed positive ionsg were subsequently
aceelarated, focused and separated in the double focusing
magretic sector and then detected by an electronmultiplier. lon
intensities were plotted in the mass range from 600-35 at I00
sec/decade using WUV sensitive chart paper.

Sample Analysis

Ectothiorhodospira hbalophila was grown on the medium
(20 percent NaCl) of Imhoff et al. (1981). Whole cells were
spun down at 10,000 xg in a Borvall RCZ refrigerated
centrifuge. About half of the harvested amount of these cells
was washed with distilled water in an attempt to preferentially
extract the bhetaine by partial lysis (Trueper, personal
communication). After centrifugation, & clear, viscous,
yellowish supernatant was obtained., Fartial decolorization of
the pellet suggested lysis of cells (this sample was labelled
"residue" after a water wash).

The Chlorobkiam vibrioforme material was an aliguot of
fresze dried cells set aside from the delta *=C
gxperiments. The cvanobacterial mat sample which had been stored
for 13 months at -8 <0 was taken from the 0,52 mm
Microcoleus mat in shallow water from Seolar Lake (8inail
Desert) .

Analytical Results of the Samples

Figuwes IlI-6 to II-10 are the FAR mass spectra from £.
halophilsg cells, water wash and residual material after water
washing, Chlorobium cells (freere dried) and cyanobacterial
mat water. In general, most of the mass peaks seem to be
generated from the glycerol matrix, except for a few major peaks
im £. halophile sanples. Table II-IX liste a number of
assignments for mass peaks derived from the matrix material found
in these spectra. The spectrum of the freeze dried
Chlorobium was fully dominated by (glycerol) H* moromers, dimers
and trimers i.e. peaks with masses at: 93, 185 and 277.
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Sevaeral peaks in this spectrum point to ions of water

(HaO=18 a.m.v.) from glycerol

2AL, 22%, 167, 149, L3EL, 74,

.

ﬁ"‘af:?u .’-3.5‘?.

Fig. II-6 Fast Atom Bombardment Mass Spectrum Fig. I-7  FAB—MS of E. halophila
of Ectothiorhodospira halophila (whole cells) (partial lysis of celis)
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Fig. 11-10 FAB-MS of Soda Lake top mat
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Table II-IX Proposed assignmetit-of ions
due to matrix effects in FAB-MS spectra

w/2

g;v {glycerol)® - 2 x HZO

61 low eV fragmentation product of glycerol
75 (glycerol)B - 1 x HZO

81 mactyne*  (FPeny

83 acnat (e

93 (glycerol)H+

115 (glycerol)Na+

131 (glycerol)2H+ - 3H20

137 (glycerol)NaNa®

149 (glycerol)2H+ - 2H20

167 (glycerol)z}{+ ~ 11,0

173 (glycerol)(NaCL)Na+ (SSCL)
175 (glycerol)(NaCl)Na+ (37C1)
185 (glycer01)2H+

195 (glycerol) (Nacl)NaNa®  (*ocL)
197 (glycerol) (acl)Navat  (¥cr)
207 (glycerol)zNa+
223 (glycerol)3n+ - 3H20
229 (glycerol) Nana®
261 (glycerol) ju* ~ 210
259 (glycerol)3H+ ~ 1Hy)
265 (glycerol), (nacyma®  (3c1)
267 (glycero), rachyra®  (McD)
277 (glycerol)3H+
287 (glycerol)z(Nacl)NaNa+

55



These latter ions were not observed in the wet cells from
saline media. Instead, sodium was seen as a major cation in
glycerol complexes. The mass charge 115, interpreted as sodium
cationized glycerol (glycerol.Na*), was the base peak in
these spectra. Several other cationized species were assigned
.00 (glycerol).NaNa*v (137, 220), (glycerol) Na™ (11%,207)%
(glycerol) (NaCL)Na* (81, &%, 1735, 179, 2685, 267k

The possibility of (glycerol). (NaCl)Na* complexes
is proposed because of the presence of mass peaks with ratios
pointing to chlorine (natuwral abundance of 7% percent =)
and 2% percent *7C1). The relative abundances of the various
cationized glvcerol species appeared to be dependent on the
concentration of the NMaCl in the glycerol matrix. This is a
phenomenon to be investigated further.

Several mass peaks in the £. hbalophila spectra could mot
be explained as matrix effects. Cells, water wash and residue
showed a major mass peak at mass 2, 118 and 140, These peaks
wera interpreted as (betaine)H* and (betaine)Na*., Confirmation
of these identifications awaits the analysis of the standard. Iin
the whole cells, the peaks at mass 140 and 115 were of equal
abundance, while most glycerol matrix peaks are greatly
suppressed. Such a result is typical when an organic compound is
desorbed efficiently.

Other mass peaks in the spectra of £, halophila, not due
to the glycerol matrix, were the mass 2, 63, 74, 8&, 97, 100,
105, 141 (doublet) 143, 148, 157, 159, 1465, (doublet), 187, 189,
198, 221, 231, 232, 281, 254, and 257. At higher masses (up to
mass 21000), small signals were observed in the whole cell
spectrum of £. halophila. Interpretation of most of these
mass peaks is difficult at this stage and would reqguire an
asbensive swwvey with standards.

The cyanobacterial mat sample (Fig. 1I-10) showed mostly
cationized glycerol species. It is likely that the sample to
glycerol ratio was not correct in this analysis. No betaine mass
peaks were detected, although the presence of betaine was
inferred from the intensity of trimethylamine in pyrodysin mass
spectira of these mats (Boon et al., 1981).

Conclusions

Bacterial cells can be introduced into a FAE mass
spectrometer by dissolution in glycerol matrix. Wet cells
seem to produce better signals than freeze dried cells.
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Major ionic organic molecules can be desorbed from wet
bacterial cells in FAB-MS mode.

Surface chemical phenomena lead to cationized species which
may be used to determine alkalli metal composition.

FAR-ME is a relatively simple way to demonstrate the
presence of betaine in bacterial cells. The method shows
promise for rapid swveying of a number of halotolerant and
halophilic bacteria.

THE ABSORBANCE SPECTRA OF SEVEN DIFFERENMT PHOTOTROPHIC BACTERIA

{(Farinlee Fneller)

Introduction

Several methods were widely employed to determine the
absorption spectra of eukaryotic and prokaryotic chlorophylle,
carotenoids and auxiliary pigments. This involved use of whole
cella, placement of whole cells in S0 percent sUuCrose,

100 percent methanol extraction, and 90 percent agueous acetone
extraction. The characters of the absorbance spectra obtained
from these methods differed. Whole cells, with or without 50
percent sucrose, contained cell material which tended to scatter
light, thereby reducing or masking the maximal absorbance of the
pigments. When organically extiracted pigments were separatecd
from the cells less light was scattered, and the positions of the
maximal absorbances were shifted.

This study attempted to compare the relative efficencies of
three of the different methods above to determine which was best
suited to obtaining spectra from phototrophic bacteria.

Methods and Materials

Fure cultures of Chlorobium vibrioforme, Chromatiun
vinosum, Chromatium warmingii and Ectothiorhodospira
shaposhnikovii were grown according to the methods described in
Appendix IT. In addition, & pure culture of Chloroflexus
auranticus obtained from Dr. Beverly Pierson was maintained
according to the methods described by Castenholz and FPierson
(1981).  Two enrichment cultures of marine organisms,
Prosthecochloris aestuarii and Rhodopseudomonas, were also grown.
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Fig.ll-11 Absorbance Spectira of Chlorobium vibrioforme
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Fig. 11-12 Absorbance Specira of Chromatium vinosum
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Fig, 11-13 Absorbance Specira of Chromatium warmingii
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Fig. Ii-14 Absorbance Specira of Ectothiorhodospira shaposhnikovii
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Fig. 11-15

Absorbance Specira

of Chlorofiexus sp.
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Fig. 11-16 Absorbance Specira of Prosihecochloris aestuarii
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Fig. i~

47 Absorbance Specira of Rhodopseudomonas sp.
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The volume of culture used for the absorption spectra was
determined by the cell density of the cultures at the time of
mampling. L ml aliguots were taken from the €. aurentius
cultured 2 ml aliguots were taken from each of the .
vibrioforme, Rhodopseudomonasx, E£. shaposhnikovii and
G, vinoruw culturesi and 3 ml aliguots were taken from the
Po. aqestuarii and . warmingii cultuwres. For the spectra
taken in sucrose, each aliguot of cell culture was transferred to
a 1% ml Corex centrifuge tube containing % g of sucrose.
Diwtilled water was added to bring the total volume of fluid to O
ml. After dissolution in the sucrose, the samples were
centrifuged (Sorvall RC-2) at 10,000 xg for 10 min. The
supernatant was then decanted into test tubes, from which 2 ml
aliguots were removed and transferred to 3 ml guartz
spectrophotometric cuvettes. The same aliguots of culture were
centrifuged as above for the analysis in methanol. To the
peliet, 5 ml of anhydrous methanol were added and allowed to
stand for 95 minutes in the dark at 40 and then
recentrifuged.  The supernatant was decanted and reserved for
spectrophotometric analysis, Sample preparation for the spectral
analysis in acetone was the samg as for methanol, however, 3 ml
of 90 percent agueous acetone buffered with ammonium hydroxide
{to pH 10) was added to the pellet.

All spectra were determined with a Carey-14
spectrophotometer. FEach absorbance spectrum was determined from
1000 nm to B00 nm (at S0 angstroms/sec) on a O-1 absorbance
scale. The shift from the IR wavelength ramge to the visible
wavelength range was at approximately 800 nm.

Results and Discussion

Figures [1-11 through II-17b are the absorbance spectra

for the seven organisms in each of the three extract solutions.
Note that in all the sucrose absorbance spectra the marimal peaks
are poorly defined, and the long wave bacteriochlorophyll peak
(740-810 nm) is missing. The sucrose absorbance spectrum for

Po. aestuarii had the best resolution. This may reflect the

fact that the P. sestuarii, as the youngest cultuwe, had the
smal lest amount of light-scattering cell debris.

Both the methanol- and the acetone-extracted samples gave
absorbance spectira with well-defined and highly resolved peaks of
maximal absorbance. In addition, both types of spectra had the
long wave hacteriochlorophyll maxima. Though the positions of
the maximal absorbance peaks are comparable, they were shifted in
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an unpredictable manner.

Consequently, in pure cultures of low cell density, the use
of sucrose analysis, recommended by Trueper and Pfennig (1981),
was sufficient to distinguish and identify species. However,
under high cell density or in field samples of high diversity
@ither the methanol- or acetone-extraction procedures are
recommnended to characterize, distinguish and identify the
bacteriochlorophylls.

BACTERIAL POPULATIONS AND ATP DETERMINATION

(Deboral B. Craven)

Big Soda Lake, Nevada, is an alkaline, moderately
hypersaline lake, that shows a seasomnal bloom of phototrophic
sulfur bacteria at the chemocline (Oremland et al. 1982,

Cloen ¢t al. 1982). The organisms causing this bloom have
been isclated and identified during this research program (see
page 6%) as Ectothiorhodospira vacuolata (Imhoff et &l.

19€61). Inm this project, the ATPF present in the microorganisms
was compared with that in living cells in the water column.

Methods

The content of 1 vial FLE-850 (Sigma) was hydrated in 9 ml
digtilled water for 10 hours. Then 20 ml of O0.1M potassium
arsenate buffer, pH 7.4, 20 ml 0.04M MgbBOs and D-luciferin
(10 ug/ml FLE-S0 diluted volume) were added. This mixture
was allowed to sit another 10 hours, and then filtered through a
0.2 um Millipore filter just before use.

ATF was extracted from the water samples by filtering the
cell material onto 0.2 am Gelman filters which were then
immediately placed in test tubes containing 5 ml &0 mM
potassium-—phosphate buffer, pH 7.4, in a boiling water bath. The
tubes were boiled, loosely capped, for about % mim, then cooled
and frozen. The ATF assays, performed at room temperature, were
calibrated against an ATF standard curve in 60 m¥ phosphate
buffer. One ml FLE-50 was used as assay misture for 0.2 ml
samples. Living cell counts were prepared in agar shake dilution
medium of Trueper and Imhofs, 1981 (see Appendix II).
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Results and Discussion

The results are shown in Table 1I-X and Figure 1I1-18. The
distinct ATP mascimum at 2229 meter depth agreed absolutely with
the bacteriochlorophyll @ and the absorbance maxima reported
for July, 1982 (Cloen ¢ &l., 1982). Unfortunately, the cell
counts could not be performed before the end of the program.

Fig. 11-18
ATP Distribution Curve in Big Soda Lake Samples from July, 1982

mw-l
2500+
2600+
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MICROMOLES ATP
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s 20 25 ) 35 w©
DEPTH (meters)
Tabte Ii-X ATP Determination
in Big Soda Lake Water Samples
ATP filtered nanograms
Depth, m nanograms per ml volume (ml) per liter_1
1 0.928 16.0 290.0
5 0.857 16.0 268.0
10 0,77t 15.0 257.0
15 0.286 15,5 92.5
20 0.714 15.2 235.0
22 8.780 17.0 2582.5
25 7.930 15.3 2591.5
30 2.860 15.8 905.0
35 2.570 16.8 765.0
40 1,360 16.5 412.0
SUMMARY

(H., G. Trueper)

The species occurring in the field samples were tentatively
identified by light microscopy. Using enrichment cultures and
direct inoculation technigues, more than seven pure cultures of

65



Rhodospirillaceas, Chromatiaceas and Chlorobiaceas were isolated.
Beveral of these, and several pure cultures that had been bhrought
to Santa Clara were analyvzed for *™0 $ractionation rates

during phototrophic Clz fixation. In the case of

Chlorobiam, these experiments were combined with growth
measurenants, Valuable data were thus obtained for Chlorobiaceae
and Chromatiaceae. The isotope fractionation between the cells
and the medium inoreased with the age of the cultwe. The amount
of 20 fractionation was measured for Chlorobium,

saveral species of Chrowatiuw, Ectothiorhodospira,

and Proséhecochloris. The green bacteria, in general, are less
erriched in **C than the purples.

Samples of £. halophile were subjected to fast atom
bombardmert mass spectrometry. The method promises to be a
uwseful tool for the detection of metabolites and cell
constituents such as betaine and perbaps even as &
"Fingerprinting” method in bacterial taxonomy.

