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Abstract:

Fermentation was investigated in a low sulfate hot spring microbial mat (Octopus Spring) according to
current models on anaerobic decomposition. The mat was studied to determine what fermentation
products accumulated, where in the mat they accumulated, and what factors affected their
accumulation. Mat samples were incubated under dark anaerobic conditions to measure accumulation
of fermentation products. Acetate and propionate (ca. 3:1) were the major products to accumulate in a
55&deg,C mat. Other products accumulated to a much lesser extent. Incubation of mat samples of
varying thickness showed that fermentation occurred in the top 4mm of the mat. This has interesting
implications for fermentative organisms in the mat due to the diurnal changes in mat oxygen
concentrations. Fermentation measured in mat samples collected at various temperatures
(50&deg,-70°C) showed acetate and propionate to be the major accumulation products. According to
the interspecies hydrogen transfer model, the hydrogen concentration in a system affects the types of
fermentation products produced. At a 65° C site, with natural high hydrogen levels, and at a 55°C site,
with active methanogenesis, fermentation product accumulation was compared. There was a greater
ratio of reduced fermentation products to acetate, with the exception of propionate, at 65°C. Ethanol
accumulated at the 65°C site, as did lactate, though to a lesser extent. Artificial induction of an elevated
hydrogen environment with the addition of 2-bromoethanesulfonic acid to 55°C mat samples only
produced a substantial difference in the ratio of acetate to ethanol. Mat samples incubated in the light
had less acetate accumulation than corresponding samples incubated in the dark. This might be due to
inhibition of product formation by photosynthetically-derived oxygen or to photoincorporation of
fermentation products. A heterotrophic potential experiment showed that acetate, lactate, and ethanol
had the greatest potential for uptake by the microbial population at a 65°C site. These results correlate
with the lack of propionate accumulation at 65°C (propionate had the least potential for uptake at 65°C
of the compounds tested), and with the accumulation of ethanol. The results also point out that placing
importance on fermentation products by their accumulation data alone may be misleading.
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" ABSTRACT

Fermentation was investigated in a low sulfate hot
spring microbial mat (Octopus Spring) according to current
models on anaerobic decomposition. The mat was studied
to determine what fermentation products accumulated, where
in the mat theziaccumulated and what factors affected

their accumula Mat samples were incubated under
dark anaerobic .conditions to measure accumulation of

fermentation products. Acetate and propionate (ca. 3:1)
were the major products to accumulate in a 55°C mat. Other
products accumulated to a much lesser extent. Incubatijon
of mat samples of varying thickness showed that
fermentation occurred in the top 4 mm of the mat. This

has interesting implications for ferméntative organisms

in the mat due to the diurnal changes in mat oxygen
concentrations. Fermentation measured in mpat samples
collected at various temperatures (50°-70°C) showed acetate
and propionate to be the major accumulation products.
According to the interspecies hydrogen transfer model,

the hydrogen concentration in a system affects the types

of fermentgtion products prodyced. At a 65°C site, with
natural high hydrogen levels, and at a 55°C site, with
active methanogenesis, fermentation product acqumulatlon
was compared. There was a greater ratjo of reduced
fermentation products to acefate, with the exception of
propionate, at 65°C. Ethanol accunulated at the 65°C site,
-as did lactate, though to a lesser extent. Artificial
induction of an elevated hydrogen environment with the
addition of 2-bromoethanesulfonic acid to 55°C mat samples
only produced a substantial difference in the ratio of
acetate to ethanol. Mat samples incubated in the 1ight

had less acetate accumulation than corresponding samples
incubated in the dark. This might be due to inhibition

of product formation by photosynthetica]ly derived oxygen
or to photoincorporation of fermentation products.
heterotrophic potential experiment showed that acetate,-
lactate, and ethanol had the greéatest potential for uptake
by the microbial population at a 65°C site. These results
correlate with the lack of propionate accumulation at 65°C.
(propionate had the least potential for uptake at 65°C of
the compounds tested), and with the accumulation of ethanol.
The results also point out that placing importance on
fermentation products by their accumulatiop data alone
may be misleading. .




INTRODUCTION

This research represents a continuing effort to
characterize the microbial communities. in microbial mats
Founq in alkaline siliceous hof‘springs. Many of these
systems ére located in Yellowstone National Park and have
been well described by Brock (9).

My objective was to further study fermentation as
‘a part of anaerobic decomposition in the Octopus Spring
microbial mat. This system is located in the White Creek
area of the Lower Geyser Basin in Yellowsfone National
Park. Its 91°C sourge supplies a continyous flow of
alkaline water (pH 8.3) to the microbial mats which thrive
from 74° to 30°C (51).

Rationale for Study of Hot Spring
Microbial Mats

Much attention has been focused on hot spring
microbial mats largely because of interest in Precambrian
stromatolites, mat-like strdctureg'apparently formed by
ancient microbial iife (49).' These fossi]s are homprised-
df laminated sedimentary rocks -that hoyse microscopic
structures often morphologically similiar to"f§lamentou$

microorganisms (2).' Microbial mats of hot springs contain
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conical or columnar structures (16, 50) similar to
structures found in stromatolites, and are also laminated
with depth. Both the conical structures and the mats
contain filamentéus organisms, such as the photosynthetic

bacterium{ Chioroflexus aurantiacus. It is hoped that

studies of modern ecosystems, such as the mats of hot
springs, will reveal information relevant to these ancieﬁt'
structures and contribute to our understanding of early
life on Earth. |

Ecologically, the Octopushspring mjcrobial community
should be a simple system for study. High temperatureq
restrict the diversity of microorganisms in an éCOSystém
(9). This is true for the mat-anming phototrophs in
Octopys Spring, and is presumed va]id for other
microorganisms in the mafs‘(52). Eucaryotic organisms,
including metazoan grazers, are aBsent above 50°C (56).
The thickness of the Octopus mat and the chemical and
physical parameters of the source water HaVe remained
constant for many yeafs (8, 9)f. The major"advantage in
studying the Octopus-mats‘is the ability to investigate
a natural ecosystem that reﬁains.stable with tine.

Finafly, there is an increasing interest in using
anaerobic microbes for proceséing wastes from municipa}~
’fties, agricu]turé, and induskry to yield chemical and
.fuel products (75). Thermophilic bacteria are béing used

for the industrial production of fermentation products
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such as methane and ethanol (57, 75). A better
understanding of anaerobic processes in'thefmophilic

environments could benefit deveiopments in industry.
Microbiology of Hot Spring Microbial Mats

Because much is known about Octopus Spring, I will
consider its microbiology in detail. Few microorganisms
have been identified from these mats. The cyanobacterium,

Synechococcus lividus, comprises the top green layer of

the mat and is responsible for the commdnity'sﬂprimary

production (9, 40). Qplgrdflexus aurantiacus, a fila-
mentous bacterium, makes up much of the orange undermat
and is responsible for much of the mat's integrity (17).
Little i3 known about the aerobic 6r9anisﬁs in Ehis systep,
The aerobic bacterium, Thermus aguaticus (10, 52) was
fsolated fr§m Octopus Spring. Microscopy indicated that

Isocystis pallida, a filameﬁtous chemoheterotrophic

bacterium,~fs also an inhabitant of Octopus Spring (Ward,
personal comﬁunication, 19). Workers have primarily
focused on anaerobic processes in this system because

it was ‘presumed that the aerobic zone, produced by the’
top layer phototrophs (17),)wa5 thin relative to the
thickness of the mat. This, together ﬁith‘other reasons .
to be diScﬁssed below, and the interest in the economic

" potential of thermophi1ic anaerobes éxplains why the
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majority of organisms cultured were anaerobic and

fermentative. A sulfate-reducer, Tbermodesulfobacterium

commune (77) and a methanogenic .bacterium, Methanobacterium

thermoauto%rophicum (76) have also been isolated. The

fermentative bacferia will be considered in greéter detail
below. |

How these(orgéﬁisms interact hés been the subject
of brevioué'fesea}ch. Doemel and‘Brock (17) suggested
that the mat was divided into two major zones: an ﬁpper,
aerobic zone in which.adequate light is available for
photésynthesisr and a lower, dark énaerobic zone where
decomposition predoﬁinates. A number of studies confirm
a photosynthetical1yjactive upper mat. Liéht does not

penetrate below 2 ﬁm from the mat's surface due to éhading

by Synechococcus and the primary photic¢ zone is restricted
to the upper 0.5 to 1-mm (17)." The highest concentration

of chlorophyll a, represenfing Synechococcus, is found

within the top 0.5 mm and is absent below 1 mm. The
highest levels of bacteriochlorophylls a and ¢, presumably

from Chloro?lexus. correspond to the 0.5 to 3 mm interval

(5). During fu]lvsunlight, oxygenfc photosynthesis occurs
in the 0.5 to 1.1 mm of a 55°C Octopus mat. The cdncentra—
tion of oxygen in thé top 3 mm is. about 6 timeé that of

the overlying water and the highest level of oxygen peaked

in the upper 1 mm of the mat. These observations support

active photosynthesis by Synechococcus. Below 3 mm, oxic
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conditions ‘are ]ower‘than the levels of oxygen in the
overlying water, and'anoxic-conditibns ﬁrevai] near 7mm
and below (40).

