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Abstract:

Methanogenesis in algal-bacterial mats in the effluent channels of low sulfate hot springs (Yellowstone
National Park) was studied. Methanogenesis was found to be greatest 13-23 C lower than the upper
temperature limit for mat development which was about 73 C. Samples from various temperature
regimes of the mat (44-60 C) all showed increased methane production upon incubation at elevated
temperatures (65-70 C) indicating that the reason for maximal methanogenesis occurring below the
upper temperature limit for mat development was not a lower upper temperature limit for methanogenic
bacteria involved in anaerobic degradation. Methanogenic bacteria isolated from various temperature
regimes of the mat also showed increased methane production and growth upon incubation at elevated
temperatures. It appears that methanogenesis is not limited by temperature. Methane production and
primary productivity exhibited similar tempera ture distributions indicating methanogenesis might be
limited by the availability of methanogenic precursors, the amount of which is probably a direct
function of the rate of formation of algal-bacterial organic matter. Experiments designed to determine
the relative importance of labelled methane precursors indicated that acetate was not an important
precursor of methane at either high or low acetate concentrations. At high acetate concentrations,
acetate was apparently diverted photoheterotrophically into cellular material. Autoradiograms prepared
from mat material incubated with 2-14C-acetate showed that acetate was. rapidly incorporated into
very long filamentous bacteria. Dark incubation reduced photoheterotrophic incorporation of acetate.
Experiments with NaH14CO3 showed that radioactive methane was produced rapidly from H14CO3
and that CO2 reduction accounted for at least 70-80% of the methane evolved from algal-bacterial mat
samples. Apparently, CO2. is the main precursor of methane because competition for acetate by other
inhabitants of this microbial community, possibly photoheterotrophic bacteria, may preclude acetate as
a major methane precursor.
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ABSTRACT

Methanogenesis in algal-bacterial mats in the effluent channels
of low sulfate hot springs (Yellowstone National Park) was studied.
Methanogenesis was found to be greatest 13-23 C lower than the upper
temperature limit for mat development which was about 73 C. Samples
from various temperature regimes of the mat (44-60 C) all showed

. incréased methane production upon incubation at elevated temperatures
(65-70 C) indicating that the reason for maximal methanogenesis
occurring below the upper temperature limit for mat development was -
not a-lower upper temperature limit for methanogenic bacteria in-
volved in anaerobic degradation. .Methanogenic bacteria isolated
from various temperature regimes of the mat also showed increased
methane production and growth upon incubation at elevated tempera-
tures.. It appears that methanogenesis i's not limited by temperature.
Methane production and primary productivity exhibited similar tempera-
ture distributions indicating methanogenesis might be limited by the
availability of methanogenic precursors, the amount of which is pro-
bably a direct function of the rate of formation of algal-bacterial
organic matter. Experiments designed to determine the relative im-
portance of 14¢ 1abelled methane precursors indicated that acetate
was not an important precursor of methane.at either high or low -ace-
tate concentrations. At high acetate concentrations, acetate was
apparently diverted photoheterotrophically into cellular material.
Autoradiograms prepared from mat material incubated with Z-IFC-
acetate showed that acetate was rapidly incorporated into very long
filamentous bacteria. Dark incubation reduced photoheterotrophic
incorporation of acetate. Experiments with NaHJ4C03.showed that
radioactive methane was produced rapidly from H14co3 and that €0,
reduction accountéd for at least 70-80% of the methane evolved from
algal-bacterial mat.samples. Apparently, COZ,is the main precursor
of methane because competition for acetate by other inhabitants of
this microbial community, possibly photoheterotrophic bacteria, may
preclude acetate as a major methane precursor. ‘




INTRODUCTION

The production of methahe_by microorganisms is a common occur-’
rence in a wide variety of anaerobic environments where organic
matter is available for decomposition (98,]72,]78). Methanogenesis
(the biological production of methane), occurs in’ the rumen and
intestinal tract of énimals,.anaerobic waste digestofs, freshwater
énd marine sediments and the wetwood of living trees. Methane pro-
duction by microorganisms has also been reported in hot spfings
.(]57,178) and‘lakgs (52). Production of.methéne by microorgaﬁisms
in sediménts, marshes and bogs is continuous and‘Fhis methane can
ignite spdhfanequs]y. Co]loﬁuially, the t?ansient, amorphous blue
lights seen sometimes above thgse environments are referred to as
"will-o-the-wisp'' (175). In these anéerobic envirénments, methano-
gens (methanogens'= microorganisms which produce methane), are the
terminalorganismsof the anaerobic microbial food chain. By con-
suhp£ion of the ferﬁentatioh products of higher trophic levels, par-
" ticularly HZ/CO2 and acetate, they allow-anaerobic decomposition to
.proceed (30). - The methane produéti@n reaétion is verf important in
“the carbén énd other cycles in nature becahsé it results in the de~
gradation'of comp lex organic material to the gaéedus broducts.CO£
and th with a relatively small growth yield of bacteria. In thigﬂ
way, a 1arge‘amount of organic material is destroyed, but most_qf the

substrate energy is retained in the methane (90%) (31).




Methane is p}oducéd by a‘small group of morphoiogically diverse .
bactéria. These bactérié are unified by their abili£y~to prodqce
methane as an end product during energy metaBolism. Many detailéd
réviews discuss the taxonémy, physioiogy, biochem%stry and aétiyify
of these bacteria (98,102,139,172,[78);

Barker has reviewed the historical aspects of microbial methane
production (7). The Hi;torica] study of methane production is in-
teresffng and warrants a brief summary here. Volta is credited with
the first observation of methane proddction in natu}e; In 1776,
he repoftéa that large quéntithes of a combustible gas were continu-
ously being formed fn the sediménts-of lakes and ponds in ltaly.
Volta also noticed that there seemed to be a dire;t correlation be-

tween the amount of plant material and the-amount of. gas produced,

“and from this concluded that the gas was. formed from this plant

matéria].
in 1806, William Henry found that this combustible gas was
identical to a synthetic illuminating gas, methane. ln.1868;

Béchamp, a student of Pasteur, provided evidence that methane pro-

_duction was a microbiological process. Tappeiner, in 1882, provided

more adequate proof that methane production was a microbiological
process-

Toward the latter part of the 19th century, cellulose was




thought to be a substrate for metbane—produciné bacteria. Later,
though, it was believed that methahoéenesis was.a two stage process
as cellulose could be decomposed without the production of methane,
but the products bfice]lulose'fermentatfons could be used by.a

. methane~producing culture. However, around this time, Omelianski

reported the isolation éf Bacillus methanigéhes which supposedly
- could form methane from cellulose. | |

During this century the study and knowledge of methanogénesis
has grown a great deal. However, it has been-only in.the past 10
or ISlyean-that the true substrates (used by pure cultures) of
methane;p}oducing‘baCteria have been identified. Even at this point
in time, much remains to be learned about methanogenic bacteria and
their.acti?[ties'in nature or iﬁ manipulated. environments such as
anaerobfc waste digeétors. As an example, thermophi]ic broduction
of methane has receive& attention as of_la£e as a more efficient

means of waste conversion (154).

Methanogenic Bacteria

Intereét in methane-produc?ng-bacteria has increased lately and
the main reason for tHis increased interest is due to the roﬁe
methanogenic bacteria play in thé_anaerobic conversion of orgapic
matter to methane (a fuel gas). Interest has also been-stimulated

by the idea (2,3,61,171) that methanogens comprise a unique type of




life distinctive from other p;ocgrydtic-(including chloroplasts and -
mitochondrié) and eucaryotic cell types. The basis fqr this dis-
tTncfion i; not only unique:ribosoma[ oligonucleotide patterns -and
seéuences, but also the lack pf muramic.aéid-containing peptido--
glycan céfl walls (61,81,84). Recently, Balch, et al. (2) proposed

a new taxonomic scheme for the methanogens based on their phxlo-
genetic relatedness as revealed by 16S rRNA comparisons. Additionally,
methanogenic bacteria appear to possess unique ether-linked lipids |

(151). These findings further strengthen the distinction of methano-

genic bacteria as the independent Family Methanobacteriaceae made

~earlier on the basis of common metabolic and physiological criteria
(29). "

The hethanogenic bacteria.as a group consist of very few re-
cognized species~belonging'to five geﬁera distinguished on the
basis of .cellular mo}pholégy (2,29,128). -The fact that rod-, coccus-,
'frregulér coccus~, spirillum- and bseudosarcina-shaped‘ce]ls have ~
begn found to'produce methane suggests di?erse phylogenetic origins.
As a group, methanogens—have.a severely restrictea range of energy
sources and most isolates use only Hy or H, and formate (29). Pre-
viously, a metabolic property bé]ieved cémmon to all methanogens,
the ability to use H, as an electron donor fﬁ the reduction of CO,

to methane, was touted as the one major unifying characteristic of
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these bacteria (29,98,172,178). ﬁecently, however, Zehnder, et al.

(176) and Zinder and Mah (188) have isolated a rod and pseudosarcina,

‘Methanobacterium soehngenii and Methanosarcina barkeri, respectively,

which do not use H) and €0, as pfgchrsors of methane, but db-actively

use acetate as a methane precursor. Carbon monoxide is converted to

€0, and CHy by Ms. barkeri and Methanobacterium formicicum (29). Ms.
barkeri is the'only isolate which may use either acetate or methanol
as an energy sourée (30).

_Only one true thermopHil%e methanogen has been isolated,

Methanobac ter ium thermoautotrophicum (184)., but Zinder and Mah (188)

isolated.a strain of Ms. barkeri which grew optimally at 50 C and

did not grow at 60 C. M. thermoautotrophicum grows optima]]y-in'the

temperature rangé 65-70 C.