A study of different methods to obtain absorption spectra of
"whole cells" and cellular photopigments of pure cultures of
purple and green bacteria showed that different application
ranges have to be taken into consideration when these methods are
used in field work., Sucrose is an adeguate solvent for pure
cul twres of low cell density whereas methanol or acetone
extractions are recommended for high density, mixed cultures
because they yvield well defined, highly resolved
bacteriochlorophyll peaks.

Arr ATF profile measwred in the water column of an alkaline
salt lake coincided optimally with the distribution of
bhacteriochlorophyll &. The organisms responible for the
purple layer in the lake were isolated and identitied as
Fotothiorhodospira vacuolata.
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APPENDIX IIX
PHOTOTROPHIC BACTERIA MEDIA AND TECHNIGUES

Enrichment Medium for Rhodospirillaceae

Frepare the medium solution with distilled water:

FM P 0.5 g/l
Mg80.a. 7H.0 0.2 g/l
Nall 0.4 g/l
Callm. 2H.0 0,08 g/l
Organic carbon compound 1.0 g/1
Yaeast extract Qe /1
Fe-citrate solution (0.1 /100 ml) B oml/Z]
Trace element solution 8L 7 1 mi/l
Cyvanocobalamin (vitamin B12)

solution (1.0 mg/100 ml) 1 mi/1

The composition of the trace element solution 8L 7 is as follows:

Distilled water 1 liter
HCL (25 percent) 1 ml
zncj.:,:,} 70 mey
MGl z. 4Ha0 100 mg
Hax B0 6O mg
Collz. 4H..0 200 mg
CuCl . 2H.0 20 mg
NiCla. 6H:0 20 me
NaMola . 2H..0 40 mg
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Dissolve the components of the medium in the order given.
Adjuat the pH to 6.8, when dicarboxylic acides are the substrates,
or to 7.% when fatty acides are used. For the enrichment of
Rhodopseuadomnonas acidophila and Rhodomicrobium vanniel ii,
the initial pH should be B5,2-5.8 (8,8-6.0 for agar plates
incubated under Ne/COz). Liguid medium is most
favarably sterilized in 50 ml metal screw-cap bottles with
antoclavable rubber seals, which later serve as culture vessels.
Fill and avtoclave the bottles with about 45 ml of medium for 435
minutes at 120°C with loose screw caps in a metal bucket.

Close the bucket with a felt cloth or synthetic foam. After
conling to room temperature, close the bottles tightly. They can
be stored for several months., Fill them with medium prior to
inoculation, leaving a small air bubble.

When +atty acids or alcohols are bthe substrates, bicarbonate
iw necessary for growth. It can be added to each bottle of
sterile medium from a filter-sterilized solution of 5 percent
sadium bicarbonate to give a final concentration of 0.2 percent.

Direct Isclation on Agar Plates

This method ie similar to the orne used o enumerate
heterotrophic bacteria. The medium is only moderately selective,
but the incubation conditions are highly selective.

Use the medium as described and supplement it with 1.5
percent agarl suoccinate is recommended as the carbon source.
Four about 20 ml of the sterile, liguified agar medium into each
gtandard, plastic FPetri dish.

(One of three ditferent procedures of inoculation should be
used, depending on the number of cells in a sample. When a high
number of purple phototrophic bacteria is expected (above 100
cella/ml), the streak-~plate method can be applied: drop 0.2 ml of
the sample or of one of its dilutions onto the agar and
distribute it using a Drigalaeki spatula or an inoculation loop.
Flace the plates in anaerobic GasPak jars (Becton, Dickinson and
Ceaad (The jar operates with chemicals that produce hydrogen and
carbon diotided part of the hydrogen reacts with the oxygen in
the jar in the presence of a catalyst). Incubate the jars in
incandescent white light of low intensity (200 -« 1,000 lux).

After 6~10 days, the plates are ready for examimnation., The
colonies of purple nonsulfur bacteria are alwavs clearly
recognizable by their intense coloration.
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Culture Media for Chromatiaceae and Chlorobiaceae

The composition and preparation of two different culture
media are described below for the cultivation of qreen and purple
gl fur bacteria. Medium 1 is switable for most green and purple
bacteria presently in laboratory culture, including those species
that are most difficult to grow (e@.g., Thiopedia rosea,
Thiospirillum jenense, Chrompatiom okenii, and
Thiodidctyon elegans). With minor modifications, this culture
madium was published by Pfennig (1965), Pfennig and Lippert
(19466) , Trueper (1970), and van Niel (1971). Medium 2 (Biebl and
Féfannidg, 197680 is simpler to prepare and can be successftully used
for the cultivation of the most common green and purple sul fur
bacteria.

Medium 1 for Cultivation of Green and Purple Sulfur Bacteria

(Ffanmig®s medium)

Frepare the mediuam in a S-liter bottle with fouwr openings at
the top. There are two openings for tubes in the central,
gilicon rubber stopper at the top. One is a short, gas-inlet
tube with a sterile cotton filter. The other is an oubtlet tube
for medium. The outlet tube reaches the bottom of the vessel atl
one end and has a silicon rubber tube with a pinch cock and a
bell for aseptic dispensing of the medium into bottles at the
other end. The other two openings in the bottle have gas—tight
saraw caps. One of these openings is for the addition of sterile
solutions and the other serves as a gas oubtlet.

The composition of Medium 1 is given For a total of 5 liters
of cul ture medium,

Solution 1°:

Ristilled water 4,000 ml
FMaF0L 1.7 g
NHaC1 1.7 ¢
K1 1.7 g
MgB0a. 7H.0 2.8 g
Calcl e 2""‘,;0 1.2% (%]

For enrichment cultures, or pure cultures from marine
ar estuarine habitats, add 100 g NaCl to Solution 1 and
increase the MgSla.7H20 to 15 qg.
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Autoclave Solution 1 with a Teflon-coated magnetic bar for
4% min at 121 C in the S-liter bottle., Cool it to

room temperature in an MNp atmosphere with a positive
presaure of Q.0%-0,1 atm (a manometer for low pressures is
ragquired) .  Then saturate the cold medium with COg.
Satwration is achieved by magnetically stirring for 30 min
in a CO. atmosphere of 0.05-0,2 atm. Then add the
following sterile solutions 2 through 6 through one of the
goraw-cap openings while magnetically atirring the medium
against a stream of either Nz gas or, better, a mixture

of 98 percent Na: and 9 percent CO;.

Solution 2 Distilled water 860 ml

After autoclaving in a cotton-stoppered Erlenmeysr
flashk, coonl the hot water to room temperature In an
atmosphere of Nz in an anaerobic jar.

Solution 3 8 ml Vitamin B,x solution (2 mg/100 ml)

Solution 4: Frepare the following autoclaved stock solution:

Diatilled water Q9% ml
HEL (25 percent) b ml
FeClz., 7H.0 1.5% ¢
His RO <& my
MnCla. 4H..0 100 mg
Coltl.. 6Ha0 24 my
ZnCl. 70 mej
NiCl..6M.0 24 mg
Culla, 2M,0 17 mg
Na=MoQa ., 2H.0 I mg

Solution S Sterile 7.5 percent Na HCOx solution 100 ml

Fluash the solution wuntil satwated with CO. on a
magnetic stirrer and filter-sterilize it into sterile,
gas-tight, 100 ml screw-cap bottles.

Solution &2 Sodium Sulfide Medium

Add 20 ml of a sterile, 10 percent Nax8.9Ha0
golution to the medium for purple sulfur bacteria, or 30 ml
to the medium for green sulfur bacteria. Prepare the
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gl fide solution in a screw-cap bottle., After replacing the
air with Mz, tightly close and auwtoclave the bottle.

Atter combining and mixing solutions 1 through 6, adjust the
pH of the medium with sterile HCl or NanCOx solution (2
M oeach) to pH 6.8 for green sulfur bacteria or to 7.5 for
purple sulfuwr bacteria. Then distribute the medium aseplically
through the outlet tube into sterile, 100 ml bottles with metal
caps and awtoclavable rubber seals. Use the positive gas
presewe (0.00-0.1 atm) of the No/Cl. gas mixture.
l.eave a small air bubble in each bottle to meet possible pressuwe
changes. The tightly sealed, screw-cap bottles can be stored for
several weeks or monthe in the dark. During the first 24 howrs,
the iron of the medium precipitates in the form of black flecks.
Ne other sediment should arise in the otherwise clear medium.

Supplemental Solutions

With the amount of NaB-9H,0 initially added
to Medium 1 (higher initial amounts may be inhibiting for
some species), only very limited growth can be expected.
When sulfide and sulfuwr are photooxidized, the bacteria stop
growing and are demaged by fuwrther illumination. In order
to keep the cultuwres growing and to obltain high cell vields
it is necessary to feed the cultures several times with
sterile, partially neutralized sulfide solution, which is
praepared from Solution 7.

Solution 7: Partially Neutralized Sulfide Bolution of Feeding
Cultures of Green and Purple Sulfur Bacteria

<

Distilled water 10
Na. ., PH0

£

i
© 3

Frepare the solution in a 250 ml screw-cap bottle.
After replacement of the air by Na tightly close and
autoclave the bottle.

To prepare the partially neuwtralized sterile feeding
soalution, add a measured amount of sterile Bolution 7 to a
sterile Erlenmeyer flask with a magnetic bar. Bring the
solution to about pH 8.0 by dropwise addition of sterile 2
M HeS04 on a magnetic stirrer. I too much
acid is added, the sulfide solution becomes turbid due to
precipitation of elemental sulfur. Use the partially
neutralized solution immediately for the feeding of 100 ml
bottle cultures. Depending on the population density, uwse

73



Ll oml For Chromatiaceae and 23 ml for Chlorobiaceae.
Before the addition, aseptically remove an equivalent amount
of cultuwre medium from the bottle culture.

Solution 8% Thiosulfate Solution for Cultivation of Green and
Purple Sul fur Bacteria

Cultuwres of green and purple sulfuw bacteria that can use
thiosul fate as an electron donor can be supplemented with
Q.1 percent of this compound from stock solution.

Distilled water % ml
N 820y, SH.0 10 ¢

Frepare and auwtoclave the solution in a 200 ml
serew-cap bottle. Then acdd 1 ml aseptically to 100 ml of
culture medium,

Growth vields of green and purple sul fur bacteria can
be increased by the addition of acetate as a readily
amaimilated carbon souweed 0,03 percent or 0,085 percent
acetate is regularly added to agar shake dilution cultures.
Acetate can be added to liguwid cultures only when they are
free of purple nonsul fur bacteria. The ammonium and
magnesium salte of acetate are uwsed to avoid strong pH
changes duwring growth.

Solution 9 Acetate Scolution for Cultivation of Green and
Purple Sulfur Bacteria

Distilled water 100 ml
Ammonium acetate 2.5 g
Magnesium acetalte 2.5 g

Frepare and autoclave the solution in & 200 ml screw
cap bottle. Application is 1 ml, added aseptically to 100
ml of cultwre medium.

Medium 2 for Cultivation of Green and Purple Sulfur Bacteria

(Biebl and FPfernig, 1978)

Frepare this medium in a 2~liter Erlenmeyer +lask with an
outlet near the bottom on one side. Connect a silicon rubber

tube (about 30 em long) with a pinch cock and a bell for aseptic
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distribution of the medium into bottles to the outlet. Put &
magnetic bar into the flask.

Solution 1: Phototrophic Bacterial Medium

Distilled walber QWO ml

Bolution 2 (GL &) 1.0 ml
FHaFOq 1.0 g
NH.C1 Q0.5 q
Megs0a ., 7H.0 0.4 g
Galla. 2Hx=0 0. 085 ¢

For marine strains, add 20 g Nall to Solution |
and increasse the Mg80..7H.0 to 3 g. Autoclave the
golution in the cotton-plugged, 2~liter Erlenmeyer flashk.

Solution 2 Trace element solution (8L8)

Distilled water L Q00 ml
Ethylenedi aminea-

tetraacetate-di~Na-salt Hed oo
Fealla. 4H.,0 1.9 g
inGla 70 mg
MNCla. 4H420 100 mg
M B0 2 mey
Colla. 6H0 190 mg
CuCla. 2ML0 17 my
NiGLla. 6HL0 24 mg
Naa=Mola . 2H..0 Fé g

Dissolve the salta in the order given and store the
solution in a refrigerator. Application is per liter of medium,

When the awtoclaved Solution 1 {dincluding Solution )
ig cold, add the following sterile Solutions I through 5

aseptically while magnetically stirring the medium
Solution 3: Vitamin Bl2 Solution

I ml (2 mg/7100 mli filter sterilize.

Solution 4: Sodium Bicarbonate Solution

40 ml of 5 percent NaHOOx in distilled wateri filter
wterilize,
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Solution 9 SBodium Sulfide Solution

9 percent NaS.,9H.0

Frepare a freshly autoclaved 9 percent solution of
NawaS. 9Ha0 in distilled water. Add & ml to the
medium for purple sulfur bacteria, or 12 ml to medium for
green sulfur bacteria.

After additions from Solutions 1 through 5, adjust
the pH of the medium with sterile H:80. or Na,CO.
golution (2 ¥ each) to pH 6.8 for green sulfur bacteria
or to pH 7.3 for purple sulfuwr bacteria. Then dispense the
medium aseptically into sterile, S0 or 100 ml bottles with
maetal screw caps containing autoclavable rubber seals.
L.eave a small air bubble in each bottle to meet posgsible
pressure changes.

Medium 3 for haloalkaliphilic Ectothiorhodospira species

(Imhoff and Trueper, 1977)

Solution 1: Nutrient Medium

Dissolve the following components in distilled water to
reach a final volume of 1| liter:

Call . 2H.0 Q.0F ¢
MGCla. 60 0.1 g
KHaF0, L P
NHAC1 0.8 o
Na=80, 10,0 %]
NazCO.. bal o
NaHC. 14.0 ¢
NaC1 180.0 g
Na suceinate 1.0 g
Yeast extract 0.5 g
Nan8 . 9H.0 1.0 ¢
Vitamin solution (V&) 1.0 ml
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Salution 2 VA vitamin stock sclution

Frepare stock solution:

Distilled water 100 ml
Biotin 10 mg
Nicotinamide H5 mo
Thiamine dichloride 30 mg
pr-Aminobenzoic acid 20 mg
Fyridaokxal chloride 10 mg
Za pantothenate 10 mg
Vitamin B12 8 omg

Adijuet the pH of the mutrient medium to 8.5-8.7 by
adding 2 M NaxC0.., Sterilize the medium by
memnbrane or Beit: filtration. Then add 1.0 ml of a sterile
trace element solution ("S8LA™).