Interest in the steady-étate nature of this systen
led to studies on microbial decomposftion in the mats
for a number of reasons. These mats are above the upper
temperature'limit of metazoan grazers (56,'61)'ahd no
fungal decomposers have been isolated (9) Consequently,
the mats depend on a procaryoetic food chain for the
mineralization of organic'ﬁatter. Doemel and Brock (1?)“
investigated the possible steady state nature .of the mat,'
and discovered that the growth rate equalled the
decomposition rate, with complete decomposition occurring
in one year. The rates of growth and decomposition tested
at sites between 70° and 42°C were optimum between 55° and
52°C. | |

Because high temperature Timits the solubility of
oxygen, decomposition was thought to occur through’
anaerobic processes. RevsBech and Ward (40) found a
diurnal change in oxygen concentrations in this systenm.
The. mats are oxic during the day, as described above,
but at night they are anoxic with the exception of the
top 0.5 mm. The varjability éf oxygen levels in this
system raises the queétion of whether aerobic or anaerobic

decomposition, or both, is important. As indicated, Tittle
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is known about aerobic organisms in the mats, with much
more. information known about anaerobic isolates and
processes. Studies on anaerobic décompoéition in Octopus
Spring have been formulated according to curfent models
~of this process.' Before detailing these studies, it is
important to réyiew‘proposed models for anaerobic

decomposition..
-~ Current Mbde]s'of Anaerobic Decomposition

Preseﬁt]y investigaﬁbrs advocate a three-stage scheme
to describe the faie of organic moTecu]es in anaerobic
systems (11, 33, 34).: This schemé has been developed
froﬁ observations of fermentation in a number of anaerobic
environments, including sewage sludge and other waste
digesters, sediments of 1§kes, rivers, and marine systems,
flooded soils, and sediments from thé tundra, swamps, -
aﬁd bogs (11). Other systems studied include the rumen
of herbivorQ§ and the caecum of certain non—kuminaﬁts
as well -as tﬁe gastrointestinal tracé of "humans ahd‘anima1s
(33). | |

The stages of decomposition are divided by the fype
of micrﬁorganjsm involved in the process. Fermentative
bacteria are responéib]e'for degrading the cérbohydrafes,‘
_ proteins, and lipids to fatty acids, alcohols, carbon
dioxide, hydrogen, ammonia, and sulfide. The second group,

obligate proton—reducing‘acetogénic bacteria, degrade




~Finally, in low sulfate enQironments, ﬁethanogenic bacteria

7
the fermentation products propionate and lTonger chained
fatty acids, alcohols, and possibly some orgahic acids,
such as benzoate (18). The acetogenic bacteria convert
?hese substrates to acetate, hydrogen, and in the case

of odd numbered carbon energy sources, carbon dioxide.

are responsible for the terminal decomposition process

of methane_productioﬁ. Other terminal decomposition
pfocesses will be considered below. Methanogenic bacteria
generate methane'ffom acetate, carbon dioxide and hydrogen,
or other substrates such as formate and methanbf.

It is important to consider not only the individual
processing of 6rgan1c compounds by these .groups, but also
tﬁe interaction among them. As noted above, fermentative
bacteria produce compounds which are used by.the other
two groups of organisms. Before the discovery of obligate
proton-reduc{ng acetogenic bacteria, it was thought that
methanogenfc bacferia degraqed fermeptation products to
produce methane. This idea.was dispelled, however, when
Bryant dispbvered that an abund&ﬁt sewage methanogen,

Methanobacillus omelianskii, which degraded ethanol to

methane, was actually a coculture of two organisms (13).
The nonmethanogen, the so-called S organism, degradéd

ethanol to acetate and hydrogen (39), and the methénogen,

designated M.o.H. and later named Methanobacterium
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bryéntii, used the hydrogen produced in the fermentaﬁion
for methane production (72)) |

During characterization of the S organism, researchers
noted that the organism grew poorly on alcohols with Tittle
hydrogen production. When it was grown with a methanogen,
its growth increased drématical1y! neither ethanol nor
hydrogen was produced, and methane accumulated (39).
It was assuhed that hydrogen production by the S 6rganism
increased in the presence of the methanogen. The increased
production of hydrogen waé réf]eéted in the amount of
methane produced: 4 moles of hydrogen are used to produce
1 mole of methane. The observation of increased
méthanogenesis in the presence of a fermentative organisnm
was also observed by Scheifinger, et al. (44) in the growth

of Selenomonas ruminantium with methane-producing bacteria.

“Noting the shift in'fermentatioh products, as well as

" the increased prodﬁction of hydrogen in cbcu]ture,

researchers began investigating other culture systenms.
Studies on the interaction of bacterial isolates

from the rumen éhowed different patterns of férmentation~

product accumulation in pure culture versus coculture

(71). The cellulytic Ruminococcus albus produced ethanol,

| acetate, formate, hydrogen, and carbon dioxide fronm

cellubiose when grown-élone. V%brio succinogenes coupled
the oxidation of hydrogen or formate with reduction to

succinate in pure culture. When these two organisms were
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grown together efhanol was-not produced but succinate
accumulated and a riée in acetate concentration near]y
equalled thg‘amount of ethanol produced by the monoculture
(22). This example, as well as many others (14, 15, 27,
28, 55, 66, 67, 70) suggested that a hydrogen-using
organism or a hydfogenotroph (68) caused a shift in
electrons away from more.reduced ferméntation produﬁts,
such as ethanol, to yie]d more oxidized products, suéh
as acétate. | | :

It was also discovered that tﬁe accumulation of
hydrogen inhibitéd'the grdwth.of some organisms. .The
S organism grew poorly alone when-grown on ethanol but’
fermented ethanol to acetate and carbon dioxide in the

presence of a methanogen. - Desulfovibrio species fermented

ethanol or lactate to the same products in the presence

of a methanogen but grew poorly by'themselves (12, 72).
Propionate- and butyrate-degrading bacteria isolated from
sewage sludge and aquatic sediments will not grow unless
they are cultured with a hydrogenotroph (7,35). These
organisms-pfovidg the first evidence of nonmethanogenic
bacteria that anaerobically degrade fatty acids without
1ight,'éu]fate, nitrate or éimilar-e1ectron acceptors
(35). The butyréte—dégrading organism also metabolized
caproate and capryléte to acetate and hydrogen and valerate
and heptanoate to acetéte, propionate, and hydrogen (36). -

These bacteria have been termed ob]fgate proton-reducing
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acetogenic bacteria, because they must produée hydrogen
to grow, but require an envirbnmentlin which hydrogen
- is removed (33, 34). The degradation reactions for the
propionate~ and butyrate-acetogené,Afor example, become o
thermodynamically favorable when the hydrogen stress is
relieved. Thfs~is evident when comparing the free energies
of proposed reactions involved in the catabolism of

propionate and butyrate alone:
AGO' (keal/rxn)

propionate 4_3H20—9acetate + HCO3~ + H* + 3H20 18.2

butyrate + 2H20->»2acetate + H* + 2Hp 11.5
to the reduction in free energies to -24.4 and -9.4 kcal
per reacfioﬁ, respectively, when grown in syntrophic_

- association with hydrogen-using methanogens (11).

" The importance of hydrogen regulation in an écosystem '
ié explained in a concept known as interspecies hydrogen
‘transfer (33, 34). 1In glycolysis, the regeneration of
NAD* by fermentative bacﬁeriq is accomplished by shifting
electrons from NADH towards'the production of various |
reduced products, such as ethanol, lactate, formate,
propionate, or hydrogen (74). The concentration of
hydrogen in .the systen determines whether reduced
fermentation prpducts or hydﬁbgen will be formed. This

can be seen in the following thermodynamic reaction:

NADH + H*->Hp + NAD? DGO = +4.3 kcal/rxn
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Note that this reaction is endergonic, and thus oxidation

of NADH to produce hydrogen will not be feasible until

the products, namely hydrbgen and NAD* are removed from
the system (34). Hydr&gen removal by hydrogenotrophs,
such as methanogens, will force the reaction to the right
and allow fgrmentative organisms to pr&duce more oxidized
products (33). Not only does interspecies hydrogen |
tfansfer result in a different proportion of reduced
fermentation products than if the fermentative organisn
is grown in pure culture, but an‘increase in substrate
use was shown in several coculture experiments in which

a hydrogenotroph was employed (74). More ATP is |
synthesized by the nonmethanogen because pyruvate can‘ 
be oxidized to acétate and carbon dioxide via acetyl-CoA
with the generation of 1 mole of ATP/mole of acetate formed
(28, 74) and greater growth is seen for the fermentor
(15, 67 ,74).