Physiology, Biochemistry and Structure of Methanogenic Bacteria

The subgtrates for methanogenesis have aroused much controversy
in the past. _Eérly workers (7) reported that a wide varfety of al-
cohols, fatty acids, ce]]ulose.and H27C02 cou]d be used by méthano-w
genic bacteria. Howevef, much of.thig work was dope.with impure
enrichment cultures and resulted in invalid results. With the ad-
vent of improved, specialized teéhniqueskfor the iéolation.and culti-
vafion of these strict aﬁaerOGes (27,33,70,73), many‘of the aboVet

mentioned substrates were shown -to have been metabolized by contami-




. nants "in the enrichment culture. Previously, only H2/C02, formate,

€0, methanol and acetate had been shown to be. substrates for axenic

cultures of methanogenic bacteria (29). It appears now thoﬁgh (186,

‘187), that methyl mercaptan may serve as a methane precursor; however,

this Qork was done.with natural algal-bacterial mat or sediment
material and not with pure cultures. Also, compounds such as methyl
aminés have bgen shown to contribute to methane formation (67,116,
162,188). iny recently has acetate cbnversion:to methane been
studied in pure cultures (97,159;176). Zéikus; et al. (182): re-

ported that in a mineral salts acetate medium, acetate could serve

as a .methane precursor in Ms. barkeri and M. thermoautotrophicum

only in the presence of added H,. Mah, et al. (97) believe that

Zeikus found it necessary to add R, for acetate conversion because

of the selection and pregrowth conditions he employed. Mah, et al.

[y

(97) and Zehnder, et al. (176) have isolated pure cultures capable

of growth and methane production on acetaté as the sole energy

~source. The isolation of these bacteria in pure'culture has done

much to explain the fréquently obsgrved phenomenon that acetate.ié
the main brecursor of methane in most anaerobic systems (38,42,69,80,
88,98,107,136).

\ Despite the recent progress in obtaining methanogens in pure

culture which can convert acetate to methane, a great deal remains




tﬁ-be learned‘abqut organisms responsible -for acetate conversion to
methane. In addjtioﬁ, virtually nothing is known about the biochemi-
séry of acetate convgrsion'té methane or the means by which methano-
gens obtain energy from this reaction.(98,172,]75,]78). However,
a general scheme has beén broposed for Both €O, and-acetate conver-
. . -

sion to methéne to account for results observed by researchers.

-Basically, during the pﬁpcéss of -methane production, elecfrohs

generated in the oxidation of Hz'and formate are used in the reduc-

tion of COp to methane; whereas electrons generated in the oxidation

. of acetate and methanol are used in the reduction of intact methyl

groups of these substrates to methane (36,97,125,126,140,159). As
electrons flow from doﬁor to acceptor, ATP synthesis is presumed to
occur via an electron transport mechanism (54). Stadtman and.Barker
(140) proposed a branching scheme for the'réductioh,of €0, or-methyl
groups to methane to account for methane pfoduction from either COy
or methyl carbons. This presumably occurred thréggh a cdmmon
methylated intermedfate, and this scheme replaced the earlier theory
of Van Niel (see 6).

The beliaf of Stadtm;ﬁ and'Barker that there was a common

methylated intermediate involved in the reduction of C0, or methyl

carbons was substantiated by the discovery of McBride and Wolfe (101)

of coenzyme M (COM), a terminal methyl carrier (mercaptoethane




sulfonic acid). This coenzyme has been studied by others (143,
144, 145) and appéars to be active in the methyl reductase system of
‘all methanogenic bacteria. CoM is'found in all the methanbgenic

‘bacteria, except Méthanobacterium ruminantium strain M1 where it is

required as a growth factor (144) and this led to the use of this

" mi¢roorganism as a bioassay system for CoM (4). More recent evidgnqe‘

on the ability of CoM to transfer C; units of diFfering redox poten=-

tial, led Gunsalus, et al. (64) to propose that CoM may be the

common carrier of Ci-carbon from CO0y or methyl éroups. ‘
Electrons removed by methanogens in the oxidation of Hy or for-

mate by M. ruminantium were shown to pass through a low'potentiaf

electron carrier, called factor 420 or Fysq (152); to NADP before

ultimately reduciné methyl CoM to methane. This factor was origi-

na119 isolated from Methanobacterium MoH (46), but was found to be

present in all methanogenfc bacteria examined (61,64) and is also
unique to metHanogeni? bacteria (61). The structure of Fypg was
recently presented as a riboflavin analog (59). Fy, aUtoflgoresces
blue-green when excited by long wavelength ultraviolet light (46) .
In addition, some méthanogenfc bacteria have been sHown to posseéss
other chromophoric factors (65) o% unknown function.

Although the role of CoM and. Fy,q in acetate metabolism is

unknown, a role is suggested by the inhibition of growth and methano-




'

genésis from acetate in a pure culture of Ms. barkeri by viologen
dyes (97). -

Even less is known about the pathway for fixation of Co, into
cell carbon compared to known routes of COé fixation (51,146,180);.
While many methanogens appear to be autotrophic (178), if aépears
that methanogenic bacteriallack a complete Calvi; cycle, and they
do not pdSsess the enzymes necessary fo? €0, fixation fn the serine
.-or hexulose pathway (162). However, it is intetesting'fhat Weimer

and Zeikus (163) have shown that M; thermoautotrophicum and Ms.

barkeri are deficient in different tricarboxylic acid (TCA) cycle
enzymes. This thougﬁt'becoﬁes more provocative in regard tg the fact
that some methanogenic bacteria have been shown té excrete organic
compounds (178) so that one might infér that some cross-feeding of
COE fi*ation intermediates may take place in natural environments.
Also, the contribution of acetate in the formation of major amounts
of cell carbon in M. ruminantium (34) suggests that methanogenic
bacteria may be mixotfophic or even heterotrophic. -This mgkes sense
in terms of anabblic méfabolism as methaﬁogens in nature are often ’
found in a rich organic environment. The stimulation of. methanogenic
bacteria by growth.factors apparently provfded by nonmethanogenic
associates in mixed cultures (111,127,132,147,159,185) suggests that

methanogenic bacteria prefer symbiotic associations for optimal
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nutritiqnal conditions.

Not only are methanogens unique in regard to their physiology,
they are a]so.somewﬁat unique in regard~to their 'structure. ‘As
mentioned préviously, ﬁethanogenic bgcteria lack a muramic acid-
containing peptidog]ycén cell wall and arezthus'resistant to anti-
biotics whose action:is against cell wall.synthesis such as'penicillin,
vancomycin agd cycloserine (81). They also resist lysozyme and deter-

gents such as lauryl sulfate (84). Electron microscopy showed an

absence of an electron dense cell wall layer in Methanococcus

vannielii (81) and a variety of other unusual cetl wall and cytolo-

gical structures in other methanogens (91,179). Evidently, the un-
usual.ribosomal sequences of methanogenic bacteria (61) do not impart
differences in ribosomal function or structure as chloramphenicol

was found to inhibit.ﬁ, vannielii (81).

Ecology of Methénogenic Bactéria

In naturehorganic matter 1is. degraded anaerobically through
several trophic Tevels (69,90,98,150). Ofganic pé]Ymérs are de- ’
graded to a wide varigty of sugars, fatty acids, élcoho1s, Hé»ana

co

9 While other microorganisms further ferment the sugars and

alcohols, a third group of-organisms (30,31,175), the proton-redu-
cing, acetogehic bacteria degrade higher fatty acids to acetate, Ho

and C0, which are subsequently used by the terminal grganfsms of the




11

anaerobic food chain, methane-producing bacteria. These méthane-
producing bacteria have been gtudied in a wide variety of environ-
ments.

?rbbably the most extensively studied meéhanogenic environments
are the rumen and.- anaerobic sewage sludge digestors. Methanogenesis
in these environments has been extensively Eeviewed (68,69,71,74,75,
87). Methanogenesis also occurs in sediments and soils and these
environments are probébly the most significant globél source of
methane (88). In these environments and others (gastrdfintestinal'
tract, wefw;od of trées and a]gal-bacter%al mats), methanogenic
bacteria are obligately linked to nonmethanogenic bacterigifor the'
provision of substrates. This is true in all nathal environments
except in the.case of anaerobic enviroﬁments where m@thanogenic
substrates are provided in’emanating geothefmal gases (53,178).°

In nathrai‘environments methanogens readily form symbiotic
associations with other anaerobic microorganisms. fhis accounts for
ihe wide occurrence of impure cu]tureg obtained in thé past. This
s&mbiotic associatioh-ﬁs wgll demonstrated by the "Omelianski

symbiosis'. Methanobacterium omelianski was thought‘to be a pure

culture in the past, and, as such, was used for many biochemical and
physiological studies. ]f apparéhtfy converted ethanol and CQZ to

acetate and methane. However, in 1967,}it was shown by Bryaﬁt, et al.
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(35) to be a symbiotic association between two microorganisms: a

-nonmethanogenic S-organism which oxidized ethanol to acetate and H,

(eq. 1), and a methanogen, Methanobacterium strain MoH, which used
the H, to reduce €0, to CHy, (eq. 2). At pH 7.0;

S-organism  Hy0 + CH3CH,OH - CH3C00™ + W™ + 21, (eq. 1)

Methanobacterium strain MoH H¥ + HCO3 + 4H, > CH) + 3 H,0
- (eq. 2)
Growth of the S-organism on ethanol was greatly inhibited by the
presence of Hy; However, wHen co-culturea with the methanogen, "good
growth oécUrred.: fhe methanogen removed the ''toxic'' hydrogen and
" allowed the growth of the S-organism, while the S-organism produced
Hp and allowed the growth of the‘methanogen.