Solution 3 ("SLA™)

Frapare as follows!

Digtilled water 1,000 ml
Felll 3 4H;\U 1.8 %]
C.')(DC]. e é}H'H‘U :«250 m“:‘-‘]
NiCla., &H0 10 me
Cul = QH,aO 149 mey
MnCla. 4H.0 70 mg
2l oz 100 meg
Mo B O HBOO mg
NaMola . Ha0 IO mey
Na.»Selly 10 mg

Acidifty the solution to pH 3.0 by adding 2N HCl. It
may be stored for several months., For wse in the medium,
autoclave suitable portions before the addition. Distribute
the medium to sterile screw-cap bottles that are filled
completely. Leave a pea-sized air bubble to meet possible
pressure changes. This medium may be used either directly
for agar dilution series or for liguid enrichment culture.

Incubate cultures at 1,000-5,000 lux (approximately
100500 foot candles) and temperatures of about 4048« C,
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Medium 4‘¥or cultivation of £cétothiorhodospira sp.

Ectothiorbodospira shaposhnikovii and E.
mobilis grow well in Pfennig™s medium. Growth ig markedly
enhanced by the addition of organic acids, and sulfide may
be replaced by thiosulfate.

During cultivation, liguid cultures on sulfide have to
be monitored with respect to the disappearance of sulfide
and elemental sulfuwr. Without a photosynthetic electron
donor, cultures stop growing and will be damaged by further
iltlumination. To avoid this and to obtain high biomass
vields, it is necessary to feed such cultures with a
gterilized solution of sulfide (Solution 7 of Pfennig’s
Medium) . During photoautotrophic cultivation a depletion of
carbonate diminishes the buwffering capacity of the mediumg
therefore, we recommend a feeding solution containing per
100 ml of distilled water! Naz5.9H.0, 5.0 g and
NaHCOx, 10,0 g. This solution may be filter-sterilized
or autoclaved and is fed to the cultures in amounts of 10
ml/liter.

Ectothiorhodospira halochloris and
Ectothiorhodospira halophila grow well in the medium of
Imhoff and Trueper (see lsolation of Ecéothiorhodospira
halochloris). In pure cultuwres, it is not necessary to
acd yeast extract. As sulfide feeding solution for these
extireme halophiles, we recommend the followings

Distilled water 100 ml

NC“-\.':::S- C?H;;‘O B0 ]
Né’:\HCCl;;;; 10.0 (%]
NalCl 10.0 ¢

Thig solution ie sterilized and fed to the cultures in
amounts of 10 ml/liter.

Isolation and Growth of Phototrophic Bacteria

Irrespective of the source of the inoculum (f.¢.
sample from nature, enrichment culture, or suspension of a
colony) the agar shake dilubtion method is the most convenient and
reliable method to prepare pure cultures of phototrophic green
and purple sulfur bacteria (PFfennig, 1965). For motile species
that do not form colonies in agar media (f.9..
Thiospirilluw) Biesberger’s (1947) "Fastew pipette" method
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ig recommended. For nonmobile species, the well-krnown dilution
mathod in liguid media should be applied.

fgar Shake Dilution

Wash granular agar thoroughly several times with distilled
water and then prepare 3 percent in distilled water (for marine
samplesn, & M MNaCl is added). Liaguity the agar by
autoclaving., While keeping it in a hot-water bath, dispense the
agar in 3 ml portions into standard test tubes (16 or 18 mm X 200
mm) .  Plug the tubes with cotton and autoclave them.

Feep the molten agar in a wabter bath at &0 0.  Keep a
S50 ar 100 ml screw-cap bottle, containing complete medium 1 (or
mecium 2 i+ thie was used befored), with a loosened screw cap in a
water bath at 40 (. For one shake~dilution series, supply
eight tubes with &6 ml of the prewarmed medium and keep them in
the 409 ¢ water bath. No shaking is required at this stage.

Inoculate one of the tubes with one to three drops from the
suspension of the phototrophic bacteria. Mix the contents
immediately by turning the tube once upside down and back
(wetting the cotton plug does not disturb the further
procedures) . Then transfer 0.5-1.0 ml of the culture into a
aacond tube that containsg the agar medium. Mix immedistely by
turning as with the first tube. Continue this dilution series
over ight stepas. After transfer to the next tube, set each tube
into a water bath with tap water to harden the agar. After
hardening, seal the agar immediately with a sterile, liguified
paratfin layer (one part paraffin dissolved in three parts of
paratfin oil and autoclaved) of about 2-3 cm thickness. Keep the
tubes in the dark for several hows, then reheat the paraffin
laver of the tube to achieve a better seal. If alow-growing
phototrophs are expected, replace the ailr above the paraffin
layer by gassing with Nz and close the tubes tightly with
rubber stoppers. Incubate the agar shake-~dilution cultures at
20-28< L (depending on the previous treatment of the
inoculum) at a light intensity of 200-500 lux.

When the cultures have developed, isolate the individual
colonies that show pigmentation from the highest dilution step.
Ta do this, remove the paraffin layer by melting it. Then remove
a single colaony through the open end of the test tube by suction,
using a fine Pastewr pipette attached to a rubber tube. The
procedure is best carried out under a dissecting microscope.
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Suaspend the content of the colony in 0.5 ml of sterile
medium in a test tube. Check the suspension microscopically for
purity, and then repeat the whole dilution series in agar shakes.
In order to obtain & pure cultuwre, it may be necessary Lo repeat
the whole process again. When pure cultures and colonies are
achieved, inoculate individual colonies into liguwid mediuam, T
ig advigsable to start with small-~sized bottles or screw-cap tubes
(L0 ml, 28 ml) and then to scale up to the regularly wused sizes.
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CHAPTER III
ECOLOGY OF METHANOGENESIS:

DISTRIBUTION, PHYSIOLOGY, AND CARBON STABLE-ISOTOPE FRACTIONATION

Dr. Larry Baresi
Mare Alperin
John Bullister
Dieter Giani
H. Roadger Harvey
Kathy KEuivila
James Slock

INTRODUCTION TO BACTERIAL METHANDGENESIS

In most anoxic environments the uwltimate fate of organic
material ie as elther & gaseous end product (methane or carbon
dioxide) or as sequestered carbon. The production of methane is
called methanogenesis and is carried out by a group of organisms
called methanogens. The following experiments were pursued to
elucidate some of the physiological and ecological parameters of
these organisms. The ecological studies were conducted in an
anoxic salt water sediment community commonly referred to as the
Embarcadero Road Salt Marsh., The physiological studies
gncompassed the identification of iscotope fractionation patterns
in Methanobacterium thermoautotrophicun and the effects of
interspecies hydrogen transfer and bromoethanssulfonic acid (BES)
on the metabolism of Methanococcus voltee and
Methanosarcinag barkeri.

In many lakes and coastal regions, biologically produced
methane is an important component of the complexr microbial
food-web . In anoxic environments, the methanogens utilize
acetate, methanol, methylated amines and hydrogen, all of which
are end products of fermenting bacteria. Our studies were
designed to investigate these crucial guestions toward an
understanding of bacterial methanogenesis:

Where, at what rates, and from which chemical precursors is
methane produced in a salt marsh environment?

How are carbon stable isotopes fractionated in a
methanogenic metabolism and how can fractionation effects be
used to decipher the complex processes of global anaerobic
carbon cycling?

What are the dynamics of hydrogen transfer between
maethanogens and other bacterial species?
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To define the chemical environment of the methane producing
bacteria the concentrations of CHa, COn, 0., and
CHxCOOM were measwed relative to depth. Sedimdnt samples
were enriched with one of these methanogenic substrates:
COz~Hay, trimethylamine, methanol or acetate.
Methanogen cell densities were determined using the most probable
number technigue as a function of depth. Net methane production,
i-labeled acetate, and methionine conversion to methane
and carbon dioxide were determined.

The higher than predicted growth rates of hydrogen wtilizing
bacteria (sulfate reducers and methanogenic bacteria) under
Limiting growth conditions may have been an outcome of molecular
hydrogen transfer. This phenomenon, called interspecies hydrogen
transfer, was studied using two different approaches.

Combined Culture:

Does hydrogen production by phototrophs ocouwr in a
mixed cultwre in which the second organism removes hydrogen
(seen as & hydrogen sink)? The experiment was performed by
establishing culture conditions suwitable for
methanogenic bacteria as well as phototrophic bacteria and
cyanobacteria. After cultural conditions are obtained,
combinations of methanogens, and phototrophic bacteria
analysed for CHa to substantiate the transfer of
molecul ar hydrogen.

Geparate Cultures

Does separate culture physically limit the bacterial
interaction to atmospheric mixing? This experiment was
designed to directly measuwre the effect of the hydrogen
waste product of one species as a substrate for a second.
The effect of hydrogen transfer via the gas phase on the
growth of both organisms was studied.

The stable isotopic fractionation of carbon and nitrogen by
Methanobaocteriuan thermnoeutotrophican was examined., Cultures
of this organism were grown in & medium consisting of inorganic
salts through which & Ha-CO. gas mixture was bubbled.
The flow rate of the gas mixtwe was high enough to prevent
"closed system”" effects of isotope fractiomation. The ability of
these organisms to fractionate carborn and nitrogen could be
cetermined by limiting them to the single sources: C0, and
NHa™, of known isotopic compositions. Measurements of
the resulting cell mass, media and gaseous products (Cln and
CHa) allowed the fractiomation patterns to be determined and
a total carbon budget for the system to be established.
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FIELD STUDIES

(Mare Alperin, John Bullister and Hatherine Kuivila)

Site Description

The anaerobic sediment in the salt marsh at Embarcadero Road
in the Palo Alto Bavlands, provided an excellent site in which
to examine factors affecting biological methamne production. The
sampling site consisted of an area of open flooded soil,
harboring cyanobacteria and phototrophs at the suwface,
srrounded by salt marsh vegetation., Cores were taken on July 8,
1%, and 21, 1982 when water levels were about 3.3, 2.4, and 3.6
feat above sea level, respectively. The temperatures of the
sediments ranged from 18 to 20° C with Eh ranging from
~EZ80 mv at 1.0 cm to ~420 mv at 40 cm. The salinity of the
overlying water was about 2.2 percent.

The Chemical Environment

Sediment Methane Concentrations

An obvious indication of methanogenic activity is, of
course, sediment methane concentrations. There are relatively
high concentrations of methane commonly encountered in anoxic
sediments. Methane present in the sediment is relatively
insoluble in warm water, and migrates easily by bubble formation.
Unfortunately, elaborate Iin situ sampling devices are
required in order to perform precise measuwrements. Without the
devices, methane depth profiles may show considerable scatter and
variability. Despite this problem, methane depth distributions
can provide a framework on which more sensitive indicators of
methanogenesis can be based.

Three methane depth distributions were obtained throughout
the month of July (Tables I1I-1 and Figs. 11I~1 to YIII-3, The
@xtreme variability among the three profiles prevented us from
generalizing in regard to methanogenesis in this environment.
The profile from July 8 showed a moderate methane concentration
(0.5 mM) in the upper 10 om, slowly increasing to about 0.8
mM at 40 cm., The profile of July 1% showed an unusually
sharp maximum of 1.2 oM at & cm, and a sharp decrease to 0.1
mM. The profile from July 21 showed a relatively high
concentration in the upper 10 cm (1.5 mM) increasing and
ouclllating below 15 am.
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FIG. IlI—1 FIG. I1I-2
CONCENTRATION OF METHANE IN CORE CONCENTRATION OF METHANE IN CORE
7/08/82 715/82
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CONCENTRATION OF METHANE IN CORE ethane Concentratio ¥ ter
7/21/82 Core 7/8/82 Core 7/15/82 Core 7/21/82
by Depth Methane Conc. Depth Methane Conc. Depth Methane Conc.
ey w0 em ke ey D
s
0- 1.5 0.45 2.2 - 3.7 0.28 1- 2.5 0.3
o 3- 4.5 0.48 5.2 - 6.7 1.21 4= 5.5 1.9
o 6- 7.5 0.48 8.2 -~ 9.7 0.49 7- 8.5 1.6
£ 9-10.5 0.53 1.2 -12.7 0.16 10-11.5 1.2
= 12-13.5 0.49 14.2 =15.7 0.21 13-14.5 1.3
g 15-16.5 0.63 17.2 -18.7 0.16 16-17.5 12.0
® 18-19.5 0,79 20,2 -21.7 0.06 19-20.5 3.8
s 21-22.5 0.65 23.2 -24.7 0.08 22-23.5 2.5
24-25.5 0.85 26.2 ~27.7 0.09 25-26.5 9.8
1 27-28.5 0.64 29.2 -30.7 0.07 28-29.5 2.6
I 30-31.5 1.19 32.2 -33.7 0.13 31-32.5 21.2
' * N ConCETRITON @) © 33-34.5 0.88 35.2 -36.7 0.10 34-35.5 2.8
36-37.5 0.93 38,2 ~39.7 0.25 37-38.5 3.9
39-40.5 0.85 41.2 -42.7 0.12
42-43.5 0.71 44,2 -45.7 0.39
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There can be several sowces of this variability, one of
which was wndoubtedly due to the sampling technigque. The methane
analysis had a standard deviation of less than two
parcent, and therefore could not explain the scatter. When a
core was inserted there was compression of the sediment and
methane ebullition could be observed. The sharp oscillations
seen in all three profiles may have been an artifact of bubble
formation and migration caused by coring the sediment. 0On the
aother hand, the shift in the methane profile from day to day may
have been related to tidal flooding and draining of the salt
mar sh.