From the above observations, interspecies hydrogen
transfer can be divided into two categories. The first
involves nonobligatory interactions-between‘methanogenic
bacteria or other hydrogenotrophic.baéteria such as suifate—
reducing bacteria, and fermentative bacteria in which
hydrogen use benefits both organiéms. If the hydrogeno-
trophic organism is removed from the coculture containing
a fermentati&e bacterium, the fermentor finds alternative

routes to dispose of its electrons--namely in shifting
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fermentation production towards more reduced products
(71). The second category involves an interaction in
which the removal of hydrogen is essential to the
functioning of obligate proton-reducing acetogenid bacteria
(74).

Methanogens_ﬁerform two principal funcfions in mixed
culture fermentations. Through utilization of hydrogen
for methanogenesis, they keep electron flow from fermenta-
tive bacteria towards pfoton reduction. Thus a shift
in reduced to oxidized fermentation pﬁoducts takes place.
Acetogens are also sqﬁported by this pfoton transfer.

And, finally, some methanogenic bacteria produce methane
from acetate génerated by fermentation_and fnterspecies
hydrogen transfer reactions (33).

Workers recently investigated a bacteriallmixture
capable of degrading sucrose to methane and carbon dioxide
(23). The organisms included a fermentor, two acetogens,
and two methanogens whose puré culture characferisticsl |

“were known. By cultufing_the fermentor with various
'. combinations of £he other organisms, workers demonsfrated
the importance of intgrspecies hydrogen transfer and
acetogenic action on the thé types of fermentation products
formed. ‘

Interspecies hydrogen transfer has also been studied
in natural systems. The rymihant system, for example,

"has been well characterized (21, 69, .71). Active
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methanogenesis in this environment maintains a lTow hydrogen

concentration (10'4 atmospheres) and the dominant fermenta-
tion products are acetate, prépionaté, and_butyraté.
Ethanol and other reduced fermenfation produéts are
considered absent {n the rumen due to interspecies hydrogen
transfer of electrons from hydrogen to methane production
(69). Obligaté proton-reducing acetogens have not been
isolated from the rumén. Products such as propionate
and butyrate are absorbed by the fumen walls for use by
the ruminant (69) and acetogenic bacteria probably would
not occur to ahy significant extént in the rumen unlesé
there was a reduction in the turnover of rumen contents
(37). '
Anaerobic decomposition has also been studied in
aquatic sediments. Fermentation leading to methane
production as the the terminal decomposition proceés Was
noted fn several éystems (29,'54, 62, 64, 65) and acetate
is the pfimary substrate for methanogenesis in aquatic
sediments (11). Studies on microbial populations in
sediments from a eutrophic lake indicated the importance.
of-interspecies hydrogen transfer (25). Sedihenﬁs labeled
with [U-14¢] glucose and incubated with 100% hydrogen
produced less acetate and ﬁore lactate than correspondin§
samples_incubafed with 100% nitrogen. Evidence for the

1

presence of acetogenic bacteria in an aquatic system was
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noted in a freshwater river bed (4) and in a eqtrophic
lake sediment (29). In the river sediment, butyrate
turnover was inhibited by the addition oflhydrogen. In
the lake sediment, hydrogen-complétely inhibited the
metabolism of propionate, iso-butyrate, iéo—va]erate,
and valerate added to the sedfmehf, whereas greater than
90% of added volatile fatty acids were metabolized in |
controls. Inhibition oflmethanogenesis in these sedimgnté
also resulted in an immediate accﬁmUlation of hydrogen
and fatty acids. _ -

| The importance of methane-producing bacteria in a -
decomposition scheme is fully realized when reviewing
the effects of a high hydrogen environment on an anaerobic
community. ‘These are the most importgnt organisms capable
6f.catabolizing acetate and hydrogen to-gaseous products
in the absence ofhlight energy or exogenous electron
acceptors such as oxygen,‘suffate, and nitrate. Without
the methanogenfb bacteria, effective mineralization would
stop because nongaseous reduced producté.of fermentation
would éccumulate (11).

Sulfate-reducing bacteria can outcdmpeté.methanogens
for available hydrogen and acetate in high sulfate
;'environments (11, 54) and should be considered when
studying anaerobic decomposition. Marine environments
(3, 26, 45, 47) and a hot spring microbial mat (53) are

examples of high sulfate environments with actiQe éulfate
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reduction. Additfon of sulfate to low sulfate environments
was also shown to inhibit methanogenesis with a concomitant
stimulation of sulfate reduction (63). The major acétate—
users in a saltmarsh and in marine sediments were sulfate-
reducing bacteria (3, 47). The oxidation of short-chain
fatty acids was noted associated with sulfate reductioﬁ
.(26). The addition of sodium molybdate, an inhibitor
of sulfate reduction, stopbed propionate and butyraté
degradation (3, 47) és well as the mineralization of
propionate, lactate and free amino acids (46).

These observatioﬁs suggested that sulfate—reduéing
bacterfa are important in'anaerqbiq decomposition. A
two stage process has-been proposed for the fate of organic
compounds in high sulfate environments. Fermentative
bacteria perfofm the first staéé of degradation and
sulfafe—reducing bacteria oxidize reduced fermentation
produdts; thus fulfilling the roles of acetogens and
methanogens -in low sulfate systems (54). |

Anaerobic Decomposition in Hot
Spring Microbial Mats

Investigations of anaerobic decomposition in hot
sﬁring microbial méts-suggést that both the 2 and 3 stage
models exist. Ward and Olson (53) showed that sulfate
reduction dominated methanogénesis in Bath Lake, a high

sulfate hot spring. Acetate and.propionate, as well as
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other volatile fatty acids, accumulated as sulfate was
dép]eted in samples incubated under dark anaerobic
conditions. These observations suggest a 2 stage model
for anaerobic de;omposition in Bath Lake. Previous work
on the Octopus Spring micrqbia] mat suggests a 3 stage
model for anaerobic decomposition. In this low sulfate
environment, methanogenesis is active (51) and hydrogen
and carbon dio%ide, not acetate, are important methane
precursors (43); Radiolabeled acetate added to the mats
was incorporated by long fi]amenfous organisms resembling

the phototrophic bacterium from mat communities, Chloro-

flexus aurantiacus (43). Tayne (48) investigated the
fate of acetate together with other fermentation products
and found that acetate, propionate, butyrate, lactate,:

- and ethanol were photoincorporated by a strain of

Chloroflexus iso]ated from the mat. Catabo]iém‘of these

compounds in the dark, especially under dark anaerobic
cénditions, was not significant, with the exception §f
lacta£e, which was catabolized under all incubation
conditions. Tayhe also found evidence for butyrate .
acetogenesis, although this was not considered an
important pfdcess in the mats (48). Recycling of'

fermentation products to Chloroflexus was proposed as

an alternative to fermentation product catabolism often

noted in other natural systems.
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Little is known about fermentation in Octopus Spring.
Doemel and Brock (17) showed that the concentration of
protein decreased with depth in the mat, implicating
fermentation processes. As mentioned above, more
fermentative bacteria have been isolated from Octopus
Spring than any other metabolic group (52). Table 1 lists
these saccharlytic organisms and their characteristic
fermentation substrates and products.
Table 1. Fermentation organisms isolated from Octopus

Spring and their known fermentation substrates
and products.

ORGANISM KNOWN SUBSTRATES FERMENTATION PRODUCTS
THERMOANAEROBIUM BROCKIL (76,78) SUGARS, CARBOHYDRATES ETHANOL, LACTATE, ACETATE.,
co . H
. THERMOBACTEROIDES ACETOETHYLICUS (6) SUGARS, CARBOHYDRATES ETHANOL, ACETATE. Hye co2
THERMOANAEROBACTER ETHANOLICUS (59) SUGARS, PYRUVATE ETHANOL, CO, ¢ ACETATE. LACTATE
H
CLOSTRIDIUM THERMOHYDROSULFURICUM(60,76) SUGARS , CARBOHYDRATES, ETHANOL, LACTATE, ACETATE.,
PYRUVATE coz, H2
CLOSTRIDIUM THERMOAUTOTROPHICUM (58) SUGARS ACETATE

My role in the continuing investigation of anaerobic
decomposition in the Octopus Spriﬁg microbial mats has
been to investigate fermentation. The following aspects
of fermentation were addressed:

1) What fermentation products accumulate?

2) Where do these products accumulate in the mat?