Since the resblut{on of tHe Omelianski symbiosis, much work has
been AOne to-elﬁcfdate the nature of the interaction between methano-
géns and other fermentative anaerobes. The work of‘WO]%n and others
(28,77,105,.130,174) over the .last decade hashfurther c]arified the
fconcept of interspeciés hydrogen transfer. Fermentgtfve anaerobes
generate reduced NAD (NADH) dp?ing the oxi&ation of organic;sub-'
‘strates. ‘In the‘absence bf‘Hz-consuming species (methanogens);
éiectréns~froﬁ NADH are disposed of‘by the production of reduced end
products such as ethanol, Ia;tate, or propionate, When methanogens

are present, carbohydrate-fermenting anaerobes produce increased
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amounts of H, as a reduced end product. Acetate production inc}eases
and the production of othér réduced end products such as ethanol or
lactate is greatly re&ucedt Thg oxid;tién of NADH to produce_Hé is
thermodynamically unfavorable if H, is presént, but the reactipn
becomes increasingly favorable as the partial pressurezof Hy de-
creases (174). Méthahogens consume H2 as fapidly as it is'produced
and by keeping the partial pressure of Hy very low, they make feasible
the production o% H, from NADH. 1f szis the primary electron sink
instead of reduced organic cqmpounds,.pyruvate (from glyco&ysis) is
converted”b}imarily to acetate (148) so that the nonmethanogen
‘obtains more AfP when érown in the presence of a mgthanogen.

Weimer and Zeikus (161) reported a similar symbiotic interaction

when Clostridium thermocellum was grown on cellulose in co-culture

with M. thermoautotrophicum. ‘Another interesting example of inter-

species hydrogen transfer between sulfate-reducing bacteria and

methanogens was described by Bryant, et al. (32). Desulfovibrio

“yulgaris and D. desulfuricans grew poorly on lactate in a low sul-

fate medium, butjgfew well when co-cu]tured with a methanogen. fhg
sulfafe reducers were able to grpw in the gbgeﬁce of sulfate by using
the methanogenic‘organism as an electron sink. Zeikus (178) has"
summarized that interspecies hydrogen transfer reactions result in

the'fOIIOWing.changes in co-culture: ‘i) increased substrate utiliza-
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tion,ii) different proportions of. reduced end products, iii) more
ATP prodﬁced by the nonmethanogen, iv) increased growth of both sym-=
bionts and v) displagemént of unfavorébleAequilibria.

Methénogens using methanol and acetate have also been shown to
form symbiotic associations with othér anaerobe;ﬁ Zhilina and Zavarin

(185) described several miEqurganisms which grew commensally with

Methanosarcina in a methanol enrichment. -The associates (nonmethano-
gens)'were unable to grow in pure gulture which indicated the exis-
tence of a symbiotic relatfonship bétween these microorganisms. .
Additionally, Mah and co-workers (98,]59).have reported a stab]e-
interaction between Ms. barkeri and nonmethanogens’ in an aceta£e
enrichment. The nonmethanogens coﬁld not use aceéate as an energy
source and it appeared that the nonmethandgens depended on the pseudo-
sarcina for nutrient requirements.

It is generally assumed that in aquatic sy;fems organic decompo-
sition is limited by the rate of polymer degradatioﬁ (164). Many
workers, (30,45,99,[]9) have concluded that organic biopolymer (e.g.
cellulose) degradation limits the rate at which gas production occurs
in anaerobic systems such as anaerbbic waste digestoré. As.showﬁ by -
Shea (13]),'in normal sludge digestion only about 3% of the total’

hydrogen-utilizing capacity of the hydrogen-oxidizing methanogens.is

utilized. He concluded therefore that methane production from COZ
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and Hy can never be the rate limiting step fn anaerobic digestion
as has been claimed by others. McCérfy (103)'concluded that the de-
composition of lipids and volatile acids appears to be the overall
rate limitiﬁg,step in gas producfion in sewage sludge digéstors.
Kaspar and Wuhrmann (85) étate that in sewage élnge the limiting'
factor for complete anaerobié mfneri]?zation of biodégradable’organic
matter is found in-the boundary conditions for the exeigonic oxida-
* tion of propionate. Bryant (31) states the problem most éleariy in
that ohe can not separate any set éf rea;tféns from another in trying
to determiﬁe the rate limiting step involVed in gas prdductiqn, He
concludes that' the rate limiting-reactions in the methane fermentation
(in sewagei often involve the degfadafion of fatt; acids, but this
depends on the efficiency of H2 utilization. Iﬁdeed, it may be impoéj
sible to state conclusively that.bne reaction involved in organic
decomposition limits the rate of gas production as all the reactions
in complete anaerobic mineraliéation are intimately interconnected (31).
In otEer environments, the addition of several compounds has been
shown to stimulate methanogénesis. Hydrogen'wag shown to stimulate
methane produc£|on in marine sediments (113 IIS) and Wlnfrey, et al.
(167) reported that in Lake Mendota sedlments, méthanogenesis was
greatly'increased by added H,. angaté (72) and Czefkawsk?, et al.

(50) have shown that the amount of methane produced in the rumen is
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proportional to the dissélved Hy concentration. ‘Acetate is.not an
imporfanf methane precursor in the ruﬁen since it is.drawn off for
the energy needs of’the"an}ma] (72). This was corroborated by the
findings of Opperman, et al. (112) that on]yi2-2.5% of the rumen |
methane was derived from acetate. nThé methane breqursors formate
and acetate have been observed to stimulate methanogenesis and lac-
tate also stimulated methanogenesis in Lake Vechten sedimen£s (37) .
In the pést; much effort has been directed toward determining
what the major precursors of methane are in various anoxic environ-
ments. Méghano] is not considered to be a product of anaerobic¢ de-
~coﬁposition and is not thought to‘be a methanogenic precursor in
naturél environments (80). Even though formate is a major product
in anaerobic fe}mentations, it-is not con;idered per se as an impor-.
tant methane precursor as it Fs readily cleaved to CO5 and H, by a
]arge‘numbér of‘anaerobic bacteria (178). In studies on the rumen,
Hungate, et al. (76) concluded that formate was metébolizéd primarily
by nonmethanoaeﬁic microorganisms.

It would appear then that H,/C0, and acetate afe the major in

‘situ precursors of methane (31,98,172,175,178). Iinhibition of methan=

ogenesis with methane analogs (8,38,142,149), viologen dyes (173) or
flhoroaceﬁqte (38) resulted in the accumulation of Hy. Other

researchers have investigated the importance of acetate as a methane
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Pprecursor. Smith and Mah (136) determined that 73% of the methane
produced in sludge was produced %rom acetate. JeFié'and McCarty

(80) reborted that‘70% of the methane produced‘in aﬁaérobic sewage

- was derived from acetate. Cappenberg calduiated that 75% of the
" methane evolved from Lake Vechten sediments was produced from écetate
(38). Koyama (88) calcu!ated that the mefhyl_position of acetate
accounted for 60% of the methane produced in rice paddy soils and
that 20-30% of the methane produced was derived from C0,. Belyaev
ana coworkers (13,78) have shown that in two Russién lakes most of
the methah; produced was derived from the methyl position of acetate.
Winfrey and Zeikus (170)‘reported thf co, édcounted for ﬁp to 41%
“of the methéne formed in Lake Mendota sediments. It appears thaf
the'major precursor of methaneé (HZ)COZ or acetate) is determined by
various conditioﬁs and relationships which Vary from environment to'
environmeﬁt. In this regard, some of the Qork in this study was di-
rected- toward determining the importance of acetate or €0, as methane
precursors in algal-bacterial mats.

Capﬁenberg and others (40,41,42,169,170) have sho&n that acetate
is also oxidized in sediment systems. He found that 2-he-acetate
could be metabolized to ?ACQZ and that the amount of 1ACOé.evolyed
from Z-IAC?acetate increased with thé adqition of sulfate. This is

an interesting observation bécause, in.the past, sulfate-reducing
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bacteria wére not believed to use acetate as an electron donor (92,
148). Russian researchers (129,137) have shown that certain strains

of Desulfovibrio can grow on acetate with added Hy and CO0p. Sorokin

(137) reported that acetafe was used for biosynthetic purposes -and
not respired to C0,. Badziong, et al. (1) observed the same pheno~

menon in that acetate was required only for cell carbon in strains of

Desulfovibrio. Other recent work has shown how acetate might be

respired to COZ in sédiments, Pfennig and Biebl (120) isolated a

new~specie$ of bacterium, Desulfurémonas acetoxidans, which could
oxidize acetate to €0, using elemental sulfur as a terminal electron

acceptor. Widdel and Pfennig (165) isolated a new speéies_of

Desulfotomaculum which coupled the oxidatfon of acetéte to €O, with
the reduction .of sulfate to;HéS. C0, has also been shown to be pro-
duced from the meiﬁyl po;ition of acetate by pure cultures of a
methanogenié bacterium‘(l82). Zehnder, et al. (176) isolated an
aCetate-decé}boxyiating, non-hydrogen-oxidizing methanogen and they
speculated that some écetate may be completely oxidized to obtain the
neéessary reducing equivalénts:for cell biosynthes{g.