Interstitial Water Sulfate Concentrations

In anoxic marine sediments, sulfate reducing bacteria are
often dominant. These sulfate reducers may compete with the
methanogens for the common substrates hydrogen and acetate.
Interstitial water sulfate concentrations were determined in
arder to understand the extent of the sulfate reduction zone.
The two sulfate depth profiles, Table 1I1I-11 and Figs. III-4-5,
agread fairly well. In the upper 2 cm, sulfate concentrations
were close to those found in the overlying water (14 mM).

Both profiles showed a rapid sulfate decline with depths to about
5 amy, at which point the sulfate concentration which was 7-9
mi remained constant.

FIG. 11I-4 FIG. 1I-5
CONCENTRATION OF SULFATE IN CORE CONCENTRATION OF SULFATE IN CORE
7/08/82 v21/82
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Table §ii-0§
Suifate Concentration in Pore Water
Core 7/8/82 Core 7/21/82
Depth Methane Conc. Depth Methane Conc,
Lem) (D) B COR
0- 2 13.9 0~ 2 11.5
4- 6 6.9 2- 4 9.1
8-10 7.1 4- 6 8.3
12-14 8.1 6~ 8 8.9
16-18 8.0 8-10 9.3
20-22 8.3 10-12 9.0
24-26 7.9 12-14 9.3
28-30 7.2 14-16 9.2
16-18 9.3
18-20 9.4
20-22 9.6
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Total Dissolved C.

Total Clz is a crude indicator of total heterotrophic
activity. As organic carbon is decomposed by bacteria, Cla
is produced. The total CO. depth profile is presented in
Table II1I-1X1 and Fig. 11I-6. The increase in total COp
with depth is a common feature of organic rich coastal sediments.
The initial large concentration gradient in the upper 3 cm was
maintained by relatively rapid rates of decomposition. Below 3
cm, the concentration gradient declined, suggesting a slower rate
of net bacterial metabolism.

Table -l

Concentration of CQ
FIG. I1I-6 in Core Samples
TOTAL CARBON DIOXIDE IN CORE
v21/82
0
Depth _C0p, M
54 overlying
water 3.6/3.2/3.4
0- 2 em 7.3/7.7/6.5
-
- 2- 4 cm 10.4/9.9
$ " 4- 6 cm 16.1/15.4/16.4/15.4
S 6~ 8 cm 14.6/16.3/16.8/16.0
204 10-12 em 19.6/18.7/19.0/16.1
14-16 cm 17.9/16.3
1 18-20 em 19.1/19.3/23.7/22.9
22424 cm 22,7/20.9/22.3/21.8
‘ * ToTaL CARBON DIOKIDE (mM)“ oo 26-28 cm 19.8/21.2

Interstitial Water Acetate Concentrations

Aecetate, present in fairly high concentrations relative to
other fatty acids, is known to be & common substrate for both
methane production, sulfate reduction, and heterotrophic
assimilation., It is also known to have a very short residence
time in sediment.

Previous studies of acetate concentrations and acetate
turnover in marine sediments have suggested that a significant
portion of the acetate pool is absorbed and mnot metabolically
available. In an attempt to determine the active pool of acetate
in the sediment samples, acetate kinase was employed.
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Unfortunately, this technigue was mnot sensitive enough, and the
interstitial water from all depths examined had acetate
concentrations below the detection limit (SO uM).

Methanogenesis
Most-Fraobable~Number of Methanogens

A most-probable-number (MPN) study was conducted on sediment
samples from the salt marsh to determine indirectly the number of
methanogens as a function of sediment depth (Standard Methods
For the Examinagtion of Hater and Wastewater, thirteenth
@dition, 1971).

A core was sampled from the sediment swface (zero cm) to a
depth of 28 cm in order to determine an MPN profile (7/8/82). A
second sediment core sampled from zero cm Lo a depth of 12 cm was
i For a more detailed MPN study (7/718/82).  The media used
are given in the Appendix.

The largest MPN values ocourred at depths between 2 and 8 cm
(7/8/82). The Most Frobable Numbers of methanogens determined for
VME =M -Cln and trimethylamine (VMC-TMA) media as a
function of depth are shown in Table 1I1I-IV. On
UMCHe~Cln media the Most Frobable Number was 4.8 x
104, the methanogens seemecd to be evenly distributed per 1
ml of wet sediment for all depths sampled. The MPN number for
the VMC-TMA medium was largest for sediment core depths of 2 to &
cm (4.8 2 10* cells per ml).

Table 1ii~iV

Depth Distribution of Methanogens
from Sediment Core

"Depth VMCzH)~COp Medium VMC-TMA Medium
Aem) (x10° cells per ml) (x10” cells per ml)
0- 2 48 (1) 4.6 (1)

24 4 48 (1) 48 (2)

4- 6 48 (1) 48 (2)

6- 8 48 (1) 4.6 (1)

8-10 48 (1) 4.6 (1)
10-12 48 (1) 4.6 (1)

(1} = 95% Confidence Limit; 7,200 to 260,000.

(2) = 95% Confidence Limit; 800 to 24,000.
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Mathanogens capable of utilizing trimethylamine were maximal
at sediment core depths of 2 to & cm. Statistically, there was a
large range of error for the computation of these MPN s
(mpe Table 1I11-IV for 99 percent confidence limits). This range
could be narrowed significantly by an increase in the number
samples from 3 to B

Enrichments for Methanogens

Methanogens have been shown to wtilize & variety of
substrates in the laboratory, including He-CO.,
acetate, methanol, mono-, di-, and trimethylamine., In the
natural environment, the availability of these substrates and
competition with other organiems determines their importance and
the resulting rates of CHa production. Enrichment of
sadiment samples with the different substrates gives a first
approximation of their utilization in the environment.

A sediment core was sampled at 2 cm intervals and the
sediment put into Ne-Clz: flushed serum vials. Boiled
distilled water was added to make a sluwrry. Enrichments for
methanogens were made by adding one of the substrates.
He~C0m, trimethylamine, methanol or acetate. The
samples were incubated at I7¢ Q. The headspace was sampled
for CHa over time. The enrichment experiment was repeated
(7/8/82 and 7/185/82) .

The Ha-CO: enrichments showed a steady rate of
CHa production until 24 houwrs had passed when the CHa
increased rapidly (Table I1I-V and 1I1I-VI). Initial production
rates were calculated from the slope of the curve of the CHa
veraus time. The sample from &6~8 cm had the highest initial
CHa production rate, while the deeper samples showed a
general decrease in CHa production rate relative to depth.
The He-Cl, enrichments from the second sampling had much 1ower
initial CHa production rates with the maximum rates at
24 cm.  Both methanol and trimethylamine containing media showed
a maximum production rate at the O0-2 cm interval and a decrease
relative to depth. The second set of samples (7/15/82) showed
low production rates throughout for methanol and trimethylamine,
with a small maximum at 4-6 cm, and a definite enrichment
beginning after 20 houwrs. The acetate enrichments had only very
low production rates at all depths for both sets of samples and
no errichment of acetate-utilizing methanogens.

88



Table 11t~V  iInitial CH,; production rates
(mif CH ,/hr) from Core |.

Depth _ﬂz/ggz Methanol Trimethylamine Acetate
2- 4 0.031 (4)=* 0.025 (3) 0.029 (3) 0.011 (&)
6~ 8 0.637 (6) 0.017 (5) 0.005 (3) 0.018 (6)

10-12 0.035 (4) 0.013 (4) 0.006 (3) 0.002 (3)

14-16 0.013 (3) 0.015 (4) 0.008 (3) 0.010 (4)

18-20 0.002 (4) 0.013 (2) 0.006 (3) 0.003 (6)

22-24 0.009 (3) 0.005 (6) 0.009 (6) 0.003 (&)

26-28 0.044 (&) 0.007 (3) 0.010 (6) 0.006 (6)

30-32 0.020 (&) 0.005 (4) 0.007 (5) 0.006 (5)

34-36 0.015 (4) 0.005 (5) 0.004 (5) 0.003 (5)

38-40 0.026 (5) 0.007 (3) 0.005 (5) 0.004 (5)

Slope from plot (least squares fit) of CHA vs. time, just using initial
points (until no longer linear).

*Figures in parentheses indicate number of points out of 7 used in the linear

portion,
Table 18i-Vi Initial CHyproduction rates
{ mid CHy /hr) from Core 1.

Depth 452/gg2 Methanol Trimethylamine Acetate

0- 2 0.016 (4)* 0.008 (4) 0.008 (4) 0.005 (3)

2 4 0.072 (5) 0.005 (5) 0.005 (3) not detectable

4- 6 0.004 (4) 0.011 (4) 0.011 (&) 0.004 (7)

6- 8 0.004 (4) 0.005 (5) 0.002 (3) 0.002 (7)

8-10 0.005 (3) 0.005 (5) 0.004 (5) 0.002 (6)

10-12 0.002 (&) 0.002 (5) 0.003 (4) not detectable
*Figures in parentheses indicate number of points out of 7 used in the linear
portion.

The enrichment experiments suggest the relative importance
af the four substrates, Cla~H., methanol,
trimethylamine and acetate, bubt cannot predict in xitu rates
of CHa production. He-C0. seemed to be the major
source of methane. The first set of samples with an initial
CHa production rate 20 times higher than any of the other
rates, seemed questionable. But scatter in the data correlated
with depth suggested errors in sampling. The initial production
rates from methanol and trimethylamine indicated some utilization
at 2-4 cm with decreasing importance relative to depth. The low
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production rates from acetate suggested that it was the least
important substrate in this environment. The second set of
anrichments showed much less scatter and was better correlated
with depth.  He-Cln appears to be the preferred

substrate. Rates of methane production were lower than the rates
found in the firet set of enrichments. The maximum production
rate was at 2-4 ocm instead of 6-8 cm, again decreasing relative
to depth. Methanol, trimethylamine and acetate all showed
decreased rates from the firgt enrichments and a slight maximum
at 4-é6 cm for all three substrates. FHBoth experiments inferred
that the preferred methanogenic precursors were Ma-C0s.,
methanonl , trimethylamine, and then acetate.

Sediment Methane Froduction Rate

T examine the rate at which methane is produced in the salt
marsh, slurries from various depths in the sediment were
incubated in serum vials for 6.5 days. Any methane that
accumulated in the headspace during this time would represent the
net resuwlt of several complementary or opposing processes,
iowa, bicarbonate reduction, acetate fermentation, and/or
methane oxidation.

However, methane accumulated in the headspace of the serum
vials at rates slower than 50 nd/g per sediment per day. The
uncertainty in measwring rates this slow is such that the numbers
are not statistically significant. We can only say that methane
praduction rates in the upper 30 cm of the sediment were slower
than 100 uM per dav.

To investigate the rate at which methane was produced from
hicarbonate & more sensitive radiocarbon tracer experiment was
undertaken.  **C-0; was injected into a sediment slurry
as sodium bicarbonate. Samples were incubated for 6 days at room
temperature and the *“*CH, was collected. The rates of
methane production were very low for the sediment column (Table
Irr-viin. At 2«6 cmy, a rate of 0.15 uM per day was
estimated, Deeper in the sediments, no *“*CH, was
produced.  Methane production from 2~*4C-acetate and
methyl~labeled methionine was also examined (Tables I1I-VIII and
TII-1X).  These edperiments only provided information about the
whilization of these substrates by methanogens in the salt marsh
gsaciment because no pool site information was available either
for acetate or methionine. Both acetate and methionine were
converted to methane in the sediment. The proportion of acetate
metabolized to methane relative to its odidation to CO,
increased with depth, although it never exceeded 5 percent. On
the other hand, the ratio of labeled methane to labeled Cl.
for the methionine experiment reached 20 percent.



Tabie Hi-VIi 14
Methane Production Rates from C-carbon dioxide

Depth Rata‘l
(cm) cpm CH cpm_CO, _ICO, mM (uM day 7y
2- 6 27 299,000 13.0 0.15
6-10 0 281,000 16.0 < 0.15
10-14 0 300,000 18.0 < 0.15
14-18 0 307,000 18.0 < 0.15
20~24 0 275,000 21.6 < 0.15
26~30 0 268,000 20.5 < 0.15

All values reported have been corrected for the control.

383,000 cpm of ?Hiuooj' were added to each sample,

Table 1H-Vill 13 . .
Methane Production Rates from CH3-acet|c acid
Depth (cm) cpm CH, cpm €O, (epm CH,/cpm €O,)-1000
2- 6 56 122,000 0.5
8-12 2,700 114,000 24.0
14-18 1,000 121,000 8.4
20-24 3,400 74,000 45.5
28-32 * 32,000 J—
*lost CH, during stripping “

195,000 cpm of lZ'CH COOH were added to each sample.

3

All values reported above have been corrected for the control.

Table Mi-IX
Methane Production Rates from 14CH3-methionine

Depth (cm) cpm CH, cpm O, (cpm CH,/cpm €O, 100
2- 6 988 9,000 109
8-12 390 13,000 29
14-18 245 5,000 48
20-24 173 775 223
28-32 0 382 0

36,300 cpm of 1l'c-methionine were added to each sample.

All values reported above have been corrected for the control.
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GROWTH AND METHANE PRODUCTION BY METHANOSARCINA BORKERI

92

(Katherine Kuivila)

Coenzyme M, recently discovered and thought to be unigue to
methanogens, is involved in the terminal step of methane
production. Bromoethanesulfonate (BES), an analogue of this
coenzyme, has been shown to be a potent inhibitor of the
methyl~coenzyme M reductase in Methanobacteriup
thermoeutotrophicar (Busalus ¢ &l., 1978). The addition
of concentrations of 7.9 »x 107 ¥ BES to the cultures of
this bacterium resulted in 50 percent inhibition of methane
procduction.  This study examined the inhibition by BES of
CHa production by another methanogen, Methanosarcina
barkeri, when grown on Ha-00. or methanol.

The rate of production of methane by M. barkeri growing
with COz-Ha or methanol as a carbon source was
determined (Table I1I-X and Fig. 11I-7). After a lag of
approximately 20 houwrs, the Ha-C0. culture hegan
growing at a steady rate. Varving concentrations of BES were
added after 89 hours (O to 1.0 x 1074 ¥y, The
production of methane was not atfected by the addition of the
inhibitor. However, both the absence of optical density change,
and the relatively slow rates of CHa production suggested
that the cultures were still in the lag phase of growth even
atter 89 hows, which could account for the apparent lack of the
inhibition of CHa production. The sudden drop in CHa
concentrations observed in two of the cultures (without BES and
the one containing 1 x 1077 ¥ RES) was probably due to
loss of methane during addition of BES,

With mathanol (0.1 #) as the carbon source, no growth
oceurraed in 62 hours, as determined by a lack of methane
production, and by lack of an increase in optical density., The
experiments shouwld be repeated after the cultures have reached
log phase.



