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The flora of an anaerobic whey-processing chemostat was separated by anaerobic sedimentation techniques
into a free-living bacterial fraction and a bacterial floc fraction. The floc fraction constituted a major part (i.e.,
57% total protein) of the total microbial population in the digestor, and it accounted for 87% of the total
CO,-dependent methanogenic activity and 76% of the total ethanol-consuming acetogenic activity. Lactose was
degraded by both cellular fractions, but in the free flora fraction it was associated with higher intermediary
levels of H,, ethanol, butyrate, and propionate production. Electron microscopic analysis of flocs showed
bacterial diversity and juxtapositioning of tentative Desulfovibrio and Methanobacterium species without
significant microcolony formation. Ethanol, an intermediary product of lactose-hydrolyzing bacteria, was
converted to acetate and methane within the flocs by interspecies electron transfer. Ethanol-dependent methane
formation was compartmentalized and closely coupled kinetically within the flocs but without significant
formation of H, gas. Physical disruption of flocs into fragments of 10- to 20-jom diameter initially increased the
H, partial pressure but did not change the carbon transformation kinetic patterns of ethanol metabolism or
demonstrate a significant role for H, in CO, reduction to methane. The data demonstrate that floc formation
in a whey-processing anaerobic digestor functions in juxtapositioning cells for interspecies electron transfer
during syntrophic ethanol conversion into acetate and methane but by a mechanism which was independent of
the available dissolved H, gas pool in the ecosystem.

Advanced technologies for treatment of municipal, indus-
trial, or agricultural waste by anaerobic digestion require the
formation of microbial aggregates in the form of sludge
granules, flocs, or microbial biofilms. Although these aggre-
gates are largely used to maintain high concentrations of
active cells in biogas digestors (1, 5, 18, 27, 30), the special-
ized metabolic functions of microbial aggregates have not
been well characterized in methanogenic ecosystems.

It is known (1, 30) that substrate depletion in the center of
a microbial aggregate can be caused by reduced diffusional
fluxes and that this may impair the overall metabolic rates of
the involved microorganisms. On the other hand, several
examples exist in nature which show that syntrophic rela-
tionships are facilitated by the formation of mixed microbial
aggregates or consortia, in which the involved microorga-
nisms share a common spatial microniche (9, 11, 19, 23).
Nonetheless, little is known about the inherent biochemical
and physical mechanisms that allow for syntrophic interac-
tions in aggregates.

The complete conversion of organic matter into CH, and
CO, in anaerobic digestors requires at least three function-
ally different trophic groups of bacteria whose coordinate
activities are required for the overall process function (7, 8):
(i) hydrolytic fermentative bacteria, (ii) syntrophic acetoge-
nic bacteria, and (iii) methanogenic bacteria. Syntrophic
acetogenic bacteria or the so-called obligate syntrophic
proton-reducing bacteria are generally considered to func-
tion by converting ethanol, propionate, butyrate, benzoate,
and other reduced intermediary metabolites into acetate and
molecular H, (24, 12, 20, 22) during the anaerobic digestion
process. Thus, these conversions are thought to be thermo-
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dynamically feasible only at very low H, partial pressures
(28). Notably, the metabolic efficiency and the growth yield
of the syntrophic acetogenic bacteria which produce hydro-
gen depend strongly on the rate of the H, removal by a
consuming species such as a methanogen; this process is
called interspecies hydrogen transfer (IHT) (4, 25, 31).

A possible involvement of microbial aggregation in the
facilitation of interspecies hydrogen transfer during metha-
nogenesis in nature has been assumed by several researchers
(12, 15); however, direct experimental evidence is lacking.
Recent work in our laboratory (10) demonstrated that less
than 6% of all the CO,-dependent methanogenesis in a
sewage sludge digestor was dependent on the dissolved H,
turnover rate. This led to the hypothesis that most of the
hydrogen-dependent methanogenesis occurs as a conse-
quence of direct interspecies H, transfer between juxtaposi-
tioned microbial associations in flocs.

Our laboratory previously demonstrated the intermediary
metabolism, trophic group species enumeration, and com-
position in a model steady-state whey-processing laboratory
chemostat (6-8). The kinetic parameters for the important
carbon transformations have been characterized. In this
ecosystem, the bacteria existed as free-living cells and flocs
which disappeared when methanogens were removed by
high dilution rates (6). Furthermore, lactose was principally
fermented by Leuconostoc mesenteroides, Klebsiella oxy-
toca, and Clostridium butyricum into lactate, ethanol, for-
mate, H,-CO,, and acetate as intermediary metabolites. In
this ecosystem, ethanol was syntrophically transformed into
acetate and methane by Desulfovibrio vulgaris and Metha-
nobacterium formicicum as the principal syntrophic aceto-
gen and CO,-reducing methanogen, respectively (7; J. H.
Thiele, M. Chartrain, and J. G. Zeikus, manuscript in
preparation).