Sulfate has béen shown Ey several wo?kers to inhibit methane
.productfon in sediments (37,93,100,169), It was demonstrated by
Martens and Berner (100) that Qethanogenésis did not occur in marine

sediments until sulfate was depleted. They speculated, as have
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others, (48) that the ihhiﬁition may be dﬁe to competftion for évail-
able hydrogen, or may be related fo the relatiQe free energy vyield
available from sulfate reduction versus carbonate réduction;' Winfrey
and Zeikus (169) showed that inhibition Qf methanogenesis_in Lake
Mendota sediment wasldue to cohpetition for available substrates.
Cappenberg (37) suggested tHat_the inhibition of methanogenesis by
sulfate may be due té the production of toxic levels of HyS. His
hypothesis was'SQpported b’ the isolation of a sulfide‘sensitive_
methanogen from Lake Vechten (39). However, it has been reborted
that the ééﬁumulation of 6.25mM sulfide did not significantly affect
methane production_in digested sludge (see 98). Others (160,169) |
have alsé shown that sulfide accumulation did not-afféct methane
production iﬁ.aléalﬂbacterial mats or lake sed}ments;' 1t -seems that
sulfide may be inhibitory in some -environments while having Iiftle
effect in others. Interestingly, Oremland and Taylor (1]5) reported
the concommitgnt activities of methane production and sulfate reduc-
tion in/marine sedfments, but the rate of'methane pfoduction was con-
siderably lower than in sulfafe-Free sedimentg. Siéce the work of
Oremland and Taylor, other workers have also noted the concommitaﬁt
actiyity of mefhane production and sulfate reduction (108,160,168).
Ward (158) reported that'methanogenesié océurred in thé presence of

"about 20, 000mg SOi/liter in Great Salt Lake sediment.’
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Numerous other factors have been shown to influenqe-methano-
genesis in natural anoxic sediments. Temperature may often limit
maximal rates of methane production. Zeikus and Winfrey (183) found
that maximal methanogenesis occurred ét 35-42 C, more than 10 C
higher than the maximum in situ temperature. Cooney and Wise (49)
found that there were two temperatﬁre optima for methanogenesis in
thérmophilic sewage sludge digestors, but,thét methane production was
greatest at the hiéher,témperature, 60 C. In the work of Cobhey
and Wise it appeared that there were two populatipns or strains of
methanpgen§ and the population that operated at 60-C Qas the more
efficiént.' ’

Methanogenic bacteria are probébly‘the sthciest.anaerobgs
known (98,172,178) and require low Eh values for growth to proceed.
In rice paddies, methanogenesis was not observea until the Eh deﬁ.

creased to less than -250mV (89). Oremland and Tahlor (114) noticed

diurnal fluctuations in methane levels in the rhizosphere of Thalassia

testudinum and suggested the possibility of inhibition of methanogenic

bacteria by oxidiziné-gonditions. Nitrate has al;o been shown to
inhibit methanogenesis in fresh water (47,93), marine sediménts (5)
and flooded'éoils (5,1&). It was suggested by Bollag (lﬁ) that
nftrate inhibition may be due to a rise in sediment Eh. Thus, thé

absence of reducing conditions might limit methanogenesis.,
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Sysfemafié studies on the natural pH range fof methanogéns havé
. not been reported. Howevér, Van den Bérg, Ei.ﬂl' (153) reported a
narrow pH range (pH 6-7.55 at which .methanogenesis was maximal in
waste digestors. Ward (i57) reported that methénégengsis occurs in
alkaline hot spring alggl~bacterial.mats at pH 8.5.

Enumeration of Methanogens

Manvaorkers have estimated the numbers of methanogenjc bacteria
in anaerobic enviroﬁments. In lake sediments workers found. numbers
of methanogenié pacteria fhat ranged from 102 to 107 cells per ﬁilli-
liter of Sédiment (11,12,13,37). These numbers are consiqerably
lower than‘those reported for thg rumen and digestor sludge. About
107 to 169 methaﬁogens per milliliter-have been réportéd in sludge
.(87,109,134) and in the rumen (75,117,134). Ward reported a maximum
value of 108,methanogens pér algal-bactefial mat subcore which rougﬁly
translates to 108 methanogens per ‘cubic centimeter of a hot spring
. algal-bacterial mat (157). '

Reqently, teéhniques_other than moét probable number (MPN)
_estimates haiétﬁéen developed which‘may yield mofe accurate;counts.
Edwards and McBride (58).enumerated methanogens in sewage sludge
using the UV fluorescence of Fiogs @ co-factor Eresent_in alllkﬁown
ﬁthaﬁogenic bacteria. By counting fluorescent colonies; these

workers obtained results comparable to those reported above. Mink
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and Dugan (106) have similarly shown that mefhanogens can be tenta-
tively enumerated in pure and mixed cultures based on fheir auto-
fluorescing properties. Strayer and Tiedje (141) have used a fluore-.

scent antibody specific for a strain of Methanobacterium to enumerate

methanogens in lake sediments. They obtained counts at least an
order of magnitude higher fhan with MPN teéhniques, but it must be
remembered that the fiuorescent éhtibody,technique may count non=--

yiéble or moribund cells.

The Microbiology of Low Suilfate Hot Spring Algal-Bacterial Mats

The bialogy of natural hot springs has attracted the interest of
scientists for many reasoﬁs over the years (21). 'Man* syrpr}sing
discoveries have been madé over the past ‘15 yeafs‘during a period
Zeikus, et al. (181) referred to as the ''golden era of thérmoph{IY”.

One of the most interesting findings regarding microhial iife
at high temperaturés'was the report that the upper temperature-]iﬁit
- for procaryotic microorganisms was not found in boifing springs (92 C)
of ‘Yellowstone National Park (15,16,25). Extremehtﬁermophiiic bac-
teria become ma;roscbpically visible in the tempefature.range 88-75
¢ (17). |

The upper temperature limit for,photosyntheti; jife is reached
.as the effluent‘wager from low-gulfate,‘alkéliné, siliceous hot

.springs cools to about 73 C (17,43,44). In the region below 74 C
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to about 40 C, the growth of . photosynthetic microorgqnisms results
in the development of a thick (1-3cm) algal-bacterial mat. The mat
is substantially reduced by metazoan graziné below abouf_ﬁo C (166).
In Octopus Spring, the photosynthetic componénts of the mat are a

photosynthetic flexibacterium, Chloroflexus aurantiacus (123) and a

cyanobacterium, Synechococcus lividus (104) which is embedded in -

the filament matrix of the flexibacterium. Another photosynthetic

’ - - - . - ( ’
cyanobacterium, Mastigocladus laminosus can be found as a minor com-

ponent in the alga]-bacteﬁiaj mat of some springs (Wiegert Channel
‘in this study), and in.some springs (43) it is the primary photo-
trophic combonent. '

Chloroflexus is a good example of the unusual microflora unique

to these hot springs. It is apparently related to the green sulfur
bacteria by virtue of the presence of bactefiochorophyl] c (122,123

124) and the presence of ''"chlorobium vesicles' (123). Atlso,

Chloroflexus resemblés.the green sulfur bacteria as it has similar
lipid " chemistry (86), a similar G + C ratio (123) and has the
ability to grow photoautotrophically using sulfide as an electron

donor (45,94). On the other hand, Chloroflexus shares the property

of anaerobic photoheterotrophic growth with the nonsulfur purple

" bacteria (96,124). Additionally, Chloroflexus resembles the cyano-

bacteria by virtue of similar carotenoid chemistry (66), gliding °
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motility and filamentous morphology (123)f

Brock (20). has mentidned that these springs are good environ-
meﬁts for ecological studies because they are essentially steady’
state systems w?th low species diversity. - Howevef, the recent iso-

lation by Zeikus, et al. (181) of Thermoanaerobium brockii, the

observation of heterotrpphic bacteria, and the isolation 6f other
novel bacteria from alkaline hot springs (26,79, unpublished results
~of this léboratory and personal communication - Steve Zinder) indi-
cate that while species diQersity may be low in terms of the major
species wHi;h make up the mat, a variety of mftrdorganisms‘resjde
within the qlgal;bacterial'mat eh?ironment. | |
Most oflthe.previous studies on the algal-bagéerial mats of hot
springs have been directed toward determining photosynthesis and
production of the mat. }he combined effect of sunlight and high
temperature results in rates of photosyntgesis as high as found -any-

where in nature (20). I'n Octopus Spring, primary production of the

‘mat is accomplished by both Synechococcus and Chloroflexus (57),

but the provision of organic compounds for photoheterotrophic or

hetérotrophiq‘growthﬁof Chloroflexus by Synechococcus was suggested

'by.Badld and Brock (]Q). Indeed, in pure cu]tufe; Chloroflexus is a

~

more vigorous photoorganotroph than photoautotroph (44).- Photo-

synthesis in the.mat is restricted by self-shading to the upper few
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millimeters of the mat (9,19,57) and natural populations of the
algal-bacterial mat were found to adapt to changes in light inten-
sity (95).

Positive aerotaxis by the motile Chloroflexus in the dark was

)

suggested by Doemel and Brock (57) as the mechanism for upward growth
of the mat. Upward growth sometimes leads to the formation of raised
mat structures which resemble precambrian algal or bacterial fossil

stromatolites (55,155,156). -In fact, Chloroflexus is a sediment

traébing organism as are the stromatolite~forming blue-green bacteria

(55). Thé'laminations evident in a cored sample of the mat may be

dpe to the differential migrétion of Chloroflexus in response to
reduced light intensity or positive aerotaxis at night (55)._ Growth
of the mat apbearslto be in balance with mat decomposition, but
Doemel and Brock (57) speculated that there méy be two rates of de- _
tomposition; occurring, that which is complefe after 2-4 weéks and
decomposition of more recalcitrant matérial which is compfete after
‘a year. Zinder, et al. (187) suggested that decomposition was most
rapid in'the'top 3 mf]limeters of the mat, but was the main biologi-
cal process ﬁe]owAj millimeters: Rapid decomposition near the sur-
face of the mat waS‘suggestéd as a'result of the lack of correlation

between protein and thickness between inert carborundum layers after

burial (57). In Octopus Spring, Ward (157) found maximal methano-




26

genesis near fhe mat surface.. Additiohally, Zinder,.ég_gl. (187)
found maximal HyS production near the mat -surface. They a]go found
that the production 6f volatile organic sulfuf'compouﬁds in anaerobic
decompos ition was inhibited by light which was prébab]y due to fnhi-
bition of anaerobic microorganisms by oxygen producea during cyano-
phyte pﬁbtosynthesis. Wara <157) suggesfed'that since organic matter
accumulated below the uppe? ]ayer-of maximal mat decompdsi;ion, there
might Be limitatﬁgﬁs imposed on anaerobic decomposition‘at lower
depths or a resistance of some organic components of the mat to
anaerobic'Aecomposition. |

Brock and co-workers fouﬁd that maximum prim§ry production in
‘the mat appearéd between 48 and 59 é, but. found g maximum standing

cropibetween 55 and 60 C (18,23). Peary and Castenholz (118) found:

that "temperature strains'' existed for Synechococcus and similarly,

Bauld and Brock (9) found that photo;ynthésis by Chloroflexus in

natural a]gal-bacteriaf mat samples was greatest at the environmental

temﬁeraéure wheré'they weré found. Brock and Brock (24) also showed
that temperature strains exist for heterotfophi; bactgria preésent in
the mat. They foqnd that for eaéh temperafure tested; thé optimum.
for glucose inco;poration was an experimental te@perature sjmi]ar

to the gnViroﬁmental.ﬁemﬁérature of the sample.