FIG. 1117 -6
EFFECT OF BROMOETHANE — SULFONATE 46x10

ON METHANOGENESIS

3

METHANE CONCENTRATION (micromoles)

4~ BES added

T
100

1
120

Table IN-X Methane

Production in the Presence of BES

Time ——-=-— (hours)

# g 12 21 36 62 84 88.5 90.5 92,5 96 107 118 BES

1 0,932 1.02 0.925 1.42 .59 2.36 2.53 1.27 1.38 1.74 3.18 5.57 )

2 0.928 1.17 0.998 1.55 .48 1.70 1.76 0.937 0.916 1.12 1.42 1.82 1 x 10'7 M
3 1.05 1.49 1,41 2.77 .69 6.2! 7.18 7.82 8.37 8.88 11.9 16.2 4.6 x 10-7 M
4 1.50 1.79 1.49 2.17 .23 3.22 3.49 3.95 4,40 4.27 6.08 9.00 1 x 10-6 M
5 1.03 1.50 1.55 2.81 .79 6.82 8.13 8.74 9.74 10.2 13.8 18.8 4.6 x 10—6 M
6 1.02 1.26 1.22 2,04 .61 3.49 3.98 4.29 4.37 4.68 5.74 8.41 I x 10_5 M
7 0.802 1.20 1.22 2.29 .58 4.02 4.41 5.32 5.41 5.47 7.33  10.7 4.6 x 1073 M
8 0.801 1.07 Loit 1.98 .32 3.2% 3.38 3,51 3.7 3.67 4,11 5.08 1 x 10‘4 M
CHA = ymoles

BES was added at 89 hours.

Nethonosarcine berkeri

ISOTOPE FRACTIONATION BY METHANOBACTERIUK
THRERKORUTOTROPHICLUK

GROWTH AND

(Johrn Bullister and Rodger Harvey)

Stable carbon isotopes can be used to study metabolic
processes of and carbon transportation in organisms. In
anaerobic environments, methane production plays a significant
role in the distribution and cycling of carbon containing
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compounds.  The isotopic composition of methane produced in
anaerobic rones, extremely enriched in light carbon, can
significantly alter the isotopic composition of the carbon
available to the aerobic miliew. Laboratory cultures of
methanogenic bacteria were grown in order to gain insight into
the potential that these organisms have to fractionate carbon
during the production of methane and cell biomass.
Methanobacterian thermoautotrophican, of which a pure culture

was brought to the course by L. Raresi, was used. This
methanogenic bacterium required only a simple medium of inorganic
wsalts and MHa-C0zi the sole carbon source of thig

obligate chemolithoautotroph was Cl.. The organism had a
generation time of about 3 hours at 65 C, allowing high

cell densities and rapid methane production to be achieved within
a few days aftter inoculation.

By providing a single sowce of carbon (He-COj
from a gas cylinder), and equilibrating the bicarbonate/carbonate
in the medium with this gas before introducing the orgamism,
carbon of known isotopic compositions was initially supplied-to
the cells. The subsequent bubbling rate of CO. through the
medium was rapid enough to minimize depletion of light carbon in
the CO. leaving the system, and to maintain a delts
G ovalue close to that present initially. Because the
delta 0 introduced was maintained constantly,
subsequent patterns of carbon fractionation into CHa and
cell material could be resolved. This "open'" system contrasts to
a "closed" system, where the deléa *™C of a limited
substrate constantly changes during the course of an experiment.

The delta **C of the CO: entering and leaving

the cultuwe, CHa produced by the culture, carbon in the cell
material, and crude lipid fraction at the time of harvest were
measwred. The results are summarized in Table III-XI. The flow
rate of the Ha-Cl0. gas through the system, and the
concentration of methane in the effluent gas were determined for
@ach run. The delta **C of the incoming and outgoing
Clz differed only alightly (approximately 1-3 percent)

(Table I1I-XI). In an "open" system, with an essentially
infinite flow rate, no change in delta **C would be

wpected between the incoming and outgoing COa. The small
difference actually observed can be attributed to the selective
removal of Gisotopically) light €Oz by the organisms as they
produced CHa and cell material.



Table I-Xi Stable Carbon Isotope Fractionation by
Methanobacterium thermoautotrophicum

Culture I Culture II Culture TII
Temp. (°¢) 56 56 66
Flow (ml/min) 140 192 92
€0y (in) - 38.2 %o lost - 39.25 + 0.5 %o
€0y (medium) ~29.8+2.6 o -30.7+2.0 %o - 28.5+ 1.4 %o
=3 % =3 =3
€0y (out) ~37.3+0.6 %o ~38.040.1 %o - 36.7 + 0.1 %o
=2 x =3 X =2
CH, (out) - 73.5 4+ 2.4 %o - 65.14C - 774 + 0.7
X =3 X =1 x=3
CH, concentration 0.97% 0.57% 1.18%
€0, i 1.043 —— 1.049
2 4
€0y ()7 - 33.4 %o - 34.3 %o - 32.0 %o
intact cells - 629+ 0.3 %0 - 62.97 4+ 0.5 %o - 62.35 %o
=73 % =3 X=1
total lipids NDP - 65.8 4 0.2 To - 65.03 + 0.6 %o
X =73 =3

%agsune }1003"/002 = 4:1; assume PR, = 6.4; SCHCO3—GCCOZ = 4.58 %0

bnot determined

cmethane sample analyzed for isotopic composition was only slightly larger
than system blank

A more significant difference in delta **C was seen
between the incoming O, and the total C0. dissolved in
the medium at the time of harvest. As Cl: gas dissolved in
water, the following reaction occured:

CO= () —> COn (1)
Gz (1) 4 Hel > HCOw™ + H™
HEOz™ ) O™ 4 M

At equilibrium, the ratio of dissolved HCOx™ to
£0 (1) was 431 at pH 7.

In addition to chemical equilibrium, an isetopic eguilibrium
is established as Cla (1) -3 HCOx™ which
produced the following isotopic fractionation.

T m {ﬁ”’,é,.ﬁf;'.‘”[: delta * C = 4-5&‘:,/(:3«:)
T = LHFer delta O = 4,569/ .

The actual differences in isotopic composition observed between
the incoming gas and total €Oz in the medium was greater
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than that expected from single chemical and isotopic equilibrium,
These differences were due to depletion of light carbon in the
mexclium by the growing methanogens. The result wag a shift in the
igotopic compogition of all the components in the media

L0z (1), HCO= and COx") towards heavier values.

From the delta **C value of the total COu

of this medium, the deléta **C0, (1) eétc. in the medium can be
caloul ated,

For Culture 1, delta *™0 of the medium = ~29.8 /...
Therefore, since delte **C0. (1) = delta HH00.~ ~4.56 @/ and
1.
(delta **C0z) + d(delta H'™C0x™) = 5(-29.8) @/,
delta *™00, (1) = 33,4 @/
Calcul ated values for delta-*"C0. $or the other
cultures are given in Table ITI-XI.

The large enrichment in isotopically light carbon present in
this organism indicated uptake of CO. (1) rather the than
other forms of carbon. Therefore, the fractionation factors for
other components were calceculated relative to this value and are
also shown in Table TI1I-XI.

As can be seen from Table I1I-X1, cellular isotopic
composition did not vary significantly between the cultures
examined at the two growth temperatures. The slightly heavier
value of intact cells grown at 63 degrees couwld not be considered
significant due to loss of replicate samples during processing.
These resulits contrasted with the results of other investigators
(Bimor and Flum, 19663 Belyaev, ot al., 1983, who found
gignificant differences in celluwlar isotopic composition of cells
grown at various temperatuwres. Cultural techniques, however, as
well as phase of growth at which cells were harvested (stationary
v, log) may have accounted for the differing conclusions.

As with the cellular carbon isotopic composition, total
lipid values for 56 and 635« O showed a consistent carbon
composition averaging only 2.7 to 2.8 /., lighter than
intact cells at such temperatures. Although other routes for
intracellular fractionation of elements were not examined
(proteins, amino acids, excreted metabolites), such small
differences in lipid values versus the total carbon pool may have
indicated fractionation at the initial assimilation stage. The
large fractionation of CO. as it entered the cell (delta
cell - delta QOx = -29.85 ©/,.) may have
poeowrred at the initial fixation step of CO, in this

autotrophic organism, and not after incorporation.

The methane produced by amn actively growing culture of M.



thernosutotrophicun contained the greatest enrichment in

LG of the microbial components examined. Im growing cells,
greater than 20 percent of the Clz consumed reappeared as
methane, while less than 10 percent remained as cellular carbon.
Moreover, the isotopic fractionmatiorn of methane (Table II1I-XI)
was significantly greater than the fractionation seen for intact
cells. This indicated a larger fractionation of initially fixed
Gl than was evident from comparison of intact cells and

0z in the medium.

By measwring the amount and iscotopic composition of the
carbon species entering and leaving the system, as well as any
thanges inside the system dus to cell growth, a carbon budget
could be constructed. In culture 1, the flow of carbon dioxide
through the system was approximately 21,000 mgC/day (at 8TF) and
methane production rate at time of harvest was approximately 770
mgll/day. New production of cell carbon was 770 mgll/day. From
this data, the dominant components of this system were G0,
in, GO out, and CHa out.

Within the precision of the measuwrements, a reasonably well
balanced carbon budget could therefore be constructed considering
such gas equilibria.

For the first experiment concentration of gas present
delta chm {im) oG (:’/r:n:r 20,00 pﬁ?l‘“(:@nt (:.:C],a
dé‘}‘,l té? UO"" (C)th) o W:E; " :.'. c’/c:u:) 1(9.- (:):3- F)(-E?I'"(:(ar’l't [DC]E
del ta CHa mow T EE Y e OLW97 percent CHa

deld ta CO:.::*. {in) '{:er&: (i)} =
delta GOz (out) (L0, (out)) + deléte CHa (out) (CHa (out)?

The fractionation of COp into CHa and cell material

repaorted here for M. thermoautotrophicum is reasonably close

to repaorted values from Iin situ anasrobic sediments. Thus,
light methane may be attributed to the metabolism of the methane
producing organisms.

INTERSPECIES HYDROGEN TRANSFER

(Dieter Giani)

Fhototrophic bacteria, including cyanobacteria, produce
Mo under special conditions. Fhototrophic bacteria except
for most cyanobacteria, withstand strongly reduced environmental
conditions compatible with methanogenesis. Interspecies H.
transfer between phototrophic and methanogenic bacteria has been
hypothesized to occur. Indeed, phototrophic bacteria may even

use CHa for reducing power. Hz production by
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phototrophic bacteria is especially prevalent during N
firation. Excess M: may be produced if it is consumed by
the methanogenic or sulfate reducing bacteria maintaining the
partial pressure of Ha at low levels.

Three approaches were made to search for interspecies
He transter:

Cyvanobacteria that consume eilther methane or H.5 were
sought in enrichment experiments.

Pure cultuwres of phototrophic bacteria and methanogenic
bacteria were physically combinedd.

Fure cultures of cyanobacteria and methanogenic bacteria,
ware connected only by the gas phase.

Enrichment Experiments

Mineral media differing in N source and nutrient addition
ware used to enrich methane or sulfide comnsuming cvanobacteria.
Samples from Alum Rock Park and the salt marsh (0.5 ml) were
inpculated in BG 11 (bluegreen), BG 11 (recd), M, M/M (1/2 of
trace minerals normally found in M) and BG/M (1/2 BG + 1/2 M),
but nedither visible growth nor methane production occurred.

Because both the salt marsh environment and the Alum Rock
Fark water contained methane, cyanobacterial enrichments of both
sites were started, and incubated in the same media as above with
Q.8 VWV CHae present. Methane ebullition through mats of
phototrophic organisms was observed, at the salt marsh as well as
at the Alum Rock Park site, where methane concentrations of 18
aM in the pristine spring water were found. While the salt
marsh cyanobacterium (dscillatoria princeps) lysed rapidly
(1 day), the Alum Rock FPark species withstood the conditions for
at least 3 weeks, even though neither growth nor methanogenesis
was observed,

Combined Culture Experiments

Combined cultures of Methenococcus voltae with
Chromatium vinosum, Nostoc muscorum or Phormidiun
luridiam were inoculated into modified VMC media. Except for
the £, luridiamn/M. voltee combination, consistent production

of methane was not observed even though growth of €. vinosuw
wams observed (maximal cell density ocourred within about 3 days
independent of medium modifications) and He8 or acetate was

the suspected electron donor. Typical curves of methane content



of the bottles are shown in Figuwe 11I-8,
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In the case of the cyanobacteria, probably none of the
reduced compounds available in the medium could be used as
electron donors because the water splitting system was blocked by
the reduced conditions., Some He: might have come out of
reduced carbon.  Fossibly photoheterotrophic cultivation could
enable them to grow under these conditions.

In the case of Chrowatium, the methanogens were unable
to grow fast enough to alter the metabolism of the phototroph.
In our attempt to imnpede the growth of the phototroph, cultures
ware dncubated at 37 C in a reduced light gradient, but
C. winogsum did not grow. A suggested alternative to limiting
the phototroph would be increasing the initial methanogenic
population.