The purpose of the present study was threefold. First, to
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assess whether syntrophic fermentation of ethanol to meth-
ane was spatially organized or enriched in the floc versus
free flora fractions. Second, to test the suggested hypothesis
(10) that in anaerobic digestion processes, CO,-dependent
methanogenesis and interspecies electron transfer were both
predominantly located in a floc fraction and independent of
the dissolved hydrogen pool in the aqueous phase. Last, to
assess the significance of microbial aggregate formation as a
mechanism to control electron flow during syntrophic etha-
nol conversion by D. vulgaris and Methanobacterium for-
micicum in a natural, mixed culture floc ecosystem.

MATERIALS AND METHODS

Chemicals and materials. All chemicals were analytical
grade and were obtained from Sigma Chemical Co. (St.
Louis, Mo.). Gases were obtained from Matheson Scientific,
Inc. (Joliet, Ill.). Dried whey was obtained from Lactofrance
(Paris, France). Pressure vials were from Wheaton Indus-
tries (Millville, N.J.), and butyl stoppers were from Bellco
Glass, Inc. (Vineland, N.J.).

Media and chemostat culture conditions. Phosphate-buff-
ered basal (PBB) medium was anaerobically prepared by
standard procedures (16) and dispensed into pressure bottles
with an N,-CO, (95:5, vol/vol) head phase. Traces of oxygen
were removed from the gas by passing it through a furnace
containing reduced copper filings heated to 250°C. The
medium was autoclaved at 123°C for 15 min. Vitamins,
sodium phosphate, and 0.025% cysteine-sulfide reductant
were added to the medium after autoclaving. The final
medium pH was 7.0. A continuous steady-state anaerobic
chemostat ecosystem was operated at 35°C with 1.0% dried
whey in PBB medium and under conditions similar to those
described elsewhere (8).

Preparation of free flora and floc fractions. All procedures
were done under stringent anaerobic conditions. A 125-ml
sample was removed from the chemostat and placed into a
sterile, N,-containing, 270-ml centrifugation vial and centri-
fuged at 410 x g for 2 min. The supernatant containing the
free-living bacterial flora fraction was carefully decanted,
and the soft pellet containing microbial flocs was washed in
10 ml of PBB medium by gentle agitation. The floc fraction
was recentrifuged at 920 X g for 10 min, and the supernatant
was collected. The flocs constituted only a small volume
fraction of the digestor contents (1 to 2%). This pellet was
resuspended in 10 ml of PBB medium and centrifuged at 410
X g for 1 min, and the supernatant was collected. The pellet
constituted the washed floc fraction and was suspended in
6.5 ml of PBB medium. The supernatant from the first
centrifugation was centrifuged at 2,600 x g for 30 min,
yielding a clear supernatant and a cell pellet. The superna-
tant was discarded, and the cell pellet was suspended in 5 ml
of PBB medium, yielding a total volume of 6 ml. This
suspension constituted the free flora fraction. The free flora
fraction contained mostly single cells or cell chains and a few
tiny cell clumps. The washed floc fraction contains flocs with
an average size of 100 um in diameter (see Fig. 3A).

All operations were performed aseptically at room tem-
perature in an anaerobic glove bag containing an N,-H, gas
mixture (95:5, vol/vol). Centrifugations were done at room
temperature in a Sorvall RC2-B preparative centrifuge in
gastight Nalgene centrifugation tubes. For the estimation of
the total microbial biomass in both fractions, the protein
content of the supernatants from the two floc-washing steps
was regarded as free flora protein.

Metabolic analysis of chemostat cell fractions. Lactose
transformation time courses and the localization and mea-
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surement of interspecies H, transfer reactions in the two
fractions were determined in anaerobic 158-ml serum bottles
containing 45 ml of PBB medium and an N,-CO, (95:5,
vol/vol) headspace of 2 atm (202.6 kPa). The substrates were
added from sterilized concentrated stock solutions to the
concentrations indicated. The bottles were warmed to 37°C
before inoculation with 0.1 ml of the respective digestor cell
fraction. During the experiments the bottles were placed on
a Gyrotory water bath shaker (G76; New Brunswick Scien-
tific Co., Inc., Edison, N.J.) at 80 rpm. Liquid-phase sam-
ples (1 ml) and gas-phase samples (2 ml) were aseptically
taken at the indicated time points and analyzed by gas
chromatography. Gas samples were taken with pressure-
lock syringes. The pressure in the vials was monitored at the
beginning and the end of the experiment, and pressure
corrections were applied for the calculations of the gas
metabolism data for each time point. All experiments were
run in duplicate and repeated at least twice.