3) What factors could affect the accumulation of

these products?
The studies designed to answer these questions attempted

to further investigate a unique system in which a
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photoheterotroph appears to play a role in the fate of

fermentation products.
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MATERIAL AND METHODS
Study Area

Experiments were carried out at QOctopus Spring located
in the Lower Geyser Basin of Yellowstone National Park
- (see 17 for specific location). This area was chosen
to study decomposition as it has been the’sdbject of
_ previéus 1nvestigatfons-on anaerobic processes (17, 51,
52, 53) and the microbial system'has been well studied
by others (5, 9). Much of the work was performed at a
site south of the main source. Thié.shoulder areas was
sepafated from the source by a sinter barrier which allowed
a gentle fiow of water over the microbial mat. Samples
were more homogeneous and temperature fluctuations were
less (55°C ¢ .2°C) in the shoulder than at other areas.of'
.the Spring. Samples were also colTec£ed from sites at
50¢, 60°, 65°, and 70°C in the southern effluent cﬁanne]!
Another study area, Mushroom Spring, also located
in the Lower Geyser Basin (9) has é microbial mat similar
in structure and'cbmposition to that found at Octopus
Spring. The influence of light on fermentation préduqt

accumulation was studied at a 55°C Mushroom Spring site.
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Accumuleation of Fermenfation Products

Unless otherwise noted, all experiments designed
to measure the accumulation of fermentation products

produced under dafk anaerobic conditions were performed
as follows. Vertical core samples removed from the
microbial mat with a #4 cork borer (1 cm x 50.3 mm? ) were
placed in 1 dram glass vials (14.5 x 45 mm, Kimble).
Anaerobic conditiéns were established by continuously

flushing a stream of nitrogen gas over the contained

"samples. Vials were sealed with butyl rubber stoppers

(00, Thomas) and then wrapped at the glass-rubber interface
with black electrical tape to secure the stoppers during
incubation. 'Dark conditions were simulated by wrapping
the vials with black é]ectrical tape and several layers

of aluminum foil. Usually 1 ml of source water, which

“had been bubbled with either helium or nitrogen, was added

to each core samp]e.- Vials were incubated at inhsitu
temperatures dyring'the collection pfocedure;' For
transport to laboratory incubators, vials were transferred
to plastic thermos bottles containing water at the in
situ temperature and Ehe boft]es were placed in étyrofoam.
coolers containing water 5-10°C warmer. Tfanqurtation

time to the 1ab6ratory was 2-3 hours, during which time
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the temperature in the incubatbrs fell 5-8°C. Vials were
incubated in darkened incubators that maintained a set
temperature to within 15°C.
During dark anaerobic incubations in the 1ab,
subsamples were removed from_the gas headspace and measured
directly by gas chromatography. Liquid was subsamp]ed'

and frozen (-20°C) for later analysis of fermentation

>

prodycts. -
Depth Profile

From a 55°C site 1 c¢m cores were sectioned with a
razor blade into the following vertical intervals: the
top L mm, 0~-2 mm, 0-4 mm, 0-6 mm, 0-8 mm, and O0-10 mn.
These were treated as specified above for studigs on

fermentation product accumulation.
Temperature-DistribUtion

One centimeter cores were samb]ed from the shoulder
at 50°* and 55°C gnd from tﬁe southefn effluent channel at
60°, 65°, and 70°C. Vials containing samples from each
temperature weré injected]with 2 ml of anoxic. source water
and transported to the laboratory as described above.

Upon returning to Montana State Univyersity, it was'hq#ed
that the temperature of each transporting thermos had
equilibrated to 65°C. The incubatibns, however, were

continued in Taboratory incubators at 50°, 55°, 60°, 65°,
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and 70°C and subsamples were removed at time intervals
for fermentation producf.analysis.

Factors Affecting Fermentatioﬁ
Product Accumulation

Inhibition of Methanogenesis

Tayne (48) showed that methane production in cores
incubating under dark anaerobic conditions could be
inhibited by the addition of 2-bromoethanesul fonic acid.
A concomitant rise in hydrogen accumulation was noted
with tﬁe imhibition of'methanogenesis.

A #6 cork borer (1 cm x 78.5 mm?) was used in these
experiments as larger liquid volumes were needed or both
volatile and nonpvolatile fatty acid analysis. Cofes
sampled at 55°C and in the southern channel at 65°C were
incubated using 2 draﬁ glass vials (19 x 48 nm, ijb]e),

butyl rubber stoppers (01, Thomas), and 3 ml of anpoxic

‘source water. Samples were monitored for methanogenesis.

When méthane levels reached appfpxiMateiy 1.0 pmole/vial
(48), 0.2 ml of a 0.5 M stock solution of 2-bromoethane~
sulfonic acid (Sigma Chémical Company), adjusted Eo'pH
6.4 to match the pH df incubating cores, was injected
into half of the vials to obtain a final cqnéentration
of 0.05 M; the‘otherlhalf of thg samples served as
controls. Both gas and liquid subsamplés.were removed

at intervals until the completion of the experiment.
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Light

Cores removed from a 55°C Octopus Spring site were
incubated with 1.5 ml of anoxic‘source wvater. Vials were
flushed with either nitrogen or helium and incubated glass
end up in situ under light or dark conditions{for 5 and
10 hours. At the end of each incubation, samples Qere
injected with 0.15 mi.of a 37% formaidehyde solution

(formalin) and shaken to stop all biological activity.

A1 formalin killed samples were assayed for fermentation

products. Light intensity was monitored with a Li-Cor

1ight meter (model LI-185).

This experiment was repeated twice in Mushroom Spring

at a 55°C site. After 5 1/2 and 7 hours of incubation:
for each experiment, réspectively, 1 nml syriﬁges were |
used to transfer lTiquid subsamples from vials to 1.5 nl
plastic centrifuge tubeé (Thomas). These'subsamples,.

designated for later fermentation product analysis, were

kept cool on ice in a styrofoam incubator during transport:

to the 1lab.
Heterotrophic Potential

Photoheterotrophy was investigated in a bioassay

of adaptation by the microbial mat's population to‘take
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up specific compounds. The method of Hobbie and Wright
(73) was used to determine a 65°C population's potential
for assimilating radiolabgled fermentation products.
T/F values (where T is the incubation time in hours and
F is-the dpm of labeled cells and CO» divided by the total
dpm added per viél) were regressed on A (the concehtration
of added substrate in pM). The . reciprocal of the slopes
df the regression lines gave the Vmax.va]ﬁes for each

compound tested. The Vypzx values represented the microbial

popul&tion's potential to take up #he compoundé,tested,
~The method for measuring heterotrophic potential
for a 65°C microbial population closely followed that of
Tayne (48). Thirteen 1 cm cores gathered with a #4 cork
borer were sectioned to obtain the top 1-3 mm inte%val;
This section was‘used as it gdve a maximum for uptgke
and metabolism of fermentation products compared to other
intervals tested in a 50°C Octopus Spring mat (48). ‘The
subéamples were homogenized in a 40 ml hand tissue grinder
(Wheaton) and diluted in 150 ml1 of Octopus Spring source
water. Two milliliters of the homogenate was added to
1 dram glass vials. These were sealed with butyl rubber
stoppers and the closures were secured with black
electrical tape. Vials b\aced glass side up in a-wire
rack in the fiowing water were preincubated for 30 minutes

under full sunlight. Ten-fold concentrated stock solutions




25

of 1-14C 1abeled acetate, propionate, butyfate, lacéate,
and ethanol were prewvarmed in‘the Spring. After
breincubation, each vial was injected with a radiolabeled'
fermentation product and returned to the immersed wire
rack. ‘The final concentrations obtained of labeled
compounds were approximately 0.125, 0.250, 0.5, and |
1.0 pCi/vial, with the excepﬁfon of eth?nol and acetate,
which were three times higher (see Analytical Methods).
Vials were injected with 0.1 ml of formalin after incuba-
tion for 30 minutes. N

For each radioTabe]ed compound tested, triplicate. .