Separated Culture

The cyanobacterium Plectonema boryvanumn when grown under
M fiving conditions in a system as shown in Fig 111~9,
produced measureable amounts of Ha in the gas
phase. Therefore, an experiment was started in which a
cyanobacterial culture was connected to a methanogenic culture
through the gas phase (see Appendix I11.) Unfortunately, P.
boryanum was not available, and its substitute Noxtoco
nuscoran did not grow under these conditions even after 9 days
of adaption time. But the system itself worked well. Once
reduced, the methanogenic medium did not become reoxidized as
indicated by resazurin,  Although it might have been possible to
investigate the influence of H: uptake of methanogens and
sulfate reducers on the Hp production of cyanobacteria or
other phototrophs using this eqgquipment, the failure of the
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cyanobacteria to grow and time limitation precluded any
conclusion from this work,

Fig. 1i-9 Apparatus for growth of Plectonema boryonum under nitrogen-fixing conditions.
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DISCUSSION

The salt marsh environment on Embarcadero Road offered an
exoellent opportunity for investigating ecological aspects of
mathanogenasis. The salt marsh sediment wasg an anoxic saline
environment with visible e#bullition of gases. Methane
concentrations ranged from 0.1 to 20 oM and compared
favarably with concentrations for & similar site in the San
Francisco bay area reported by Dr. Oremland (1980), of 0.4
mt. The general distribution of methane with relation to the
depth of the salt marsh was similar to other estuarine sediments
analyzed by Martens and Berner, (1974) (Long Island Sound) and
Whelan, (1974) (louwisiana salt marsh). In all studies the
maximum concentration of methane was observed in the upper meter
of sediment. But the specific distribution of methane differed
in the three cores analyred. We feel that the changes in the
gistribution reported here are valid. In the core sample taken
July 15 the highest most probable number of methanogens occurred
at the same depth as the maximum concentration of methane. (The
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change in distribution of methane at different timnes may have
beern due to tidal changes.)

Praforred substrates for methanogenesis were
MaClik, methanol, trimethylamine, and acetate (in order
of preference). For the July 15 core the enrichments on
Ha~C0n showed a maximum between 2-4 om which is similar
to that observed for dissolved methane and the most probable
rmber of methanogens. Tt was not clear why the enrichment
maximuam in the core sample taken on July 8 was 6-8 om above the
A cm o maximum for dissolved methana.

The rate of methane production from sediment cores using
inotopes showed & maximum rate of methane production from
COx of 0.1%5 uM per day. Other investigators have found
rates ranging from 0.2 to 1 uM per day (Cappenberg, 1974, and
Barber, 1974). Both direct and indirect methanogenesis from
acetate and methionine were observed but the rate of production
could not be estimated due to the imability to accurately measure
the pool sizes for these substrates.

The carbon isotope fractionation work on M.
thermoautotrophicur supported and extended the work of Fuchs
ed al., 1979 . Little or no difference in the incoming
ded e P was found. The lack of difference suggested
that all delta *™C work was dong on an open system.

The change of 31 /.. in deléta Y0 (methane)

{= delta *™C(methane) - deléta*™C(carbon dioxide)?} reported

by Fuchs et al., (1979) was similar to values reported

here of 31 ©/., and ~35 =/ ., Such a large

isotope fractionation suggests the active form of carbon for
mathanogenesis was Cln rather than bicarbonate. 1F
bicarbornate had been used a smaller isotope effect would have
been expected. (The smaller isotope effect is attributable to
the higher mass and lower kinetic effects of bicarbonate. For
example, COz Ffitation reactions had deléa **0(cell)

greater than 20 </, whereas for bicarbonate the

values were less than 20 ©9/...)

Cell carbon fractionation patterns in
M. thermoautotrophicur were aleo studied., Fractionation
resided in the first atep of CO. asimilation, as in
methanogenesis., Analysis of the lipid fraction, a major component
of cellular carbon, was only 2.7 to 2.8 @/,, lighter than
intact cells,

Isotope fractionation was only one of three physiological
studies undertaken. The remaining two studies were
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bromoethanesulfonic acid (BES) inhibition and interspecies
hydrogen transfer. The BES inhibition experiments were developed
in order to see if methanogenesis would be inhibited by a
coenzyme M analogue. The methanogen best suited for this study
girew poorlyl results are equivocal. In the interspecies

hydrogen transfer experiments the difficult problem of growing
phototrophic bacteria with methanogenic bacteria was undertaken.
Culture experiments, using pure culture and combined cultures of
cyanobacteria and methanogenic bacteria, proved technically
feasible. Encouraging results were obtained on mixed cultures of
Phoridumn and M. voltae. Successful application of mixed

culture technigues could be used on organisms more acclimated to
the technical restraints of the equipment.

SUMMARY

(Drr. Larry Baresi)

In conclusion both ecological and physiclogical studies of
the process of methanogenesis and methanogenic bacteria were
undertaken., Methane was found to be produced in the salt marsh
environment with Ha.~Cl. being the preferred substrate.

The distribution of dissolved methane was found to change at
different times. One reason for this bebavior may have been the
constant change in the tide. Further work is necessary in order
to determine the reason for this behaviar. The rate of
methanogenesis was well within the range of other observations at
about Q.15 uM per day. lTeotope fractionation studies

suggested that carbon diodide rather than bicarbonate was the
active species in methanogenesis and in the synthesis of cell
carbon. Interspecies hydrogen transter experiments proved
technically. feasible. But, along with the BES experiments, the
interspecies hydrogen transfer experiments need to be extended in
order to meet with success.
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Appendix 11T

METHANDGENIC BACTERIA MEDIA AND TECHNIGUES

{lL.arry Baresi mocified from R. 8. Wolfe)

Im 1980 R, E. Hungate devised a technigue for culturing
stirict anaerobes which has since commonly been referred to as the
Hungate Technigue. Prior to 1950, no reliable method existed for
the isolation and maintenance of pure cultures of strictly
anasrobic bacteria found in black muds, in the rumen and
intestinal tracts of animals, in sewage digesters, and in some
wounds. The Hungate Techniogue depends on the elimination of
oxygen from all cultuwral material. Gases are rigorously freed of
oxygen and the media is pre-reduced in sealed tubes with rubber
stoppers. MAnaerobic procedures will be described here.

Methanogens are a morphologically diverse group of organisms
with the common property of producing methane as a metabolic end
product.  Most cultures of methanogenic bacteria are able to grow
by oxidizing Ha: using Clx as the terminal electron
acceptor (Reaction 1, below). Some methanogens are also capable
of oxidizing formate (Reaction 2. One group. the genus
Methanosarcinag, is capable of metabolizing methanol (Reaction
)y acetate (Reaction 4), and monomethylamine, dimethylamine, and
trimethylamine. The names and selected characteristics of some
methanogenic bacteria appear in Tables [I1I-~-XII and IT1I-XIII.

Typical Reactions of Methanogens:
Lo AHe + COp  ~—————P CHy + 2H..0
2. AHCOOH —P 4Hn + 400z —P CHa + 300m + 2H=0

Fu ACHpOH ~——————fp ICHa + COz + 2HL0
4e CHsCOOH ~eeeeeeefp CHao 4+ 00O
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Table Hi-XIi Determinative key to species of the methanogenic bacteria

based on simple phenotypic characters.

1. Gram-positive to gram-variable rods or lancet-shaped cocci often forming chains and filaments.
Order 1. Methanobacteriales
Family 1. Methanobacteriaceae
A. Slender, straight to irregularly crooked iong rods often occurring in filaments.
Genus 1. Methanobacterium
1. Mesophilic.
a. Methane produced from formate.
Methanobacterium formicicum
b. Methane not produced from formate.
Methanobacterium bryantii
2. Thermophilic
Methanobacterium thermoautotrophicum
B. Short rods or lancet-shaped cocci which often occur in pairs or chains.
] Genus 1. Methanobrevibacter
1. Cells form short, nonmotile rods which do not utilize formate.
Methanobrevibacter arboriphilus
2. Chain-forming, lancet-shaped coccl that produce methane from formate and require acetate as a
carbon source.
a. Growth requirement for 2-mercaptoethanesulfonic acid and p-a-methvl butvrate.
Methanobrevibacter ruminantium
b. Do not have an obligate growth requirement for 2-mercaptoethanesulfonic acid or p-a-methyl-
butyrate.
) Methanobrevibacter smithii
II. Gram-negative cells or gram-positive cocci occurring in packets.
A. Gram-negative, regular to slightly irregular cocci often forming pairs.
Order 1. Methanococcales
Family I. Methanococecaceae
Genus 1. Methanococcus
1. Cells inhibited by addition of 5% NaCl to medium.
Methanococcus vannielit
2. Cells not inhibited by addition of 5% NaCl to medium.
Methanococcus voltae
B. Gram-negative rods or highly irregular coccl occurring singly.
Order 111. Methanomicrobiules
Family 1. Methanomicrobiaceue
1. Straight to slightly curved, motile, short rods.
Genus 1. Methanomicrobium
Methanomicrobium mobile
2. Irregular coccoid cells. ’
Genus 1I. Methanogenium
a. Cells require acetate.
Methanogenium cartaci
b. Cells do not require acetate.
Methanogenium marisnigri
3. Regularly curved, slender, motile rods, often forming continuous spiral filaments.
Genus 1L Methanospirillum
Methanospirillum hungatel
C. Gram-positive coccoid cells which usually occur in packets and ferment methanol, methylamine, and
acelate.
Family 1I. Methanosarcinaceae
Genus 1. Methanosarcina
Methanosarcina barkeri

See Bergey's Manual (Buchaman and Gibbona, 1974)
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Preparation of Prereduced Medium for Methanogens

Material e

Hungate gassing station
BOLR0 NaiClx gas mixture
tubes or bottles
pipettes

stoppers

round bottom flash
meecdium

Racto-agar

Step 1

Add 200 ml of stock medium with or without agar (4 grams) to a
SO0 ml round bottom flask. Flushing the flask with 80120

Nt €Oy heat the medium to boiling over a Bunsen

burner. Heat the flask evenly and swirl the contents to keep the
flask from breaking. Heat until the agar is dissolved. Cool it,
and then add the reducing agent. The medium is reduced when the
resazurin turns from red to colorless.

Using the Hungate techrnigue with 80120 Na:CO. +lush the
tubes and dispense the mediumi: 4.% or 9 ml per Bellco tube or 30
ml per serum bottle. Close the vessel with a butyl stopper.

Step X

Cap the tubes or bottle and auwtoclave for 1% minutes.
Step 4.

Cool the tubes to 4547 ¢ in a water bath it agar is

present.

Isplation and Serial Dilution of
Methanogenic Bacteria in Roll Tubes

Materiale:

Hungate gasaing station

BOIEQ NupiCO: gas mixture

B0L20 HaiCOz gas mixture

aterile pipettes

o

stock culture of methamnogenic bacteria
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Using the Hungate Technique, make a serial dilution of a
stock culture of methane bhacteria. The manipulations will be
made using 80520 N Cln.,

Make the roll tubes by placing the inoculated tubes in a
horizontal position. While spinning the tubes in ice, the agar
iwm solidified.

Bas the tubes with 80 percent M. and 20 percent
GOz Incubate the tubes at A7 C until colonies
appear. During growth, presswisze the tubes with 80120
Mt O

Picking Isolated Colonies from the
Roll Tube Serial Dilutions

Step 1

Examine the roll tubes already made.  lLook for isolated colonies
in the tubes at the greater dilutions. Using a sterile Pasteur
pipette modified with a right angle bend near the tip, pick
colonies from the roll tube while flushing it with B8OI20

New 2 QO
Step 2

Fick several colonies and inoculate the tubes of stock liguid
madium with them. Flush the tubes with 80:!20 H.:CO.,

and incubate the cultures on their sides at 27 C,

Fressuwize the tubes with the hydrogen mixture every couple of
days.

Isolation of Unknown Organisms

Repeat the media preparation and roll tube procedure but use the
inmoculum either from an enrichment or directly from the habitat.

o

For the iscolation of a methanogen in Step 2 only examine tubes
that indicate the presence of methane after gas chromatographic
analysis.

Fick up and re-isolate unkrown colonies repeating Step 2 three
consecutive times.

After purity is assured, place the organism in liguid culture.
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Stock Medium: per 200 ml

Medium B (Basal Medium)

170 ml distilled water 0.2 ml 0.1 percent resazuwrin

7.5 ml Minmneral 1 2 ml Wolfe's vitamins

7.8 ml Mineral 11X 2 ml trace minerals

2 ml 20 percent YE - 20 percent TRY 0.8 g NaHCO.

I ml 20 percent Na Formate 2 ml 29 percent Na Acetate
Medium M2 per 200 ml Medium MC: per 200 ml

100 ml of 2X Basal 100 ml of 2X Rasal

100 mli of distilled water 10 ml of 20X TYC

G0 ml of distilled water

Medium VM:Z per 200 ml Medium VMC: petr 200 ml
100 ml of 2X Basal as VM with the following.
20 ml of 10X LIF 10 ml of 20X TYC
1 ml of 2% percent Ma Acetate 20 ml of distilled water

5O ml of Mineral 4
20 ml of distilled water

Mineral 1'(9/1) Mineral 2 (g/1) Mineral 3 (g/1)

Fol KaHFO, 3.0 MaHPO, 0.67 KCL

2% Basal (g/1)

5o 0 NaHCOx 12.0 NaCl 6.9 MgB04~ 7H-0
2.9 NHaCl 2.4 Mg80a4- 7H..0 0.5 NHaCl

100 ml of Mineral 1 0.8 CalCla- 2H.0 0.28 Call.

50 ml of Mineral 2 0.28 KaHFQO,

20 ml of trace mineral

Mineral 4 (g/1) 20X TYC 10X LIP (g/ml)
72 Nall 2.5 percent Yeast Extract 0.01 isolewcine
0. 67 KC1 5 percent Casamino Acids 0.005 leucine
1.4 MgB04- 7H..0 Q.08 percent Tryptophan 0. 00005 pantothenic
acid
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Wolfe’s Vitamins: (in 1| liter of distilled water stored in the

cold

U r

and darlk)

mg biotin S mg niacin 2 mg folic acid
mg a pantothenate 10 mg pyridoxine HCL 0.1 mg Biae

mep thiamine HOL 5 mg p-amino-benzoic 5 mg riboflavin
mg thiotic acid acid

Trace Minerals®: (in 1 liter of distilled water dissolve
nitriloacetic acid with KOM to pH 4.5)

with FOM to pM &.5
1.5% g nitriloacetic acid

0.% g Mn&BOa- 4M..0 Q.1 g FeS80a4-7H..0

Ol g Colla-aH.0 0.2 g Ins80s- 7H-0

0,00 g g CuBla-%H.0 Q.01 g ALK(804) - 12H..0
0.1 g HsBOw 0,01 g NaMoOa- 2H.0
0,05 g NiCla- 6H20 0.263 g NaSelx-5H..0

REDUCING AGENT

Boil 185 ml of distilled water in a Nz atmosphere. Add
1%.4 mi of 3N NaOH. Let cool. Add 0.5 g cysteine hydrochloride
to water, mix, then add 2.9 g of Naz=85.9H.0. Using the
Hungate Technique, dispense 8 ml quantities of the reducing agent
into tubes. Seal with the butyl stoppers and autoclave for 15
minutes.