Zeikus (178) isolated a Ho-using thermophilic methanogenic
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bacterium éimi]arcto M. thermoautotrophicum from the algal-bacterial

mat present in the effluent channel of Octopus Sbring._ The. fact

that M. thermoautotrophicum has an optimum for growth and methane

production at 65-70 C (184) seems incongruous with the'téported

findings of Ward (157) that methanogenesis in these mats was maximal

at 45-50 C. Accordingly, some of the experimeﬁts performed in this

study addressed the problem of the temperature limitation of methano-
genesis observed in these springs.

The purpose of this research was to examine in detail methané
produc£iohfin this environment because these algal-bacterial mat  ~
systems provided a natural high temperé;ure environment .in which
anaerobic decompoéition to methane could be observed. - Specifié.ob-
jeé;ives wére i) to study the temperature relations and adaptation
of the bacteria responéibfe for methane production and if) to study
carban and electron flow to determine if subétrate-flow jn-these
natural environments was similar to other anaerobic.environments

which have been studied gxtenéively.




MATERIALS AND METHODS

Studx Areas

’The major research afeé used in this study was Octopus Spring,
an aikaline hot spfing (pH 8.0) located about 0.15 km SSE of Great
‘Fountain Geyser in the thte Créek drainage in Yellowstone National
Park. At this spring, e*periments were undertakén only in the
éouthernmost effluent chaﬁnel. Another research area used in this
study was in a meadow, élso in the Lower Geyser Basin of Yellowstone
National Parg, adjacent ‘to Ffreho]e Lake DriQe, Springs in this
meadow were collectively referred to as Sérendipity Springs becguse
of - their éﬁénce discovery-in early 1968 by M.L. and T.D. Brock (60).
The study area in the Serendipity Springs groub was a plywood chan-
nel (1.2 m wide x 24 m long) constructed by Dr. R{chard Wiégert
(Univ. of Georgia) by diverting the effluent of a spring.sé that it
constantly flo@ed down éhe‘artificfal channel. The pH of the piped
in water ranged from 6.0 to 7.0 (60), depending on the concentration
of the free COZ... Three other sbrings in Yellowstone National Park
were also investigated-initig]i? to study methane production versus
temperature. Two of the springs, Twin Butte Vista and Mushroom
Spring are located abéut 0.10 km-SE and 6.13 km NNE of Great Fountain
Geyser, respectively. The third spfing is referred to as 'West Thumb

A''. . It can best be described as the first major spring located north

of the West Thumb Geyser area that empties into Yellowstone Lake.
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Only the northernmost effluent channel was sambled. All officially'
named springs in the Firehole Lake arealéré shown on a map,in T.D.

Brock's book, Thermophilic Microorganisms and Life at High Tempera-

tures (22).

Sampling and Experimental Protocol

A Sampling

Whole cores were rem&ved.from the algal-bacterial mat with a no.
4 brass cork borer (50“3 mmZ) and tnansferfed'directly to one dram
glass vials (Kimble ]h.s X 45 mm) which were §ealed anae;obically (73,
except théf‘no coppervreducing column was used in the field) under a:
stream of 100% helium (Linde).. Butyl rubbef stoppers (A.H. Thomas,
recessed butyl rubber stoppers, size 00) were use& to effect a seal
and keep thé vials anaerobic during later maﬁfpu]qtions. Anaerobi-
cally tﬁéed samples were quickly placed in'insulatéd coolers that

contained water which was 5 C warmer than the in situ temperature.

During transit to the laboratory (approximately 2 hours), samples
cooled slightly but_this précedure ensured that saﬁples would be

kept within 5 C of their fndigenous tempefatures.: in-the‘laborétory;
samples were transferred to incubators that matched tHe ig_éigg
temperature (except in fhe case of temperature strain experiments
where samples Qere incubated at séveral different temperatures). All

additions were made from anoxic stock solutions at the time.of sample
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collection except in the case of some ZHIAC-acetate experiments where
additions were made after'retUrning to the laboratory.

B) Metabolism of Radioactively Labelled Compounds

The following processes were assayed as described below on

anoxically tubed samples:

1. Primary Préduction

Réplicate vials received 0.1 ml (2 uCi) of a 20 ﬁCi/m] stéqk
solution of NathCO3'(hh.5 mCi/mmol, New England Nuclear) diluted
in sterile anoxic distilled water (pH 8.0)} The samples were:incu-
bated in tHe effluent channel for 1.5 hours and biological activity
was terminated by the addition of 0.5 ml formalin. The addition of
formalin was acéompanied by extremely vigorous shékjng to ensure that
the formalin permeated.the gelatinous sample. ‘'Light" replicafe vials’
had their stoppers taped only at the top so that upon incubation the
core was exéosed to sunlight. ''Dark' rgplicates were taped 1gngthf
wiseland wrapped in aluminum fo%l to exélude lighf,during incubation.
At the laboratory, a gas headspace subsample was removed for deter-
mination of the specific activ}ty'of C0yp. After acidification with
0.1 ml! 50% sulfuric acid to’ensure removal of lL*C-carbonate species,’
radioactivity was de;erminea_by homogeniziﬁg the core (teflon tissue
hbmogenizef) and adding 0.1 ml of.the homogenateﬂto 10 ml Aquasbl‘

(New England Nuclear). A model LS 100-C liquid scintillation counter
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(Beékman) was used to determine radioactivity. Radioactivity'was
_measured on the 34 + 14C window and the gain was set at 240.. Cor-
rection for differences in counting efficiency were made by the
automatic éxternal standard method. The specific activity of C02 
(dpm/nmole) was div}ded_into the dbm in the cell fraction to convert
results to moles of carbon fixea during the incubation. Duplicate
vials were then averaged and the amount of CO, fixed in darkened
vials was subtracted from éhe amount of COp fixed in the light to’
': give light stimulated primary productivify.' The cores differed in
fength, and since activi?y }s nof proportional to length (157), a{ll
results were reported on a per core basis. |

2. Metabolism of 2-l4C-Acetate

i) Replicate vials received 0.2 ﬁl (0.2 uti) of a 1 uci/mi
stock solution of Z-lhc-acetate (sodium éalt, 4t mCi/mmol, New
_England Nuclear). Vials were taped lengthwise with mésking~tape to
- secure the stdppets. After two hours, biological activity was ter-
-minagea as above. Analysis of gas headspace subsamples %or IACOZ,
COZ’ lthq énd CHy, wefé méde as described in the analytical methods
séctioﬁ. Incorporated radioactivity was determined by filtering a

0.1 ml aliquot of a homogenized sample (teflon tissue homogenizer)

e )

diluted with 0.9 ml distilled water through a 0.45 ﬁm membrane

filter (Millipore). The filtrate of this mixture was retained in a
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two dram glasslviai (Kimble, 16 x 60 mm) and a 0.1 ml aliquot of

" the filtrate was used to determine unTncorporéted radioactivity.. ‘
After theifiltrate had been obtained; the filter was rinsed with'0.5
to 1.0 ml-distilled‘waterti When the filters had dried, they were -
exposed to conceﬁtrated HC1 fumes overnight to remove any uqiﬁcor-
porated }adioactivity remaining on the filters. Headspace volume

and liquid volume of each vial were determined by displacement’&ifh
water so that results could be corrected to a per core basis. Addi-
tionally, pH was determined for correction of ko '(gas) to total
MCOZ as descrlbed in the ana]ytlcal methods section.

ii) Repllcate vuals received 0.1 ml (1 uCi) of a 10 uCI/m]
stock solution of 2-1h4c-acetate (sodium salt, bb4. 0 mCI/mmol New
Ehglanleuclear). Vials were taped léngthwise ag above. Light éﬁd
dark replicates at 55 C were prepared as above. ]thz and IACHQ were
determiné& as dgscribed in thé'analytical methods section. Incor-
.porated and unincorporated radioactivity'were determined as above.

|||) Experimental vials were treated as above except replicate
vials received 0.1 ml (1 uC|) of a 10 uCn/ml stock solution of Z-IACH
acetate (sodium salt, 44.0 mCl/mmql, New Eng'tand Nuclear)'after
‘methanogenesis had been established (48 hours after coring). ]hCOZ
and [ACHA were Followgd over time ana determined as described ;n the

analytical methods section. Incorporated and unincorporated radio-
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activity were determined as above and measured 71 hours after the

radiolabel had Eeen added. - )

3. Metabolism of Tritiated Acetate

The study Was,performed in the same fashion as those experiments
designed to determine the metabolism of 2-]hC-acetate, but only in
Octopus Spring at 50 C. Replicate vials received 0.1 ml (2 uCi) of
a 20 ﬁC%/ml stock solution of JH-acetate (sodium salt, 2'Ci/mmol?-Néw
' England Nuclear). Both short time incubations (3 hburs) and long
t}me course e*perfments (¥ days) were performed. Gaseous subsamples
were‘analyiéd for C3H4 as described below. A parallel experiment
was performed with material obtained from a déiry cow manure digestor
(10 day tu}ﬁover time, 8.8% so]fds, 86% volatile s;]ids) to prepare
C3H4 fOf use in ensuring its déteétion by the method described below.
In other studies (unpublished results of this laboratory), it was
determined that about 80%. of the methane produced in this system came
from the methyl group of acétate. éy comparing the minimum and maxi-
mum peak responses'to C3Hh (assuming a stoichiometric conversion of
3H-acetate to C3H4 and that f;rthe} fncubatibn did not result in
increased amounts of C3Hh -~ this would maximizelgfror), it was cal-
culated that no more.than 0.29% of the added 2 ﬂCi Qf 3H--a'cetate (in
the algaifbacterial mat experiment) could have been converted to

C3Hu, or it would have been detected. Incorbokated and umincorporated
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radioactivity were determined as deécribed above in the 2-|4C~acétaté
labelling experiments. Radioactivity was measured as above using
only the 3H window and gain of 270 to correspond to the gain setting

used for quench curves of tritium.