samples at each of the.fouf concentrations were analyzed
for 14C02 in the vial headspace, and for the presencev

of the radiolabel in the cell fraction and filtrate from

the homogenate.
Analytical Methods
Gas Analysis

Hydrogen and methane were measﬁfed by.ﬁemoving-
0.2 ml subsamples from Vfal headspaces with a 1 ml Glaspak
syringe (Becton, Dickinson) modified with a Mininert valve
_(Supe]co) to hake it §és-tight. Subsamples were injected
into é gas chromatograph (Carle, model 8500) equipped
with a thermal conductivity detector and stainless steel

column (2.3 meters by 3.18 mm 0.D) packed with Poropak N
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(80 mesh). The oven temperature wés set at 42°C. Nifrogen
was used as a carrier gas with a flow rate of 21 ml/min.
The column had been standardized with known concentratiéns
of hydrogen and methane, and the afea unit responses of
samples injected were corrected to. ymoles/injection by
an integrating computer (Spectra Physics mode1.4100).
Total hydrogen and methane per vial were calculated by

correcting for headspace volune.
Fermentation Product Analysis

Liquid subsamples (0.2 mi) removed with a 1 ml syringe
flushed with nitrogen were placed in 1.5 ml plastic
centrifuge tubes and frozen (-20°C) until analysis.
Preparation of these samp]eé for volatile fatty acid and
alcohol analysis (thhérford, personal communication) |
was as follows. Thawed subsamples were acidified with
80 vl of a 40% (w/v) aluminum su]fate solution and 4 pl
of a 40 mM hexano%c acid.sqlution'wés addedAas an jnternal
standard. Vortexed samples were filtered through.0[45 pm
membrane filters (13 mh, Millipore type HA) contained
in Swinnex filter holders. Two microliters of the filtrate
Qas injected into a temperature-prograﬁmable gas chromato-
graph (Varian model 3700) fitted with a glass column
(6 feet x 0.25 inches 0.0., 2 mm I." D. ) packed with GP
15% SP-1220/1% H3PO4 on Chromosorb W, AW (Supelco, mesh
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size 100/120). The injector and flame ionization detector
were set at 170°C and 250°C respectively. During an
analysis the;oven temperature waé-programmed to hoid 105°C
for 2 minutes, increase at a ratelof'40°C/min to 145°C,
and hoid'this final temperature for 3 minutes. Flow rates
vfor the detector gases were 300 ml/min for air and
30 m1/min for hydrogen and the carrier gas, helium, waé
set at 30 m]/mini Tﬁo standard solutions, a vo]ati]é '
fatty acid'(VFA) rumen standard and an.alcohol standard
‘mixture, (both from Supelco), were used to calibrate area -
unit responses (pM) monitored by the integrating computer.
The standard solutions could not be mixed to calibrate
the chromatograph, as similar retention times for acetate
from the VFA solution and pentanol Frém the alcohol
~solution made it fmpossib]e to accurately calibrate the
two compdunds. Each solution was, thefefore, treated
individually with aluminum sulfate and hexanoic acid,
as described above, for ba]ibfation. A program was
established on the integrating computer which'inc1uded
data from both standardizations. |

Twenty microliters of an internal standard, 10 mM
glutaric acid, was added to subsamples (0.2 ml) which
were then methylated, according to (20) for'nonvolatile
fatty acid (nVFA) analysis. Chromatograph'séttingé_were the
sameAas above, except fhe oven temperature was iﬁitial]y

set at B5°C for 2 minutes,'then programmed to increase




28
at a rate of 10°C/min to 145°C, which was maintained for
5 minutes. An nVFA standard kSupe]co) was‘used to
calibrate this column using an internal standard method.
After each run, it was necessary to manually reﬁet the .
oven temperature to 185°C to,flush out a contaminating
peak having a later retention time than the nonvolatile
“fatty acids. This higher temberature Was maintaingd f&r
5 minutes before the columnAwas cooled for another |
injection. ‘

Because seyera] Tiquid subsamb]es were sequehtially
removed from a vial during an accumulation study, it was
neceééar} to adjust each chromatographic measurement with _
a correction factor to account for the previous amount
of product removed. The mM concentration measured was
adjusted to pmoles/vial by multiplying it by the liquid
volume in the vié] at the time of subsampling. This éame_
mM concentration was also multip]iéd by the volume QF
subsamplé removed (0.2m1 + 0.05ml1 for syringe deadspace -
= 0.25 m1) to determine the amount removed for ana]yéis;
Each subsequent'timé point was corrected first to a per
tube amount and then for the amount removed in previous
analysis. |

After déta were corrected, means, standard deviations,

dnd standard errors were calculated for reﬁficate samples..
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Preparation of Radiolabeled Compounds

" The 14C-1abeled fermentation éompﬁunds used in the
65°C hefe?otrophic poteﬁtia],exper%ment were: [2-14C] acetic
acid (New England Nuclear, NEN), 1.8 mCi/mmol; [1-14C] |
propionic acid (NEN), 58.4 mCi/mmol; [1-14C]butyric acid
(Amersham), 56 mCi/mmol; DL-[1;14C]1actic acid (Amersham),
54 mCi/mmol, and [1-14CJethanol (NEN), 7.6 mCi/mmol. |
These so}uti&ns vere diluted with anoxic fifteréd Octopué
Spring water to obtain final concentrations of 0.125,
0.25, 0.5, andll.O pCi/vial and autoclaved. Total
radioactive couﬁts determined for- these solutions showed .
that the counts for ethanol and acetate were 2 and 3 times,
higher, respectjvely. This can only be accounted for

by dilution error in the original preparation of these

solutions.
14C02 Analysis

Subsamples from vial headspéceé were injected intsé
the thermal conductivity gas chromatograph (described

above) connected by a teflon 1ine to a Qaé proportional
counter (Packard, model 894) for 14C0, analysis. The

gas chromafograph'had a flow rate of helium of 21 ml/min.
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The gas proportional counter had two combustion furnaces
in series operated at 750°C. Heliunm make-up gas was added
after combustion to increase thé filow rate to 70 ml1/min.
Propane, the quench gas, was added at 10% of the total
flow rate. A Minigrator (Spectra Physics) recorded the

gas proportional counter output.

Radiolabeled Cells and Filtrates

After 14602 analysis, vials were Vortexed, and a

1:10 dilution of the homogenate (0.2 ml sample, 1.8 ml

of distflled vater) was fi]fered through a Millipore filter
(0.45 pm x 25 ym, type HA). With a vacuum app]ied'fo-thé'
filter apparstus, the filtrate was collected in a small
glass vial suspended béneath the Funnelf Air dried filters
were exposed overnight to hydroch1oric acid (12 N) fumes

to rgmbve carbonates. The filters were placed in 10 mi
of'Aquasol (NEN), and the filtrates (500 p1) plus distilled
water (500p ])'were pipet%ed into 2'm1 of Aquasel. Both
were counted by a liquid scintillation éounter (Packard,
460 c) using the sample channels ratio method to correct
for‘quenching. Counter windows were set at (A)A0~156

~ KeVolts and (B) 4-156 KeVolts. ‘The data were reported

as dpm per sampie vial (average of tfiplicate vials)-after

correction for subsample volume and dilution. Total dpm
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reco?ered as cells and filtrate was 83.99 * 1.27 standard

error for a sample size of 60 vials.
Statistical Analysis

Linear regression was used in the heterotrophic
potential study to determine the slope and correlation
coefficient, r, for each line plotted. A two sample
Student's t test was used to compare means cé]cu}ated
‘for the light studies. Statistics programs were from .

Lund (31).
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RESULTS
Fermentation.Product Accumulation

The accumulation of fermentation products in the
Octopus'Spring mat at 555C.1ncubated under dark anaerobic
conditions is shown in Figure 1. The predominant
fermentation products found were the volatile fatfy acids
(VFA) acetate and'prppionate. Acetate; the major product,
~accumulated in a ratio of 3:1 relative to propionate.
Iso-butyrate, n-butyrate, fso-va]erate, and n-valerate
also accumulated over time. These products, however,
reached much lower concentrations than Hid acetate and
propionate (Figure 1). The trend of fermentation product
accumulation was répeated in a number bf similar
experjmehts (data not shoén). There was no evidence that
nonvolatile ?atty acids or alcohols accumulqted at 55°C

during an incubation périod of 120 hours (data nbt shown);
Location of Product Accumulatjon

Depth Profile

The vertical pos1t1on in wh1ch fermentation occurs
“in the mat was 1nvest1gated by study1ng core sect1ons

cut to vary in thickness from the top to the full length
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Figure 1. Accumulation of volatile fatty acids during

dark anaerobic incubation of mat samples from
the shoulder, 47°-49°C, and the southern
effluent channel, 50°-52°C, of Octopus Spring.
"Others" refers to iso-butyrate, n-butyrate,
iso-valerate, and n-valerate. Bars are standard
error (n=3).
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of the core. Acetate and‘propionate vere again found
to be the predominant fermentationrproducts (Figure 2).
~ Although these fatty acids accumulated in the top green
Tayer, their accumulation was more rapid if the thickﬁess
of the mat wae increased to 2 or 4 mn. Further increases
in thickness did not result in more rapid acetate and

propionate accumulation.
Temperature Distribution

The cyehebacterial mats at Octopus Spring extend
from sites located from 40°C to 70°C. Previous studies
along this thermal gradient revealed different patterns
of hydrogen accumulation and methanogenesis (43, 51).
It was, therefore, ‘important to ihvestigate fermentatiqn.
in m1crob1a1 populations Found over this temperature
range. Acetate and propionate were the maJor fermentat1on
products to accumulate at all temperatures (F1gure 3). »
Acetate accumulated to a higher cbncentration at the higher
tempefattres, whereas propiohate accumuiated to a higher
level at the lTower temperatures. Profound differences
in the rates of accumulation of major termentation products

were not observed.
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Figure 2. Depth profile of acetate and propionate
accumulation after a 54 h dark anaerobic
incubation of mat samples from Octopus
Spring 55°C. Bars are standard error (n=3).
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Figure 3. Acetate and propionate accumulation in mat
samples collected at various temperatures

in Octopus Spring. Bars are standard error
(n=4).
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Factors Affecting Product Accumulation
Comparisons of High and Low Hydrogen Sites