CARBON ISOTOPE FRACTIONATION METHODS

Bomb Combustion Technique for Preparation, Analysis and
Delta 13¢C Results of Cell Material

Organisms from the field or from cultures can be centrifuged
out of liguid media or field water. Treatment with excess 1.0 N
MCL is useful to dissolve any carbonate granules present. The
wample is then lvophilized to dryness. Dry cell mase is the
desired material for delta **C mass spectrometric
analysis.

Take samples with carefully washed forceps and bottles, and
avoid contamination such as dust and lint. Weigh one to two mg
of dry cell material into a carbon free silver (.999...) hboat.
Fut the boat into a gquartz tube with one end sealed and add
approximately 40 mg of carbon free copper oxide. Fump the qguart=
tube (b mm 1.D) down to O-10 millitorr and seal it wunder vacuum.
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Heat the tube to above 800 C and allow it to cool slowly.
Halagens, nitrogen oxides and some other undesired compounds
react with the silverd all cell mass is converted to G,

Open the cooled gquart: tube wunder vacuum through a
maethanol ~dry ice trap to remove water. Cool the next trap to
=196 C with liguid nitrogen and the CO. is cauwght
(M will go out). Continue trapping for 1% min, Measure
the total COz in a manometer. The measurement can be
calculated in u¥M Clx per weight of sample., Solidify the
Cle in a pyrex tube at ~196% C with liguid mitrogen.

Beal the solid COx in the tube under vacuum.

Flace the pyrex tube in the mass spectrometer port.
Establish vacuum in the port, and open the tube. The COx
moves through the spectrometer to the detector. R 1 i P
weighs 40 AMJU. The *2CO0. weighs 44 A.M.U. The
relative amounts of these are determined relative to a standard
and corrected to FDE belemmite delta 3.

Isotopic Analyis of Liquids and Gases

Media, field samples

Collect water samples in the field (We did this at
Embarcadero Road using test tubes subsequently closed to the
atmosphere.) Place a known quantity of the sample (usually 0.5
ml) in a closed vessel, {freere and then evacuate the vessel.
Melt the sample, and react it with a mixture of 1 ml 0.285 M
CuEla and 1 ml of 1 M HeS04. The Cusla.
effectively removes the dissolved sulfide species as insoluble
Cus. The acid forces the dissolved carbonates out of solution
and into the gas phase. Freeze the fluwid again. lsolate and
test the GOz, now gasecous, both for guantity and isotopic
composition.

Media

We followed a procedure similar to that abovei differing
only in that 2 ml of medium sample were used., Unfortunately, we
allowed the media too much contact with air before sealing our
samples. It is therefore likely that much CO. was lost,
causing owr measured CO. (aq) concentrations to be too low.
It is also possible that the isotopic compositions are
systematically in error. However, the parallel samples,
especially 3a and 3b, Sa and %b, and %a and %9b, were exposed to
the atmosphere for radically different times, yet were quite similar
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isotopically, implying that the isotopic composition of the media
did rnot have swfficient time to reach equilibrium. The result
was that the samples were "frozen” at the original isotopic
composition.

Delta 130 Isotope Fractionation

To prevent closed svstem effects a system was devised to
allow continuous bubbling of humidified 80520 (v/v) mixture of
Mo/ GO through the medium during incubation (see Fig
71100 . PFrior to incculation the apparatus is awtoclaved with
media present, and then immediately removed. Gassing is then
initiated wsing the filter sterilized gas mixture. To allow
isotoplic equilibrium to be established the medium is stirred and
gassed overnight at incubation temperatures.

Sterilized reducing agent (see Methanogenic BRacteria Media
and Techni gues, above) is added aseptically by syringe
immediately before inoculation. Two to four ml of an exponentially
growing culture of M, therpoautotrophicum is inoculated into
100 ml of medium. The cultures are grown, at two temperatures, on
moditied M medium (Methanogenic Bacteria Media and Technigues) in
which all mitrogen was supplied as NHL. 2804 (3,08 g/1)
to allow for later determination of the delta **(
fractionation pattern.

For isotopic analysis gases are collected in sampling
vessels from the media exit line. The incoming gas mixture is
sampled directly from the cylinder. All gases are sampled
immediately prior to inoculation and at harvest. For the
measurement of total medium Clz a syringe is used to remove
the liguwid medium which is then rapidly injected into & ml
gampling vials., Samples are stored frozen for analysis.

Cells are killed by aeration and harvested by centrifugation
(10,000 xg for 10 minutes) at 4° C, The supernatant is
decanted and the pellet sampled for total cell isotope
composition. The remaining cells are extracted for total lipids
wsing appropriate modifications of the method of Bligh and Dyer
(1959) , as described by DeNiro and Epstein (1978). Blank samples
are processed concurrently and shouwld show no significant
noncellular materiales (as determined by GO, after
combustion). Cells, total lipids and lipid blanks are dried under
vacuum, combusted in sealed quarts tubes and the resulting
COz isotopic composition measured using the methods
of DesMarais (personal communication). The total medium CO,
i determined by the addition of HaB0, which releases
all the carbonate present as COz. Carbon dioxide, cryogenically
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trapped, is then processed as above. Cubls was included in
this treatment to remove sulfides present as reducing agents
in the mediuam.

Mathane production is measured after removal of CO. by
cryogenic trapping. The methane is then combusted and the
resulting Cl; collected for isotope analysis.

Interspecies Hydrogen Transfer

We used special media for the growth of phototrophic bacterial

BGM red, BOM® red (Media are according to Rippka et
al. 1977y but are pre-reduced according to the Hungate
Techni que described above.)

Ms/M
Madium modified from Medium M (see Hungate Techniqgue) by
wsing only 4 ml trace elements for making up the 2X Basal

BM/M
Madium containing 50 percent BEM® and 50 percent M/M.

Combined Culture Media

VMG /M

Medium modified from VMO (see Hungate Technigue) by replacing 20
ml LIF by water and by using a modified 2X Basal (50 ml mineral
1, 25 wl mineral 2, 4 ml trace elements instead of the normal
amount) . Further modifications of the VMLC/M medium were:d
omission of mineral 4 and/Zor addition of Callx and/or the

use of 1.28 percent cysteine instead of the reducing agent

containing He8 and cysteine.

Incubation HMethods
Combined Culture
Farform all experiments in 5% ml rubber stoppered serum
bottles, containing 20 ml mediam and 35 ml Na/CO.. at

atmospheric pressure. Incubate bottles in the light and at
temperatures indicated in the text.
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Separated Culture

Uae an incubation system identical to that used by Giani and
Frumbein (1982) except for the addition of a second cultivation
tube (Fig.e II1I-10) . One of the culture vessels, contains
BEMe, the other one VMO/M. Reduce the VMC/M by adding 4 ml
gt 125 percent cysteine aftter gassing the system by
Neo /00 (9%0%), closing it and pumping the gas—-phase in
a circuit to remove trace amounts of O, for about 1 hour.

BES Inhibition Experiment

Girow Methanosarcinag barkerd in an MC medium with 0.4 ml
of inoculum in 4.5 ml of medium., Gas one set of cultures with 30
Pl He/C0, (B0120) daily, while the other set contains
0.1 M methanol (0.4 ml methanol/100 ml medium). Incubate the
cuwltures at A7« € in a water bath. Sample the headspace for
methane and measwe the optical density (ows was at 578 nm) at
regular intervals. After 89 bhouwrs of slow growth, add varying
concentrations of bromoethanesulfonate (BES) to the cultures and
measure the headspace methane concentration at shorter time
intervals., Make a stock BES solution (8 X 1079 M) by
dissolving 0.1065 g of BES (MW = 211) into 10 ml of boiled
distilled water anaesrobically. Make a series of BES solutions by
sarial dilution under anaerobic conditions, vielding
concentrations of 5w 10-%, 8 x 104, & y Q-
and S x 107 M, Sterilize the BES solutions by
antoclaving. Add nine different concentrations of BES to the two
sats of cultures by injecting either 0.1 or 0.5 ml of the various
solutions into the two sets of cultures. Our final range of BES
concentrations was O.1 x 1077, 4.6 x 10-7, 1
1omey 4o s 107, 1 % 1079, 4,6 % 10-%, and 1
wolOmt M,
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CHEMICAL METHODS AND MATERIALS FOR FIELD STUDIES WITH METHANDGENS
Sediment Methane Concentrations

Obtain sediment cores by hand, inserting a &0 cm PFVE pipe
(6.0 cm diameter) with side ports located at 2.0 om intervals down
its length. 8Beal the side ports with tape. Seal both the top
and bottom of the pipe with rubber stoppers prior to removal.
Sample the sediment immediately after core retrieval by removing
the tape and inserting a cut-off % ml plastic syringe through the
side port. Extrude the sediment aliguot into a pre-weighed serum
vial (1% or 25 ml) containing %.0 ml of 1.% N NalH., Guickly seal
the vial with a black butyl rubber stopper, shake it to
Momogenisxe the contents. FPrepare a blank by substituting
distilled water for the sediment.

Analyze the samples for methane within 24 -hours of the time
the core was taken. Using & gas-tight syringe, inject S50-100
Mloof headspace gas  into & gas chromatograph (HF S58044A4)
aquipped with & flame ionization detector and a 6 foot by 1/8
inch stainless steel column packed with Poropak €. Frepare a
saeries of standards by injecting known volumes of pure methane
into capped serum vials containing a NaOH solution.

The detector response in our samples wusing this method was
Limear within the concentrations encountered. The standard
deviation of 13 replicate injections was 1.3 percent. The
presence of roots and leaves within the sediment can make it
difficult to obtain a known volume of sediment. Thus, the
headspace volume for each sample should be estimated from the
mass of the sediment. We assumed a whole sediment density of 1.2
g/ml. We also estimated the methane concentration, reported as
mmoles of methane per liter of interstitial water (mi), by
assuming a constant sediment porosity of 0.8,

Total Dissolved Carbon Dioxide Concentrations

Extrude the core and section it into 2.0 cm slices. Place
the sediment in plastic bottles and centrifuge them at 10,000 xc
for 1% minutes. Immediately transfer duplicate 9.0 ml aliquots
of the supernatant to small serum vials (total volume of 13.85 ml)
and seal them with black butyl rubber stoppers. Freeze the
samples wuntil amnalvsis.

Analyze the Cln wsing an HPS840A gas chromatograph with
a & ft. by 1/78 inch Foropak 0 column at 50® C and a Carle
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micrathermal conductivity detector (26 C, 28mA). Helium
was the carrier gas with a flow rate of 50 cc/mm.

Frepare a primary GCQ= standard (1.0 #) by weighing
0. 4235 g MaHCOx into a nitrogen—flushed serum vial, adding
5.0 ml of degassed distilled water, and sealing with a butyl
rubber stopper. Make a secondary standard (50 M) by
diluting 0.5 ml of 1.0 ¥ standard into 10.9 ml, also under
nitrogen flushing concitions., Frepare a series of working
standards by diluting 0.2 to 2.0 ml of the 350 md standard to
the following concentrations: 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, and
20,0 mM total COg.

Just prior to analysis, rapidly thaw the samples in a water
bath and inject both standards and samples with 100 4l of 50
percent H:804 in order to convert all bicarbonate and
carbonate ions to Cly. Inject a sample of the headspace
(100 al) into the gas chromatograph. In owr experiment a
least squares it of ths standards was linear with & correlation
coefficient of 0.997. The standard deviation of duplicate
samples was 29 percent.

Interstitial Water Sulfate Concentrations

Separate interstitial water from the sediment by
centrifugation (4000 xg for 5-10 minutes) and filter the
supernatant (.2 am Millipore filter). Determine the sulfate
concentration turbidometrically as described in Standanrd
Hethods for the Examination of Water and Wastewater (1971).
(Briefly: dilute the interstitial water (2.0-5,0 ml interstitial
water per 100 ml distilled water), acidify it, and precipitate
the sulfate by adding BaCl, crystals.)

We measuwred the absorbance of the BRabla precipitate at
420 nm using a Fausch and Lomb Spectronic 20 spectrophotometer.
The standard deviation for this method is about 10 percent.

Interstitial Water Acetate Concentrations

Determine the concentration of acetate in the interstitial
water by a specific enxymatic assay described by Cappenberg
(1974)., In the presence of ATF and acetate kinase, acetic acid
is quantitatively phosphorylated to acetylphosphate. At pH 7,
the acetylphosphate will react with hydroxylamine to form
acethydroxyamic acid. This compound forms a complex with
FeClx that absorbs at 40 nm.
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Most Probable Number of Methanogenic Bacteria

We conducted a most-probable-number (MPFND) study on sediment
gamples from the Falo Alto Ravliands salt marsh to determine
indirectly the number of methanogens as a function of sediment
depth (Standard Methods for the Examination of WNater and Maste
Water, thirteenth edition, 1971).

Sediment samples from various depths are inoculated into two
mediai VMC medium containing 14 mM sodium acetate with a
M /CO= (BO120) gas atmosphere (YMC-Me/C0z),
and VMO medium containing 1.0 oM trimethylamine (TMA) with a
N/ GO (BO:120) gas atmosphere (VMC-TMAY.  Inoculate the
samples anaercbically according to the technigue described by
Hungate (see above for a description of VMC medium and Hungate

technique) .

berially dilute the samples to 107%, 10-®, 10-e, f0~e,
and 109 w initial. Thelinitial 107* dilution is made .
sediment into 4.5 ml of VMO media. The VMC~H./COn dilutions were
done in triplicate, with the VMOC-THMA dilutions in duplicate.

Incubate the samples at 20 C $or 7 days. Sample a
headspace volume of 200 4l for methane determination as
previously described.

Methanogen Enrichments

Extrude the sediment core and section it into 2.0 cm
segments. Use a cut-off 3 ml syringe to subsample by inserting
it vertically into the sediments and removing approximately 2.5
ml of sediment. Flace two aliguots (for a total of 5.0 ml) from
each sediment depth into a serum vial (total volume of 158 ml)
while continually flushing it with Naz/COn (80+20).