4. Conversion of Nak'“C03 to ch,

To détermine the importance of CO2 as a methane precursor,
experiments were undertaken in which 0.1 ml (2 ﬁCi) of a 20 qu/m}
stock solution of NaH”’CO3 (44.5 mCi/mmol, New Engléﬁd Nucléar) was
added to replicate vials. Radiogctive'CHh and €0, were %ollowed over
time as described bélow. Correction to nmoles CHh evolved from CO,
was obtained by dividing total dpm IACHQ by the specific activity
of CO,. | R - '

The ratio, sp act CHy/sp act €0y gives an indication of the im-
portance of €0y as é methane ‘precursor (80). It was fognd”that over
the initial‘iﬁcubation period, the ratio of the specific activitie;-
of IACHQ éo ]thz increased. To ensure‘that‘specffic activity com-’
parisons were made -after the rafio appeareq to level off (8 hours),
vials were flushed (5 ninutes) with 100% heiium gas (Linde) that
fiowed through a heated coppef column 2k hqurs aftér incubation.
Subsequent readings were -taken every -few hours. To determine.if the

initial rise in the ratio of the specific activities of IACHh.to
14 '

€0, was due to an increase in the importance of certain methane
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formation reactioné, an experiment was performed where IOO%.hydtoéen
(Lin&e) was added (0.1 ml)~at-thé time of‘samp]jng and again at the
time of flushing to see if this Sffected the ratio obtained. Also,
acetate (0.1 ml t§ achieve a final concentration of Imh Tn‘an esti-
mated 2.5 ml §ample) was added a£ sampling aﬁdsflushing times to see
if the ratio obtaingd was affgcted. To determine if tﬁe specific
-activity ratio obtéined (which was always less than 1.0; 1.0 indi-
cates 100% of the evolved methane was derived from €0 reduction)
iﬁdicated error in_measurements or isotopic preferéncé for 12¢ over
]hC, a parallel experimen£ was performed with pure cultures of methaﬁo-_
genic bacteria isoléted as déscribed below. Culture condiﬁions weré
identical toxthose‘descrfbed later, but the headsﬁace of culture
tubes contained only HZ and.the only édaed methane precursor was €0,

which was added in the form of NaH!%C03 (0.1 m1 (2 uCi) of a 20 Ci/ml

stock solution, 44.5 mCi/mmol, New England Nuclear).

C) Analytical Methods

1. Headspace Gases
Gas ;amplés were removea from the heédspéce of vials hging a
helium flushed gas tight syringe. Hami 1ton sy%ingés were used ini-
tially far methane production experiments. Aglasspak syringe (Becton-
Dickinson) attached-toa minjne;t valve (Supelco) (to minimize loss

.of sample due to pressure differences) was used in later experiments.
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Gas subsamples (0.2 ml) were analyzed by gas chromatography-gas
proportion analysis. Concentrations Were corrected to STP. For

analysis. of CHy,, 14

CHy, CO, and TQCOZ a Carle model 8500 thermal
conductivity gas chromatégraph equipped with a 3.2‘mm 0D x 2.3‘m:(l/8
inch x 7.5‘foot) stainless steel column packed with 80/106 mesh Poro-
'pék N (Supelco) was éoupled to a Packard model_8§4 gas proportion
analyzer. Helium make-up gas was added after.combustion (at 750-

800.C) in the gas proportion analyzer to increase total flow to

.70 m1/minute so that the flow of propane -quench gas through the gas

proportion”ana]yzer was an optimal percentage (lO%)_pf the total flow.

The gas chromatograph was operqted isothermaliy at 50 C. This method
of analysis for CHy and CO, and radioactivity in ;hese gaseSIWas
similar to the method Eeported by Nelson and Zeikus (1105. Gas
concentrationé were calculated by comparison of peak area to that of
standards -using a.Spgttra-Physics model 4100 ;ompﬁting integrator.
Radioactivity was calculated by comparison of peak area to the res-
ponses of staﬁdards to determine disintegrations per minute (based

on standardization_5y~]fquid scintillation count[ng)iusing.a Spectra=
‘ Physics Minigrator. C3Hh was detected }n the.same way, but with the
'gas proportional counter ‘furnace turned of f to prevent cémbustion of

methane. The sensitivity to C3H4 was determined by preparing Q3H4

from 3H-acetate using contents of & dairy cow manure digestor as
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described previously.” The total amounts of CHy and IACHA were cél-
culated bY comparison of subvolume to the gas headspaée volume. Total
amounts. of CQZ and ]4C02 per vial were determined by correction for
Fhé difference between subsample and headspace volume, and also for
_ gas solubil}ty ana dissociation equilibria according to Stainton (138).
More sensitive methane analysis was performed on a Varian 3700
series flame ionization gas chromatograph.using a.3.2 mm x 1.83 m (1/8
inch x 6 foot) stainless'sfeel column packed with 60/80 mesh Poropak
0 (Supelco) with a helium carrier flow at 40 ml/minute and an iso-
thermal oven temperature of 50 C. .Injector and detector temégratures
were 60 and 150 C, respectively. Gas concent;ations were calculated
by comparison of peak area to that of standards u;ing a Spegtra-

Physicé model 4100 computing integrator.

2. Autoradiograms

Autoradiograms of material incubated with Z-IAC-aCetate weré
pfepa;ed afte( the method of Brock and Brock (16). A thin film of
homogenate was smeared onto a precleaned glass slide (pfecleaned glass .
-slides - VWR Scientific) and allowed to air dry. The slides were put
through é series of five distilled watér baths (one minute_eaéh) to
remove ‘any unincorporated radioactiyity. Slides wéfé then dipped for
five seconds in photographic emulsion (Kodak NTBZ)'undér a Kodak no. 2

safé}ight. Slides were exposed for about one month in total darkness
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and then developed in total darkness with Kodak D-19 developér and
fixed with Kodak fixer. Slides were examined usiné a Leitz Ortholux
[l'microscope'equipped for interference contrast optics. Photomicro-
graphs were taken with a Nikon Microflex model EFM semi-autgmatic
photomicrographic attachménf at 500X ‘using Kodak éanatomic-x fi?mﬂ

Exposure time was about one second.  Negatives were then enlarged to

5t x 7" prints on silver bromide print paper (Koda Bromide F-4) to

achieve better contrast.

3. Other Methods

ﬁﬂ‘was taken in the field using colorpHast pH paper (MQ/B
Manufacturing Chemists; inc.). pH was measured in ;he laboratory with
a pH Master pH meter (VWR Scienﬁiffc) and a glass combination electrode.
Temperature was taken with a mercury thermoheter.

D. lsolation and Culturing of Thermophilic Methanogenic Bacteria:

1. lIsolation
Enriéhment, isolation and maintenance of a thermophiric
methanogeﬁ was done in a med{um (basal ﬁedium—BM) that contained the
following per liter distilled water (all chemicals used were reégent

grade): KH,POy, 0.15g; NagHPOy, 1.05g; NHuC1, 0.53g; MgCly-6H,0, 0.20g;

cysteine-HCl, 0.5g; .0001g resazurin and 10 ml mineral elixir B.

Mineral elixir B contaihed per liter distilled water: nitrilotri-

acetic acid, 1.5g; FeC]Z'hHZO, 0.3g; MnClz-hHZO, 0.1g; C0C12'6H20,
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0.17g; ZnC]z,'Ollg;.CuClz,‘O{QZg; H3BOS, 0.1g; Na molybdate, 0.0lg.‘
Minéral.e]iXir B wés prepared by adding the nitr{lotriacetate to 200 mi
distilled wéfer and adjusting the pH to 6.5 with KOH. This solution
was added to 600'ml distilled water at thch time the remaining |
components of mineralnelix}r B were added in éhe order as they appear
aboye. The volume was then brqught to one litgr with distilled
water. The pH of the medium was- adjusted to 9.2 so that the final

pH. was about 7.1 (20:1) after all additions had been ﬁade; The

med ium was made anoxic by a modiffcation of the Hungate Technique
(73) . Thé’trnediQm was boiled under 100% helium (Linde), but dispensed
under 20%1602/80% Hz_(Linde) with a 5 ml repipet gL/I‘Repipet). Each
roller culture tube (150 X 16 mm, Bellco) fitted with a butyl rubber
stopper'(A.H. Thomas, recessed butyl rubber stoppers, size 00) re-
ceived 5 ﬁl of medium. Roller culture tubes were autoéélved'in a
tube press. Na25~9H20 (pH 13) waé'added gfter autoclaving to achieve
a final concentration of 0;03%. All additions to the medium after
autoclaving were made from sterile anoxic stock solutions. The

bgéal mgdium'(BM)'wa; médified by‘a&ding 0.2% yeast extract aﬁd 0.2%
trypticase for.use in checking for heterotrophic contamiﬁants (BM +
TfE).» A contaminant-organism was fsolated'on:BM'¥ TYE (see-Reéults)
"by dilution to extinction, and a portion of .this "'spent' medium that

was rendered sterile by autoclaving and filtration through a 0.45
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membrane filter (MilTipore) was needed to supplement BM (BM + S)

s@ that methanogenic bgcteria could bé isolated by diiution to extinc-
tion. Growth in the highest dflutions containing methane and blue-
green aUtofiuorescing cells was serially diluted repetitively until

1) all culture mgmbérs exhibited gihilar morphology and Fl&orestence
(the abiljty to autofluoresce was observed in. a Leftz-Ortholux bt
Microscope equipped with vertical illumination with ultraviolet light

from an HBO-200W mercury lamp that passed’thrqugh a Leiti-B cube

"excitation and emission filter combination), and 2) inoculation into

BM + TYE_W}Eh a helium atmogphere yielded no growth. Since methano-
genic bacteria have been shown to resist certain antibiotics-(z), the
isqlétion of the thermoph%licnnethanogens by dilut{on to exfinﬁtion

was carriéd out with the sodium salt of either penicillin 6 (Eli
Lilly), or ampicillin (Sigma) added to each dilution to reach a final
concentration of 300 ug/ml of medium. Isolates were obtained at 50,
55,. 60, and 65 C using Octopus Sprin§ algal-bactériél mat obtgined at
each of those temperatures as inoculum. To deteﬁnine if §rowth could
occur on formate, acetate, or methanol, BM + S was used with a helium
atmosphere. Sodium formafe,,sodium acetate or hethanb].(sterilé anox;

ic stock solutions) were added to reach a final concentration of 1.0%.