According to the interspecies hydrogen trahsfer_model,
thé partial pressure of hydrogeﬁ in a system affects the
types of ferﬁentation productS‘produced; Ward (51) found
more hydrogen at ; 65°C site in Octopus Sprfng than at
a 55°C site. Core samples taken from both a 65°C and'a_
55°C site were incubated under dark anaerobic conditions.
Hydrogen accumuliated at 65°C whereas methane accumulated
at 55°C (Figure 4. Acetafe and propionate Qeré the major
fermentation products (Figure 5). Acetate acéumu]ated
to higher level at 65°C whereas propionate was higher at
55°C. A comparison of other fermentétion products at fhé
two temperatures showed that the level of other VFA's
was higher at 65°C (Figure 6). Ethanol alseo accumulatéd.
Lactate accumuﬁation was observed at 65°C, although the
rate of aécumd]étion was less in-comparison to acetate
and propiénate (data not shown). |

Since the degree of Férmenﬁation may vary betweeﬁ-
these two sites, the ratio of each Férmentafiqn product
to the major product,'acétate, should more accurately

reflect ﬁhe'ﬁmpdrtance‘pf any product.' Iso-butyrate,
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Figure 4. Accumulation of hydrogen and methane in mat

samples collected at 55° and 65°C in Octopus
Spring. Bars are standard error (55°, n=9, first
two points, remainder n=4; o, neERy,
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Figure 5. Accumulation of acetate and propionate in mat
samples collected at 55° and 65°C in Octopus

Spring. Bars are standard error; sample size
noted in Figure 4.
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iso-valerate, and ethanol accumulation relative to acetéte
was greater at 65°C than at 55°C (Table 2).
Table.2. Ratios of fermentation products to acetate

produced after a 96 h dark anaerobic incubation
“of 55° and 65°C Octopus Spring mat. '

CONDITION ACETATE PROPIONATE ° [-BUTYRATE  N-BUTYRATE T-VALERATE N-VALERATE ~ 'ETHANOL

55° - 0,310 0.017 0.029 © 0,025 0.028 0.60#

65° re- 0,074 - 0,039 0.039 0,069 0.025 0.076
RATIO AT 65° ' ’ i X
RATIO AT 55° 0.24 2,29 1,34 ?.76 _ 0.89 19.00

Artificial Increase in Hydrogen

" To further test the effect of an elevated hydrogen
level on ferméntation product accumulation, 2—bromoe£ﬁane—
sulfonic acid (BES) was added to artificially indﬁce a
high hydrogen.environhent. The data in Figure 7 showed
that control cores exhibited'methaﬁogenesis with Tittle
. hydrogen accumulation, whereas those incubated with BES
showed an inhibition dfimethanbgenesis and an increase
in_hydr§gen. VEA analysis (Figure 8) revealed little
difference in acetate accumulation patterns bet#eeﬁ
samples contéfning.BES and controls. Propionate
(Figure 8) as well as iso-butyrate, nfbutyrate,
iéd—va]erate, n-valerate, and ethanol were higher in the

sapmples containing BES (Figure 9). Table 3 shows that
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Accumulation of hydrogen and methane in the
presence and absence of 2-bromoethanesulfonic
acid (BES) in samples from a 55°C Octopus Spring
site. Bars are standard error. Sample size

for 55°C noted in Figure 4; n=5 for BES samples.
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Accumulation of acetate and propionate in the
presence and absence of 2-bromoethanesulfonic
acid (BES) in samples from a 55°C Octopus Spring
site. Bars are standard error. Sample size
noted in Figure 7.
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in the presence and absence of 2-bromoethane-
sulfonic acid (BES) in samples from a 55°C

Octopus Spring site. Bars are standard error.
Sample size noted in Figure 7.
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n-valerate and ethanol accumulated to.a greater level
relative to acetate in the BES samples versus: the
controls. Lactate did not accumulate in BES samples
.(data not shown). In a subsequent BES experiment the
incubation time was tripled and the hydrogen lTevel had
doubled by the end of the experiment. The only
reproducible effect of hydrogen was an increase %n ethanol
accumulation in the BES samples relative to the controls
(data not shown).
Table 3. Ratios of fermentation products to acetate

produced after a 95 h dark anaerobic incubation

of 55°C Octopus Spring mat in the presence and
absence of 2-bromoethanesulfonic acid (BES).

CONDITION  ACETATE PROPIONATE I-BUTYRATE N-BUTYRATE I1-VALERATE N-VALERATE ~ ETHANOL

55° -—- 0,310 0.017 0.029 0.025 0.028 0.004
+BES -—- 0.377 0,020 0.031 0.033 0.046 0,013
RATIO AT +BES
RATIO AT BB° ~=~ 122 1.18 1.07 1,32 1.64 3.25

Effects of Light

Cores from the 55°C Octopus Spring mat weré incubated
in situ under both dark and sunlight conditions for ‘ |
10 hours and were subsampled for ferhentation products
at the end of the incubation period. -Acetate accuhulated
to & higher level during dark fncubation.than'in sunlight

{Table 4). The level in the dark was higher than that
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in formalin controls suggesting that férmentation product
accumulation is sensitiye.to Tight:ior other factdrs
controlled by Tight. Formalin control data showed that
at the time of samp]é éoi]ection, the level of acetate
in the mat was higher than after a 10 hour incubgtion
in the 1igﬁt; this indicated that aéétate consumption
occurred. Two other experiments performed on samples
from a 55°C microbial mat at Mdshroom Spring showed a
similar trend of greater acetate accumulation in-thé dark
versus the ljght (Table 4).
Table 4. Effect of l1ight on acetate accumulation in

Octopus Spring and Mushroom Spring 55°C mat

samples. «# indicates significant differences
{p£0.05) of dark samples compared to light

samp]es
SAMPLING . “* CONDITION COLLECTION . ACETATE
SITE . TIME . (UMOLES/VIAL % SD)

OcToPus SPRING FORMALIN CONTROL 0835 0.95 ¢ 0.57
LIGHT (10 HR. INCUBATION) 0835 0,04 £ 0.02
_ DARK (10 HR. INCUBATION} 0835 - 1.74 £ 0.05*
MUSHROOM SPRING ° LIgHT (6 HR. INCUBATION) 1200 . 0.17 £ 0.07 .
EXPERIMENT # 1 DARK (6 HR. INCUBATION) 1200 0,45 + 0.18*
MUSH~RO0M SPRING LIGHT (6 HR. INCUBATION) 1200 Q‘.17' + 0.14
EXPERIMENT # 2 * DARK (6 HR, INCUBATION) 1200 0.78 + 0.09*

Population Potential for Uptake
of Fermentation Products
Since the accumulation of ethénol and other products
was higher at 65°C than at 55°C, activity measurements of

the higher temperature population were made to determine
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if the mat microorganisms were adabted to take up more

reduced fermentation products. 14-C labeled acetate,
propionate, butyrate, lactate, and ethanol were tested

in the 1-3 mm interval of the mat. This segment was
demonstrated by Tayne (48) tQ.ﬁave a maximum Fér uptake
and métaboiism,for sevefal radiolabé]ed'compounds tested
at a 55°C siteL Data for theé 65°C heterotrophfc potential
experiment are reported on a modified‘Lineweaver-Burk'
plot in Figure 10. (Noté that all data are not reported
on this plot. See Table 6 in the Appendix for a listing
of all the data.) The inverse slope (Vpax) of each
compound was determinéd from.linear regression analysis
(Table 5). The microbial community at 65°C had a greater
potential for acetate and lactate metabo]ism than for

the other compounds tested. The potential for ethanol
metab@]ism was greater'£han for fatty acids other than

acetate and Tactate_.
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Figure 10. Modified Lineweaver-Burk plot of the uptake

and metabolism of 14C-fermentation products
in the 1-3 mm _interval of the 65°C Octopus
Spring mat. T/F is the incubation time
divided by the fraction of label metabolized
(vCi metabolized/pCi added). Note data all
points are not shown. See Table 6 for a
complete listing of data.
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Vpax for uptake and oxidation to 14C0p of

‘14c-fermentation products in the 1-3 mm interval
of Octopus Spring 65°C mat.

Units of Vpax are
r is the

ymoles of substrate incorporated/1/h.

correlation coefficient for a straight line
derived from a linear regression of all data
points for each compound.