Make a sluwrry by adding 50 ml of degassed distilled water to the
serum vial. Ernrich each set of sediment samples on one of the
fallowing substrates:

G0 pei He/C0, (BO:20)
10 1l 14 percent trimethylamine (TMA) for a final
concentration of 0.25 percent (first experiment, 7/8/82), or

40 ml 25 percent TMA for a final concentration of 0.1
percent (second experiment, 7/15/82).
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10 41 methanol for a final concentration of 0.1 percent.

40 ul 25 percent sodium acetate for a final
concentration of 0.1 percent.

Beal the serum viales with black butyl rubber stoppers.
Determine the methane concentration in the headspace
approdimately every 8 houwrs by gas chromatographic analysis as
previously described (Methanogenic Bacteria Media and
Technigues) .  Incubate the enrichments at 37« 0 for the
duration of the experiment.

Sediment Methane Production Rates
Total Methane Production Rate: Jar Experiment

Take a core by inserting a 6.0 cm diameter FVC pipe into the
salt marsh sediment., In the laboratory, extrude the upper 2.0 cm
of sediment and then discard it. Use cut-off 3 ml plastic
myringes to anaerobically transfer 2.9 ml sediment samples to
25,8 ml serum vials containing 1.0 ml of degassed marsh water.

By extruding and discarding the previously sampled sediment, we
obtained aliguots from & depths. Seal the vials with black butyl
rubber stoppers and vortex them to form a homogeneous slurry
Autoclave one set of replicates to provide a control.

Allow the sediment slwrry to incubate at room temperature
for &.% days., Since methane production causes a net decrease in
pressure (4 8 M and 1 M CO: per 1 M
CHa formed), pressurize the samples to % psi with a gas
mixture of Ne/Cl. (B0:20) just prior to sampling. Also
pressurize the methane standard to correct for the effect of
pressure on the methane analysis. Using a "presswe-~lok”
syringe, analyvze 0.1 ml of headspace gas for methane as
previously described. Determine the metharne production rate from
the difference between the methane accumulated in the headspace
of the sample and the auwtoclaved control (nmoles methane per gram
of sediment) divided by the incubation time.

Methane Production Rates from 2400,

We designed a radiocarbon experiment to investigate the rate
of methane production from Clz. Frepare sediment slurries
from the same core and the same depths as the previously
described jar experiment. Treat the samples identically to those
of the jar experiment, except that 50 ul of
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dae-picarbonate solution CIE0, 000 cpm) should be injected
into sach serum vial., Frepare corntrols by acidifying one set of
raeplicate samples (pH 1) and immediately freezing.

Incubate the samples at room temperature for &6 days. 8Stop
the incubation by adding 1.0 ml of | N NalH which raises the pH
to 11, thus inhibiting methanogenesis and trapping the CO,
as carbonate ions. Collect the *4C(methane) and
LACLCOR) separately using the stripping lines
diagrammed in Figures 1I11-9 and 111--10. Collect the methane
firet by stripping it out of the alkaline sediment slurry,
throuwgh a Clz trap, combusting it over copper oxide at
BOoe 0, and trapping the resulting Clz in a
phenathyl amnine based scintillation cocktail. The nitrogen
carrier gas flow was 15-20 ml/min so that the methane resides in
the furnace for 10 seconds. This is adequate time to completely
combust greater than 99 percent of the methane (David DesMarais,
pereonal communication). 8Strip the samples for 320 minutes so
that the headspeace flushes a minimuam of 20 times. After removal
of the methane, acidify the sample (pH 1) and strip the Cl:
to form the slurry., Collect the slwry in the phenethylamine
acintillation cocktail. Trap the hydrogen sulfide using
Cusla adsorbed onto the surface of Chromsorb (an inert
support). The flow rate should be about 50 ml/min.
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Fig. II-10 Continuous flow system for culturing Methanobacterium thermoautotrophicum
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uantify the activity of methane and CO. from each
gsample on a Tri-Carb liguid scintillation counter. We assumed
all ouwr samples were equally quenched and no correction was made
for counting efficiency. Thus all results are reported as counts
per min. In our experiment the label recovery ranged from
7585 percent while stripping the methane gas. The alkaline
glurry would foam and creep out of the serum vial, possibly
accounting for the lost radiocarbon. The methane production rate
from bicarbonate can be calculated from the following eguation:

Rate = (total CO.) x &
Aot

The concentration of Cle is mM, A is the activity of the
added **C-bicarbonate, & is the activity of recovered
methane, and t is the incubation time.

Methane Production from Acetate and Methionine

Using technigues identical to the *“C-bicarbonate
experiment we investigated methane production frrom acetate and
methionine. To do this, we injected sediment sluwrries from five
depths with S0 ul of 2-*“C-acetate or methyl-labeled
tag-methionine. After homogenization, the concentration of
tag-acetate was 7 M and *AC-methionine was 0. 15 uM.

After & 12 howr incubation, methane and G0, were
stripped from the serum vials as previously described. No
attempt was made to quantify the portion of substrate that may
have been assimilated.

REFERENCES:

Balch, W. E. and Wolfe, R. 5., 19746, New approach to the
cultivation of methanogenic bacteriarl 2
mevcapteoethanesulfonic acid (HE-CoM) ~dependent growth of
Methanobacterian ruminantium in a pressurized
atmosphere, Appl. Environ. Microbiol., 32:781.

Bligh, E.G. and Dyer, W.T., 19%9, A rapid method of total
Lipid extraction and purification, Can. J. Biochem.,

BT LL-LT .

Bryant, M. P. and Robinson, I. M., 1941. An improved
nonselective culture medium for ruminal bacteria and its use
in determining diwrnal variation in number of bacteria in
the rumen., J. Dairy Sci., 4451446,

121



DeNiro, M.J. and Epstein, S., 1978. Influence of diet on the
distribution of carbon isotopes in animals, OGeochima,
428 A95-506 ’ ‘

Rippka, R., Derullef, J., Waterbury, J.B., Herdman, M.,
Stanier, R.Y., 1979. Generic assignments, strain
histories and properties of pure cultuwres of cyanobacteria,
J. Gen. Microbiol., 11i:i-&1.

122



APFENDIX 1V
METHODS FOR STABLE CARBON ISOTOPIC ANALYSIS

(NDavid DesMarais)

The experimentes produced three types of samples for carbon
isotopic analysis. These were! lvophilized cell material,
agueous inorganic carbon from cultuwre media, and methane gas.

The first three sections below describe how each of these samples
was converted to purified carbon dioxide. The last section
describes briefly the mass spectrometric isotopic analysis of the
carbon dioxide,

Cellular Material

Combust lvophilized cell material to carbon dioxide by the
bomb combustion method.

Materials

20 om long by 9 mm 0.D. gquartz tube, flame sealed at one endi 0.3
g. of rodform cupric oxidedl a sample boat fabricated from a piece

of silver foil which is O.25 mm thick and 7.5 cm long by 1.3 cm
wicle.

Preclean these materials by heating in an 8350« C oven
in an oxygen or air atmosphere. Add approximately 9 mg of moist
cell material to the silver boat, and with the silver beoat inside
a cavered Petri dish, dry them in a vacuum desiccator. Then
place the boat and sample inside the quart: tube along with the
0.5 gram of cupric oxide. 5va¢Uate the gquarts: tube and its
contents to 107% torr or less on a vacuum line and seal it
using a torch. Heat the tube, now termed a "bomb", in a
g8E50 ¢ aven for two hours. Allow it to cool slowly
overnight to room temperature. The next day attach the bomb to
the vacuum system (Fig. IV-1) at peint B in order to puwify and
measure the carbon dioxide produced during the combustion. Grack
the bomb open into the vacuum system (DesMarals and Hayes, 1976)
and the carbon diodide-water-nitrogen mixture will pass through
valve 4, Traps O and E (chilled using dry ice-acetons) remove
the water. The remaining gasses pass through valve & and the
carbon dioxide is trapped in cold trap F (chilled using liguwid
nitrogen).  Fump the nitrogen away to vacuum via valves 7 and 1.
Transfer the carbon diodide cryogenically to mercury manometer H
for measuwwement and, subseqguently, to & mm pyrex tubes located at
5. Seal the gas in the tubes using a torch.
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Dissolved Inorganic Carbon

Sample the culture medium using a % ml disposable syringe
immediately upon harvesting to aveoid carbon losses due to
outgassing.  Then inject the 4 ml aliguot into a sealed Wheaton
bottle which can be frozen if the sample is to be stored prior to
analysis. Fit the vacuum lime (Fig. IV-1) at point B with a
"maltiple" cold trap consisting of four loops of 1/78 inch 0.D.
stainless steel tubing. Each loop is oval and is 20 om long by 3
to 4 om wide. Attach one end of the trap to point B and the
other end to a valve connected to a syringe needle (22 gauge).
Thaw the Wheaton bottle and its sample. Inject 3 ml of a
golution of 1L M HaB0a and 1 ¥ Cu804 in
distilled water into it. Shake the bottle to allow the acid to
liberate the carbon diodide from the solution. Then attach the
bottle to the vacuum line by penetrating its rubber stopper
partway with the 22 gauge syringe needle. Freere the bottle' s
contents wusing a dry ice-methanol bath. After the neesdle and
vacuum line are pumped out, cool the maltiple trap attached at
point B using liguid nitrogen. Pump the gaseous contents of the
Wheaton bottle through the maltiple trap by pushing the needle
completely through the stopper. The carbon dioxide and water are
trapped in the maltiple trap whereas the air is pumped away.

At ter the air is evacuated, close the valve adjacent to the
syringe needle, and process the froren gases within the multiple
tiap in the same fashion as was described above for the gaseous
products of the bomb combustion.

=«

1 by
l 2 13 Fig.iV-1
VACUUM
« & 4 Schematic
3
3 Vacuum Line
M

25 cm

Schematic diagram of vacuum lime used in this project. The vacuue system consists of a liguid
nitrogen-cooled trap in series with an Edwards Hodel EMI diffusion puap and a Welch Model 1400 sechanical
vacuum pump. Nuebers in the Figure refer to the valves in the systes, The letters denote other components as
follows: A, 8, K, N-thermocouple pressure gaugesi B-manifold for introducing samples (helium gas is swept in
through valve 3 to keep this area clean when it is exposed to the atmospherel); C - glass cold traps D - saall
sercury V-tube manometer} E, F - cold traps consisting of four loops of 1/4 inch 0.D. stainless steel tubingi M
- mercury closed-end manometeri I - vacuue manifold; J - manifold for & me tubing to collect purified carbon
dioxide for isotope analysisi L - coarse frit assesbly; M - manifold used for evacuating and sealing honbs
prior to combustion (frit L prevents ample particulates in the bosbs from entering manifold I}, Hote 25 cm
scale at lower left.
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Methane

Combust the methane and purify the carbon dioxide using a
gas chromatography-combustion (GCC) syestem similar to the one
described by Matthews and Hayes (1978). Sample and store the
methane in a 128 ml Wheaton bottle. Then inject the methane into
the GO via & Valco S-part valve. Purify the methane using a
Forasil B column (1/78 in. ® 180 om stainless steel tubing packed
with 80100 mesh Porasil B and operated at 28 C with a 15
ce/min helium carrier gas flow). Combust the purified methane as
it flows through a 780 C oven packed with 60-100 mesh
cupric odide. After the carbon dioxide is trapped, purify it by
cryogenic distillation (138 ) from a variable temperature
trap (Des Marais, 1978).

Isotope Mass Spectrometry

Analyze the carbon diodide samples using a Nuclide &-~60 RMS
mass wspectrometer fitted with a special inlet system which
enables small (as little as 0,08 uM) samples to be analyzed
to a precision typlically exceeding 1 /.. (0.1
e i attained with 0.5 uM samples). Inlet
syastems of this type are discusased by Haves e, al. (1977).

APPENDIX V
CARBON ISOTOPE DATA INTERPRETATION

The astable carbon isotope studies conducted in the 1982 NASA
FEME Summer Research Program provided ample opportunity to judge
the power as well as the limitations of the technigues and
approaches wsed, We include these comments at the end of this
report becadse they cam be equally well applied to all three
chapters,

Firet, it is clear that stable isotope fractiomnation can be
used as an indication of biological processes! carbon
fixation and metaboliasm. The method provides a potentially
powerful taol for the understanding of microbial chemistry and
microbial interactions in culture and in nature. Even without a
complete understanding of the entire system, (environment,
organiesms, etc.) these technigques can be used to foroulate bey
statements regarding the role of various types of biota in the
cycling of organic carbon.
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On & more cautious note, we have learned that careful
attention must be paid to the uncertainties involved in the
syatems under study. 1§ the techniqgques are to be valuable as
ecelogical tools, then the factors that couwld disturb the system
should be measuwred and known in as much detail as possible. Some
of the factors that can exert significant influence on isotope
fractionation are:

Yoo What organism(s) is/are present (and ites/their carbon
metabolic interactions)

o Carbon metabolic pathways

~ Fhysiological state of the organisms

4., Rate of carborn substrate consumption, growth, and cell
densities

. Cellular turnover of incorporated carbon

4. Tesotopic values of carbon compounds in the environment

7o Binks of carbon {dntra and extracellul ar)

8., Cultuwre methods, including supply of carbon containing
metabolites

B Concentration and fluxes of extracellular sources of
carbon

Clearly with pure and eventually mixed culture studies of
the kind reported, we can begin to uwravel the complexity of
atable isotope fractiomations, leading to reproducible
observations and interpretable measuwrements, Until this isg
achieved, it will be difficult to wuse the carbon fractionation
approach to unambiguously identify microbial communities, their
environmaents, and metabolic processes. The observation that
seens certain is that the extent of fractionation is determined
by biological processes strongly responsive to key environmental
variables. Thus, a major research goal is to develop a bank of
reliable data in pure cultuwre, in mixed cultures, and also in
natuwral samples taken from the field. We feel that the FEME 1982
Bummer Frogram was & significant step in the achievement of these
goale. One of the most notable advances has been the
establishment of a variety of collaborations between stable
isotope geochemists and microbiologistal these have led to many
studies in which organisms under a variety of conditions and
defined stages can be examined and the data acoumulated.
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