2. Temperature Strain Experiments

Temperature strain experiments were performed with the
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isolates using BM + S to para]lel temperatufe strain gxperfmenté done
with natural mat material. Each isolate Qas growh'in dhpljcate at
50, 55, 60, 65; 70, 75 and 80 C and methané production was. fol lowed
over time. Each experimental tube received a Q;l ml inoeulhm from
a turbid culture‘which had been pregrown in BML+IS at the temperature
at which it had been isolated. In addition, each isolate was grown
in duplicate at the'temperatures listed ébove and‘optical’density.
was, méasuréd after 72 hours relative to an uninoculated blank on a
Varian model 635 or a éi]ford model 250 spectrophotometer at 660 nm
{l cm ligh£ path). Tubes analyzed for optical density weré flushed
daily with -20% C02/8O% H, and given (via a 10 ml élésspak syripge
fitted with a mininert valve) about 2.5 final atmospheres of the
COZ/HZ gas mixture. Stoppers were held in place by tape in. tubes
used. for optical densify determinations. -After 48 hours, tubgs used
for optical density.determinations'were'supplemented_again with 0.05
ml of a Stefile anokic_B% NaZS-QHéO solution (becéuse‘sulfide was

presumably lost thrqhgh daily. gas headspace flushings).




RESULTS

Methanogenesis Along the Thermal Gradient

in alkaline, siliceous hot springs, a well developed algal-

bacterial mat develops in the effluent channe] up to about 73 C,

the upper temperature limit for tHe‘photofrophic components of the
mat. Orfginal experiments were’de;igned to determine the region of
greatest methanogenesis along the thermal'gradfénts of several hot
gpring effluents. Aithqugh methane production was linear over the
initial incubation period (48 hours), results are presented‘for the
earliest time point rather than estimating a rate. Contrary to what
might be é;ﬁected, methane production iﬁ each of the five springs
suryeyed Qés'greatest well below the upper temperétu?é limié of algal-
"bacterial development. Generélly, the best temperature for methane o
production was 50 to 55 C; however, two springs, Mushroom Spring and
West Thumb A, showed maximum methanogenesis at 60 C (Figure 1). Later
eiperiments were designed to examine if the reason for maximum methano-
genesis occurring below the upper femperature limit for mat develop-
ment was a lower upper temperature limit for methandgeps involved in
anaerobic degradation.

Effect of Temperature on Anaerobic Degradation to Methane

When samples collected at various temperatures along the -thermal
grédient were incubated at elevated temperétures (up to 65 C in

Octopus Spring, Figure .2, and up to 70 C in the Wiegert Channel
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FIGURE 1. TEMPERATURE DISTRIBUTION OF METHANOGENESI|S IN HOT
SPRING ALGAL-BACTERIAL MATS (METHANE PRODUCED AFTER

17-20 HOURS, AVERAGE OF TRIPLICATES),

4




# MOLES CH4/CORE

20t

il

A. WIEGERT
CHANNEL

L.OFB. TWIN BUTTE
VISTA ////\\\\

0.5}

i OCTOPUSe

./ &

-

[D. MUSHROOM

e

E. WEST THUMB

0\ ,/o/ \

A,

a5 50 55 60 65
TEMPERATURE (C)







FIGURE 2. EFFECT OF TEMPERATURE ON METHANOGENESIS [N ALGAL=-
BACTERIAL MAT SAMPLES COLLECTED AT VARIOUS TEMPERATURES
(OCTOPUS SPRING 1978) (METHANE PRODUCED AFTER 7 HOURS;

 AVERAGE OF TREPLICATES). ' - >
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' Figure 3) increased methane'production occurred. This observation
was confirmed in a similar expérimént ia Octopus Spriné (Figure 4).
The inclusion of higher incubation temperatures permitted the ob-.
servation of the upper temperature limit for processes involved in
anaerpbic‘dgcompoéition.to methane. Above 70 E, methane production
was lower fn samp]es-collected from various temperatures in tﬁe algal-
bacterial mat. Although gome methane production'ﬁas indicated for -
the 50 C samples incubated at 75 and 80 C, this was most likely a
result of methane production that occurred before samples could be
transfer?éd‘to higher incubation temperatures (transit time from the
field to tEe laboratory was about two hours). Time courses of me-
thane production showed ﬁo increases in mgthane p;oductién for
samples incubated at 75 and 80 C. Thus, thé Upper temperature ]imif
for.anaerobic~processes.inQolved in the conversion of algal-bacterial
materiél to methane~apbears to be 70 to 75 C. Therefore, it éppears
likely that liﬁitatjons other than temperafure must account for the
lack of methanogenesis above about 60 C in these algal-bacterial
mats (Figure 1).

‘Correlation of Primary Preductivity-and Methanogenesis

 Experiments to determine if there was a correlation between
primary productivity and methane production showed that pfiméry pro-

duction was sharply limited at temperatures above 50 to 55 C
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FIGURE 3. EFFECT OF TEMPERATURE ON METHANOGENES!S IN ALGAL-
BACTERIAL MAT SAMPLES COLLECTED AT VARIOUS TEMPERATURES

(WIEGERT CHANNEL 1978) (METHANE PRODUCED AFTER 12 HOURS,

AVERAGE OF TRIPLICATES). -
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. FfGUkE'h.

EFFECT OF TEMPERATURE ON METHANOGENESIS IN ALGAL-
BACTER tAL ‘MAT- SAMPLES COLLECTED AT VARIOUS TEMPERATURES
(OCTOPUS -SPRING 1979) (METHANE PRODUCED AFTER 15 HOURS,

AVERAGE OF DUPLICATES). . N
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(Figure 5). In this experimehf,,measuremehts of methaﬁogenesis and
‘primary production were made on the same date in Octopus Spring. 'Theré-
was a reasonable correlation between primary produétfvity gnd methane
production, both of whiéh showed significant acfi&ity ét only 50 and

55 C. It would appear then that methanogenesis above 60 C is ndf
limited by temperature, but might be Jimited'sy'the availability

of methanogénic precursors, the amount of which is probably a direct
function of the rate o% formation of algal-bacterial Qréanic matter.

Isolation and Characterization of Methanogenic Bacteria From Various
Temperature Regions of the Algal-Bacterial Mat

Attempts to isolate a thermophjlic methanogen in pure culture
by dilution to extinction féi]ed at first as it was impossible to
Sepafate methane-p;oducing bacteria from a-Heterotrophic Eonféminant.
However, the heterotrophic contaminant was readily-isolated by dilu-
tion to extinction in BM (see Materials and Methods) supplemented with
0.2%'trypticase and 0.2% yeast extract under a 29% C0,/80% Hz atmos-
phere'(Bﬁ + TYE). When -BM was suﬁplémented'with 0.1 ml of é turbid
culture of the isolated heterotrophic bacterium (grown in BM.+ TYE;
'-sterilized after growth by autbclaving ;nd-fi]tration through a-0.45 um
Mil]ipore filfer - BM + S), it was possible to obtain pure cuﬁtufes
6f methanogenic B?cteria at 50, 55, 60 and 65 C using Octopus Spring
algai-baéterial mat materials as a source of inocula. |t was later

found that vitamin By (Img/ml1) replaced the requirement for the

]
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FIGURE 5.

TEMPERATURE DLSTRIBUT{ON OF PRIMARY PRODUCT‘ON AND .
METHANOGENESIS IN OCTOPUS SPRING'ALGAL-BACTEkIAL MAT
(METHANE PRODUCTION- AFTER 9 HOURS,'AVERAGE OF DUPLICATES)
(PRIMARY PRODUCTidN, 1 1/2 HOUR INCUBATION; AVERAGE

oF Z'REPLICATES FOR BOTH LIGHT AND DARK CONDITIONS).
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. growth factor supplied by tBe.héterotrophic associate.

All methanﬁgenic isolates were lqné, irregular, Gram positive,
rod shaped bacteria which exhibited a b]ue-greeﬁ aﬁtofludrescence.
Hydrogen, but not formate, acetate or methanol served as an energy
source for growth. The heterétrophic contaminaﬁt was a Gram nega-
tive rod that contained inclusion granules visible in Gram stains.
The contamfnant was an obligate anaerobe that would grow as well
under a helium atmosbhere as under a 20% COi/SO%.HZIatmqsphere.