COMPOUND Vitax r
ACETATE .' ' 6.97 0.99
PROPIONATE 0.17 0.90
BUTYRATE . - .0.52 0.93
ETHANOL . 1.37 0.99
" LACTATE 4,55 0.69
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DISCUSSION

Studies on anaerobic processes in the Octopus Spring
"microbial mat showed active methanogenesis and little
acetogenesis. As little was knbwn about fermentation

n this systen, the goal of th1s research was to further
study decomposition of the Octopus Spring microbial mat
by investigating what fermentation products accumulated
in the mat, where they accumulated within the mat, and
what factors affected their accumulation.

Aqetate and propionate were the predominant
fermentation products fo accuhulate it a 55°C'si£e. They
accunuylated in a ratio of about 3:1. This agrees well
with the importance of acetate as a decomposition product
in many other'anaerobic environments (54). ‘Acetate was
reported the major fermentation product in léke sediments
(29). In Lake Wintergreen sediments, the re]atiohship
of the two major fermentafion'products was similar with
‘a ratio of 4.7:1 for acetate tq'pfopionate (25), Both
acetate and propionate were the dominant fermentation
products found in 40°C and 60°C cattle waste digesters (32)
as Qel] as in a high sulfate salt marsh KS) and marine
sediments (47). The lTow level of importance of other
volatile fatty acids in Octopus Spring and sediments was

also comparable (3, 29, 32).
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It is important to keep in mind that the methods
incorporated in my studies involved measuring the
accumulation of fermentation products and not their
turnover by the natural populations. A number of workers,
(3, 29, 64) investigéted the kinetics of fermeptatipn
product degradation and their subsequent contribution
to methanogenesis or sulfate reduction in natural systehs.
The fmportance of a‘product in a s&stem‘mgy be uﬁderééti—
mated by simply viewing accumulation data alone. For
examplé, 1actate does not accumulate in 55°C mat samples,
and yet Tayne (48) showed that this compound is metabolized
by the microbial populations present under dark and.light,
aerobic and anaerobic incubation conditions.. Lactate,
then is probably an important Fefmentation substrate to
the microbial mat community,

To funfher understand anaerobic decomposifion in
the Octopus Spring mat, the loéation ofvfermentation Was
investigatéd. Doemel and Brock (17) speculated thét
decomposition processes occurred in the lower portioﬁ
of the mat, below the photic zone. Revsbech and Ward
(40) demonstrated thaf the’mat waé superoxic in{the upper
3 mm during the daylight hours with anbxic conditions
existing during darkness. Since fermentation is an
énaérobic process, one would expect fermentation to occur
either in the layers which are always anoxic (below |

7 mm) or only at night closer to the mat's surface.
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The location of anéerobic decomposition in:the
Octopus Spring mat was studiéd by incubatihg subsections
of 1 cm cores under dark anaerobic conditions. That the
tevel of fermentation products did not increase when core
sections greater than 4 mm were incubated indicates thét
the majority of fermentation occurs within the upper
2-4 m of the mat. This finding relates well to the
vertical distribution of other anaerobic processes in
the hot springs. Ward (51) showed that rate of methane
production peaked'l mh below thé surface and decreased
with depth in a 45° and a 95°C Octopus Spring. At a.65°C
site, hydrogen production, an& not methanogenesis, was
higher in the upper mat. in the high sulfate hot spring,
Bath Lake, sulfate reduction wds higher in the top 5 nm
interval than in #he deeper Tayeré of the mat (53).

In studies.on decomposition in anaerobic sediments,
it has been repeatedly reported that.highésé rates of
anaerobic decomposition are near the sedimént surface
- (54). Depending on the particufar system of study,_eithef'
methanogenesis (29, 64) or suffate—feducfion (3, 30)
dominates in the.ﬁbper sediment interval, and decreases
with depth.. Turnovef studies of acetate in low and high
sulfate systems also reflect greatest ratéé of turnover
at the sediment surface (3, 29).

That fermentation occurred in the upper 4 mm of the

mat has interesting implications with respect to daily
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fluctuations in oxygen concentration. The mechanism of
syrvival for decompositfon brganisﬁs, which in the top
4 mm of the mats are altefnatefy exposed to 5uperoxic
and anoxic conditions, is unknown. Some may be facultative
" anaerobes able fo survive the diurnal changes fn oxygen
levels. A1l of the.fermentative isolates from Octopus

Spring are anaerobes (52); at least four are considered

obiigate anaerobes. However, one isolate Thermoanaero-

bacter ethanolicus, was not killed during a one hour
incubation in aerobic media, but grew only under énaerobic

conditions (59). Another isolate, Clostridium thermo-

hydrosulfuricum, was also shown to survive for several
days in aerated medium at 60°C without growth (57).

It is possible that in the npatural mat environment
- some anaerobic organisms may be more tolerant to o*ygen
than microorganisms exposed to constant anoxic conditjons.
Revsbech and Ward (40) isclated a methanogen fronm the .
upper layers of the mat which was rather insensitive to
oxygen. Thiszis unusual since methanogens, as a group,
are considered strict anaerobes'(33). ‘Oxygen concentra-
tions, héwever, are not fhe onTy importanf parameter when
considering anaerobic environments. The Eh, the |
oxidation-reduction potential, is also a major factor
which determines whether or not certain organisms will

grow. The cynanobacteriunm, Oscillatoria terebfiformis,

growé as a photoheterotboph aﬁd a dark heterotroph only
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when the redox potential is less than -100 mV. An
oxygen-free enVTronment.is not sufficient for growth (42).
Methanogens require a low potential of less than
-300 mv f33) It would be useful to determine fh.prbfiles

in the Octopus Spr1ng mats and qomparé these with diurnal

fluctuat1ons of oxygen.

Microniches in the top of the mat could allow these
organisms to survive the extreme diurnal oxic fluctuations.
The gelatinous naiure of the mat may hinder oxygen
diffusion just as extracellular polysaccharides appeér
to 1imit diffusion of nutrients and other molecules to
bacteria encased in biofilms. Currept.techniques, however,
are not aénsitive enough for measuriné oxygen gradients
surrounding a single bacteriai cell.

As an alternative to oxygen tolerance, organisms
may adjust their placement in the mat with changes in
oxygen cohcentration There are several examﬁleq of how
motile organisms position themse]ves in mats in relation

to chem1ca1 gradients. Osc1]1ator1a terebr1form1s remaing

on the surface of the microbial mat.dur1ng most of the .
day and.at night migrates 1-2 mm down into the mat where
conditions are anaerobic (41) dorgensen and Revsbech
(24) showed that Beggiatoa spp. formed layers. of ce]fs
at the 1nterface of oxygen and hydrogen su]flde in a mat
from a marine sed1ment. Ne1son and Jannasch (38)

.demonstrated in laboratory agar'cuitures that the graowth
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of a marine Beqgiatoa isolate depended on its p}efefence
for reduced oxygen concentrations and a.limited sul fide
concentration in combination with gliding mbtility.'.ln

the Octopus Spring ecosystem, Doeme] and Brock (17)

observed Chloroflexus to glide to the mat's surface during

darkness. Chlqroflexus can.onlylgrow as an aerobe in
the darkness. |

If the mat Organismé do adjusf their placement within
the mat due to changeS'in'oxygen gradients, it should
be noted that four of the five fermentative isolates have
flagella (58, 59, 60, 78) that could support'such motility.

Some methanogens, such as a strain of Methanosarcina

barkeri isolated from an enrichment of sewage sludge and

a Methanothrix species isolated from a 58°C digester, have

gas vacuoleé (1, 79). Although Methanobacterium thermoautq-
trophicum, isolated from Octopus, was.not observed to
haQe gas vacuoles, it is'péssib1e that ofhef methanogens
not isolated could adapt. to diurnal fluctqatfdhs by using
such structures. |

Ligﬁt iﬁfluenced the accumulation of fermentation
products. Samples incubated in the 1ight had 1eés acetate
than corresponding samples incub&ted in the dark: Formalin
controls taken at zero time (early morning) and at S hours
into the experiment revealed higher concentrations of

'aﬁetate_than in samples incubated in thé-]ight for
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10 hours. (Formalin controls fof'fn situ acetate measuré—
ments at 10 hours were not takeﬁ;)‘ fhis.suggested that
Tight-dependent metabolism of acetate occurred. Tayne
(48)‘showed that fermentation products were takeén up under

1ight aerobic'cbnditions by a filamentous bacterjum, shoyn

to be Chlorofléxus aurantiacus by a combined immunofiuores-
cence-autoradiographic procedure. As few of these
fermentation products were metabo]ized:in the dark, it

is likely that these compounds are taken up by this
photoheﬁerotroph'during the day:

Light-driven photosynthesis not only affects oxygen
concentrations but pH condftions.as.well. Using
microelectrodes in a 55°C mat, Revsbech and Ward (40) found
the lowest pH value to be present before sunrise in the
"1 to 6 mm depth interval. The photosynthetic uptake of .
‘bicarbonate during the day as well as Fafty_acid production
at night are thought to 1nf]uenée-thé pH change from basic
during the day towards more acidic at night (40). Ifhe
observations of: a higher acetate level in the mo#ning
mat, the anaerobic and acidic cohditions of the nigh%
mat, and my cgntinual'observations of fermentation product
accumulation in cofe samples incubated uynder dark anaerobic
condition support active fermentation in the Octopus 55°C
| mat at night. |
Fermentation occurred in samples collected a]dng

the thermal gradient from 70° to 50°C. -The dominant

\..
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fermentation products were always acetate and propionate.
Ward (51) showed that methane production in situ occufred
from 68° to 30°C with very little methanogenesis observed
in the 68° to 63°C range. Hydrogen was noted to
accumulate in the 65°C mats. Carbon dioxide and hydrogen,
and not acetate, were found to be the'important methane
precursors over a 60° to 45°C range in the mats (43).
These observations support the model préposed fop anaerobic
decomposition in which both fermentative and methane
producing bacteria play importént roles. In Ockopus Spring,
hydrogen and carbon dioxide produced during fermentation

are used by the methanogens and Chloroflexus is implicated

in the photoincorporation of acetate.
Zeikus, et al. (76) speculated that fermentatfvé

anaerobic bacteria that produce hydrogen may function

in nature at temperatures. greater than 80°C but that
methanogenS may not. Expefiments revealed that hydrogen
formation but not methanogenesis was detected at 80°C
during anaerobic deéomposition of the Octopué Spring mat.
The 65°C mats provided a natural system in thch to
investigate the'effects of hydrogen on fermeﬁtétipn
production as re]étéd’to the interspecies hydrogen transfer
theory. Samples from a 65°C community showed different,
pattgrns of fermentatioh product accqmu]étion than did
those from a 55°C environment. Analjsis\of fermentation

products in this higher hydrogen environment (65°C) showed
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a greater ratio of reduced products to acetate, as
specified by the the interspecies hydrogen transfer model.
The finding of a high ratfo for ethanol accunulation
correiates well with four of the fermentative isolates
which produce ethanol. Thermophilic isdlaﬁes from hot
springs may prove useful for industrial production of
chemicals, such as ethanol (57). '

| The Tower propionate accumu]atioﬁ at 65°C, however,
was not expécted. ‘In many other systems studied, such
as the rumen or anaerobic digester, when mefhanogenesis
ceased, a higher hydrogen level caused propionate to
accuymulate (34). The increase in hydrogen concentration
resulting from the inhibitidn of methanogenesis either
inhibits propionate metabolism by acetogenic bacteria.
or forces fermentors to produce more reduced fermentation
products due to the breakdown in interspecies hydrogen
transfer. It was not probable that'écetogens broke down
the propionate gt 65°C; due to the high inhibitory
copcentration of hydrogen at this Eemperatufe. Tayne
(48) showed 1itt1e evidence for propionate acetogenesis
even at lower hydroggn concéntrations.

Another approach in studying the effect qf hydrogen

‘was to inhibit methane production in the 55°C mat.
Measurements of samples incubated in the presence apd
absence of an inhibitor of methanogenesfs; 2—brom§ethane—

sulfonic acid (BES), showed substantial differences in
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the ratio of fermentation produets to acetate only in
~ethanol accumulation. It should be noted -that the hydrogen
Tevel during this experiment did not reach that observed
after incubating 65°C samples and possibly was not high
enough to induce production of reduced products Tgyne |
(48) found that butyrate acetogene51s Was sens1t1ve in
a BES experiment. Acetogenesis, however is much more
sensitive to hydrogep cbncentration than is the production
of reduced fermentation products.

"There are limitations in only viewing fermentation
product accumulation and assuming that the resutting
products are fmportant.to 3 microbfai commupity.  As noted
before, some compounds produced in the system may be'
metabolized, and therefore, will not accumulate. To
further understand the importance of compounds in the
‘hot springs, photoheterotrophy was used as a bioassay
of what fermentation products the microbial popu]at1on
were adapted to use. These heterotrophic potential results
represent a potentlal of the micfobfal'population-to_take
up and metabolize.quantiﬁies of -substrate thoyght to
saturate tbe organfsms' permease systems. o

Acetate, lactate, and ethanol had a greatef'potential
for uptake by the community at 65°C while propionate and
acetate had the greatest pétential for incorporation at
a 55°C site. Lactate accunulated in the 65°C system, if

only slightly, but did not accumulate in the 55°C site. °©
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Tayne (48) showed that laétate was metabolized at 55°C
under dark, anaerobic conditions aé well as under light
aerobic and anaerobic and dark aerobic conditions. It
was not determined if lactate was metabolized at 65°C.

Propionate accumulation at 5550 was higher than at
65°C. Again, experiments were not performed to determine
whether propionate was netabolized at 65°C, but Tayne (48)
found that it was only partially metabolized under dark

anaerobic conditions at 55°C. The Vpzx value for propionate

uptake at 55°C was the highest for all compounds tested;

at 65°C the Vpay for propionate was the lowest., The

relative decrease in probionate accumulation at 65°C may
reflect the population's inabi}ity to produce as much
propionate as was seen at 55°C. As'mehtioned above,
acetogenesis of this compound was highly unlikely, as
a high hydrogen level inhibits the activity of these -
organisms. whateQer the reason, the decrease'in propionate
Tevels at the.higher'temberature coincided with a
bopulation wvhich is not adaptéd to taking it up.

The Octopus Spring microbiallmat is an interesting
ecosystem for study of natural microbial interactions.
We are limited, at this point, in understanding communpity
relationships by ﬁot knowing the identities and pure
culture activities of other bacteria in this system.‘

By studying gross processes, however, we have learned
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much about important factors which,inf]uence the microbial
population.

Fermentation is an active process in Octopus Spring.-
Acetate and propionate are the major fermentation products
tpat accumulate under dark anaerobic conditions.
\Eermentationlproducts accumul;t; predominately in the
upper 4 mm of the mat. This location of this process
has raiéed.some interesting questions concerning
interactions of the community's population. Fof example;
how do fermentative organisms adapt to the diurnal changes
in oxygen concentration? The observation that mat samples
incubated in ﬁhg light had. less ‘accumulation of fermenta-
tion products than corresponding dark samples integrates

well with Tayne's finding that Chloroffexus photoincorpo-

rated fermentation products (48). As Tayne pointed out,
this system resembles the rumen in that the further
breakdown of fermentation products is not an fmpdrtant

process. Instead, these'prodqcts are cycled for use by

Chioroflexus; in the rumen, they aré cycled for direct
use by the animal. Also in both the rumen and in the
Octopus Spring mats, acefate is not an important-ﬁethane
precuréor.

That interspecies hydrogen transfer is active.in
the 65°C environment is supported by the shift in the
accumulation of more reduced fermentation products, with

the exception of propionate, at this higher temperature
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compared to 55°C. The importance of these reduced products
may be reflected in the hetenotnophic potential results.
The population at 65°C was more adanﬁed to taking up lactate
and ethanol than was the community at 55°C. Thus, at a
65°C mat with less methanogenesis énd‘more nroductidn of
hydrogen Ehan'the 55°C system, the importance of reduced
fenmentatfon products agrees with the theory of
interspecies hydrogen transfer and adaptiveness of the
bacterial community for these compounds. ‘

Fermentation in Octopus Spring. thus not onfy appears
to serve as a means of anaerobic decomposition in a Tow
sulfate environment in which methanogenesis and little

-acetogenesis occur, but it also appears to be important

in supplying the photoheterotroph, Chloroflexus, with

nutrients.
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APPENDIX

Table 6. Results of heterbtrophic potentia1 experiment
: to determine Vgzy for uptake and metabolism

of fermentation products in the 1-3 mm interval
of Octopus Spring 65°C mat.

14¢c-fermentation : A T/IF
product. - . : (umoles) (hours)

acetate | 77.78 14.28

15.15
15. 62

171.21 ' 33.33
35.71
35.71

354.55 62.50
71,43
71.43

825.76 125.00
: 125.00
125.00

propionate 0.87 7.14
. ' 8.20
8.33

1.80 o 16.67
. . 17.24
17.24 -

3.56 ‘ : 31.25
: 33.33
33.33

8.13 . 31.25
. 62.50
62.50
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- Table 6. Continued

" 14¢-fermentation A O TIF
- product (umoles) (hours)

butyrate _ , 1.07. .14
. .81

.09
.51
. 98
.29
.51
.71
.71
.74
.74
.78

.26
.38
.17
.75
.02
.62
. 81
.85
.74
.47
.85
.69
.52

.52
.00
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lactate : | 1,06
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'ethanol : 10.94.
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Table 6. Continued. -

14¢_fermentation A T/F

product . {vmoles) (hours)
ethanol - 56.70 38. 46
38. 46

A 41.67

122.49 83.33

83.33

- 100.00
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