All methanogenic‘i;olates showed greatest growth "and methane
productioﬁ‘ét 65 C (Figure 6). Methane production and growth occur-
red when ai]'isolates, except for the 50 C strain, were incubated
at 70 C. No growth or methane production was obsérved at 75 6r 80.C,
'_ These results correlate well w}th the observed envirénmentaf tempera-
tﬁre relations. |

HIACOE as_a Methane Precursor

As mentioned in the introddction, C02 and acetate appear fo be
the main brecursors of methane in anaerobic environmentSu' When
NaH”’CO3 wgs added to algal-bacterial mat sampfes'from Octopus Spring
or Wiegert's Channel, rapid linear production of ]hCHu ensued

(F?gure 7). 1t was possible to examine the relative importance

3
IACHA produced from H]hCOE would -be diluted by nonradioactive CHh.

of HCO. as a precursor to methane since the specific activity of
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FIGURE: 6. TEMPERATURE OPTIMUM FOR GROWTH OF AND METHANOGENESIS
BY METHANE—PRObUCING BACTERIA ISOLATED FROM OCTOPUS

SPRING (AVERAGE OF DUPLICATES MEASURED AT 72 HOURS).
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FIGURE 7. CONVERSION OF NaH!%C0; TO '“CHj IN HOT SPRING ALGAL-

BACTERIAL MATS (AVERAG'E OF TRIPLICATES).
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produced from methane precursors, such és acetate, Which are not con-
vérted‘to methane via Hco;. The ratio sp act CHb/Sp act COZ (in
equilibrium with HCOB) indicates the fraction of methane derived from
HCOE (see Jeris and McCarty, 80). The specific éctivity ratio in-
creased over theliniti§]'6 to 8 hours after addition of NaH]4C03'to
a]gal-baéterial mat samples (Figure 8); it is uﬁlikely that this
change in the specific activity ratio reflected a changing-reiative
“importance of methane prpductibn reactions'as %he phenomendn was
related to the'addition of radiolabe]zand‘ﬁbt to time after sampliné
(data 6F Figuré 8 are for addition of radioisotope 46 hours after
sampling). A]s;, addition of Hy, or acetate to artificia]ly‘enhance
the importance of different methane production reactions did not
significantly alter the specific activity ratio (Table 1 and see
Discussion). In subseqﬁent expérimegts, results uséd to indicate .
the relative importance of HCO§ in methanogenesis were recorded 3-5
hours following displacement of thé gas headspace with helium (about
24 hours afteﬁ sampling).' In this way the specific activities of
heéﬂspace thHh and headspaéé ]4062 (evolved from H'“cog in solution
during the interQal in which ,ACHhhwas prbdﬁced) could be compared

at a time subsfantia1]y after changeé in the Specffic activity ratio
were no longer‘appa}ent (as.will be mentioned in the‘DichSSion

section). As indicated in Table 1, similar results were obtained at
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FIGURE 8.

CHANGE IN SPECIFIC ACTIVITY CHh/SéECIFIC ACTIVITY COy
FOLLOWING ADDITION OF NaH”*CO3 (LABEL ADDED 46 HOURS

AFTER SAMPLING, AVERAGE OF DUPLlCATES). .
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TABLE 1 . EFFECT OF HYDROGEN AND ACETATE ON THE [IMPORTANCE OF CO2

AS A METHANE PRECURSOR (OCTOPUS SPRING 55 C).
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sp act CHy/sp act CO, AT HOUR AFTER-SAMPLING:b

CONDITION® h 6 22 27¢ T 29
CONTROL 0.692 0.941 0.728 0.788
HYDROGENS . 0.902 1.171 0.861 0.897
ACETATE® T 0.836 1.004 0.857  .0.834

3 Average of k4 replicates.

o

Specific activity CH, + specific activity o, x 100 = % CHA from CO,.

(g}

Headspace flushed at 24 hours with IOO% helium (5(minutes).

a

0.1 ml 100% HZ'

.€- 0.1 ml sterile anoxic Na acetate to achieve a final concentraﬁion
of 1 mM (assuming a 2.5 ml sample). B

13




65

earlier incubation times (6 hours) before the displacement of head-

space gases. When data from different experiments were pooled, mean

~specific activity ratios of 0.804 (£0.099 standard deviation, n=10)

for Octopus Spring-(55 C) and 0.711 (+0.242 standard deviation, n=5)

for Wiegert's Channel (60 C) indicated that 71.1-80.4% of the methane
3

temperatures in Octopus Spring (Table 2) and when samples collected

formed was by reduction of HCO Similar results were noted at all
at 50 C in Octopus Spring were 1n;ubated.at elevated temperature
(Table 3). The results indicated the predominance oF.HCO; as a
methane precursor.

A parallel experiment to determine the ratio sp act CHh/sp act
CO2 in pure cultures of isolated thermophi1ic-methanoggnié bacteria
was performed (see Materials and ﬁethods). This experiment was under-
taken to determine if .the specific activity ratio obtained with
natural algal;bacterial mat material was similarito specific activity
ratéos obtained Fbr pure cultures of the i;oléted methanogen grown
only on H2/C02, which would indicate error due to method or isotopic

selection of ]26 over ]hC.

Twenty-four hours after inoculation, the ‘
50, 55, 60 and 65 C isolates showed specific activity ratios of 0.839,
0.807; 0.827 and 0.826, respectively. These specific activity ratio
values were quite close to the values repofted abo;e for natural

algal-bacterial mat material suggesting that nearly all methane







TABLE 2 . TEMPERATURE DISTRIBUTION OF THE IMPORTANCE OF CO, AS A

METHANE PRECURSOR IN-OCTORUS SPRING ALGAL-BACTERIAL MAT.

»
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TEMPERATURE® ' sp act CHy/sp act €0,°:¢
45 C o o ' 0.81
50 C o - 0.87 .
55 C 0.88
60 C - D 0.90

3 Average of 3 replicates; samples incubated at température sampled.
b Specific activity CHh + ‘specific activity-COan 100 = % CHh‘from COZ'

€ Readings taken 3 hours after headspace flushed wnth 100%
helium (5 minutes)-
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TABLE 3 . [IMPORTANCE OF. Co, AS A METHANE PRECURSOR IN 50 C OCTOPUS
SPRING ALGAL-BACTERIAL MAT. SAMPLES INCUBATED AT VARIOUS

TEMPERATURES.

)
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INCUBATION

TEMPERATUREa. sp act CHy/sp act CO, b,c
50 ¢ 0.684
55 ¢ 10.927
60 C 0.951
65 ¢ 0.892
70 C 1.227

a

Each tempefature - -average of 2 replicates.

.b specific activity CHy ¢ specific activity C0, x 100 = % th from CO,.

C Readings taken at 5 hours after headspace flushed with IOO/

helium (5 minutes).
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formed in the natural environment may haye come from HCO§ reduction.

14

Metabolism of 2-' 'C-Acetate

14

In Octopus Spring, initial experimentg to determiné if 2- °C-
acetate was an important precursor of methane showed that no Fadio-
active methane arose from the addition of 0.2 uCi of 2-]4C-acetate
to sample Qials that were incubated th hours in the effluent chan-
. nel. This amount of iabe] was'equiva]ent to adding about 4.5 nmoles
acetate to each sample. I[In later experiments, done,iﬁ both the
Wiegert Channel and Octopus Spring addition of 1 uCi of 2-]AC-
acetate (equals about 22.7 nmo]es_acetate) resulted in the production
of small amounts of radioactive methane. |In a short time course
experiment (2 Hours); most of the label was taken up by cells or was
recovereq in the fi]tfate (presumabiy as'unmetabo]iéed acétate, see
Table 4). Except in one condition where. 11.06% of the labéllwas re-
covered as radioactive methane, all other conditions shqwed no more
than about 1% of the recovered label appearing as ?QCHA. This ex-
periment (Table 4) also indicated that there might have been some
light stimuiafgd uptake of 2-hc-acetate. Vials that were left
completely exposed to sunlight.(light condition) had more lébe]
enter thg cellular, pool than those sample vials that were darkened

by aluminum foil. In the Wiegert Channel .(part B, Table 4) an extra

CQnJition at 55 C was tested in which.vials were only tapedAlengthwise

)
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I

TABLE 4 . FATE OF -2-14C~ACETATE IN HOT SPRING ALGAL-BACTERIAL

MAT SAMPLES.

1
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% OF RECOVERED l4c IN:
CONDITION co, CHy, CELLS?® FILTRATE

A. OCTOPUS SPRINGP

45 C 1.59 - 74.08 24,34
50 C 2.53 - 58.86 38.61
55 C LIGHT 1532 0.13 4. 71 53.85
55 C DARKC 0.58 0.91 25.79 72.74
60 C 2.07 0.04 66.21 31.69
65 C 5.20 - 66.99 24.81
B. WIEGERT CHANNELY
45 C 0.98 - 64.01 35.01
50 C 0.82 - 71.45 27473
55 C 27 1.02 85.14 11243
55 C LIGHT 1.01 0.32 86.10 12.57
55 C DARKC 4.15 11.06 52.81 31.99
60 C 1.09 0.07 85.24 13.60
3 Cells and filtrate separated by means of a 0.45 um Millipore filter.

Incubation time - 2 hours; Octopus Spring average of 2 replicates.

Dark conditions created by wrapping vials containing samples in
aluminum foil.

Wiegert Channel - average of 4 replicates, except only 2 replicates
for light and dark conditions at 55 C, incubation time 2 hours.
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to secure the stopper. A large amounf of recovered label wés sfill
taken up by the cellu]ar'fraction (85%).‘ ThPs.lengfhwfse taping (a
precaution adopted in every experiment designed to prevent stoppers
from being extruded due to.increaéed'pressure) apparently d?& not‘
.ekclude light frdm‘the samples. Very 1i£tle label appeared as.]hCOZ
in any of these eXpériments. ’ ’
Even'though écetéte‘diﬂ not seem.to be a very important precursor
‘of mgthéne, experimehfs wére undértaken to see if 2-?4C~acetate-woh1d
appear-as radioactive methane when 1 ﬁCi of 2-]4C-acetate'was added
after sampliﬁg and Qngéing methanogenesis (Table 5). In ?hfs experi-
menf, label was added 48 hours after .the mat had been sampled and
the samples were assayed 71‘hou}s after labei addition. Assays of
the headspace gases of these vials before‘lébel addition showea that
methane producti;n was occurring. Except fér one condition (Wieger£
Channel 55 C), most of the recoverea ﬁgbe] (90-97%) remained in-the
" filtrate and very little label was recovered in the cel]u]af'ﬁraction
(2-8%). In the 55 C sample from ﬁhé Wiegert Channg], about 39%‘0f
the recoyered_label éﬁpéared as mefhane, but most of tﬁe rétovered'
label still remained in the filtrate (53.5%). .In all other coﬁditidns

radioactive methane accounted for a relatively minor percentage of

recovered radioactivity (0.1-5.4%). .
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TABLE 5 . FATE OF 2-TYC-ACETATE ADDED AFTER ONGOING METHANOGENESIS

IN HOT SPRING ALGAL-BACTERIAL MAT SAMPLES.

\‘;?.':




























































































