Cultivation, purification, and disruption of flocs. Effluent
from the whey laboratory chemostat was collected and
transferred anaerobically at 37°C into a freshly autoclaved
270-ml centrifuge vial, sealed with a butyl rubber stopper,
and incubated at 37°C. During the collection procedure, the
centrifuge vial was continuously flushed with oxygen-free N,
at a rate of approximately 10 ml/min. After one retention
time of the chemostat (100 h), the centrifuge vial was
removed, flushed with N,-CO, (95:5, vol/vol) for 2 min, and
centrifuged at 650 X g for S min. The centrifuge vial was then
transferred into an anaerobic glove bag, the supernatant
containing single cells was discarded, and the pellet contain-
ing the flocs was gently suspended into 50 ml of PBB
medium. The centrifugation step was repeated once, and the
pellet was finally resuspended in 10 ml of PBB medium. The
washed flocs were transferred into a 158-ml vial containing
50 ml of PBB medium with 0.1% dried whey and were
incubated at 37°C for 2 to 3 days. All transfers were
performed under aseptic conditions by using syringe tech-
niques and an 18-gauge 1.5-in. (3.8-cm) needle (Becton
Dickinson Vacutainer Systems, Rutherford, N.J.). Using
these techniques, the flocs could be maintained on 0.1%
whey at 37°C with weekly transfers into fresh medium for
more than 8 weeks.

The cultured flocs were purified from the whey medium by
inverting the pressure vials and allowing the flocs to sedi-
ment under unit gravity. The supernatant was then removed
with a syringe, and 50 ml of PBB medium was injected into
the vial. This washing procedure was repeated twice, and the
fresh cultured flocs were finally resuspended into 20 ml of
PBB medium. Nutrient-limited cultured flocs were prepared
by two additional washing steps followed by incubation in
PBB medium without substrates at 37°C for 2 days. Both
cultured floc preparations were each anaerobically trans-
ferred into two autoclaved 58-ml serum vials containing an
N,-CO, (95:5, vol/vol) atmosphere by syringe techniques
with an 18-gauge 1.5-in. needle. The content of one vial was
disrupted by passage through a 23-gauge 1-in. (2.5-cm)
needle with a 10-ml glass syringe (10 to 20 strokes) while
monitoring strict anaerobic conditions with resazurin as the
redox indicator dye.

Disrupted and intact cultured flocs were anaerobically
distributed into freshly prepared sterile 58-ml serum vials
containing 5 ml of PBB medium and the indicated substrates
(added after autoclaving). The vial head phase contained
N,-CO, (95:5, vol/vol) at 1.7 atm (172.2 kPa) pressure. The
vials were incubated in a Gyrotory water bath shaker (G76)
at 37°C and 100 rpm. The floc preparation protein concen-
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tration was between 0.1 and 0.2 g/liter. Each experiment was
run in triplicate, and the individual data values were aver-
aged.

To determine the time course for substrate consumption
and gas production, we took samples (two 1-ml samples) of
the headspace and samples (0.4 ml) of the liquid phase at the
indicated times using 23-gauge 1-in. needles. The gas sam-
ples were obtained with valve-locked glass syringes to
eliminate trace contamination by air, and 0.4 ml was imme-
diately analyzed at atmospheric pressures for its H, and CH,
content.

The volume of the headspace in the test vials was 4,000-
fold larger than that of the floc phase (20 wl/mg of protein)
and 15 times larger than that of the liquid phase (5 ml), and
the solubility of H, in the headspace was approximately 50
times larger than in the floc or liquid phase. Thus, these
conditions would enable at least 99.999% of net produced H,
gas to be extracted into the headspace by these procedures.

The pressure in the vials was determined during the time
course, and a pressure correction was performed for calcu-
lation of produced and dissolved gases. Liquid-phase sam-
ples were centrifuged immediately at 5,000 X g for 5 min to
sediment cells. The supernatant (0.2 ml) was stored at —20°C
before metabolite analysis by gas chromatography. The
protein content in the vials was determined by using the cell
pellet fractions after centrifugation.

Analytical techniques. H,, CO, CH,, and CO, were sepa-
rated on a gas chromatograph (series 750; Gow Mac Instru-
ments, Bridgewater, N.J.) with Spherocarb 60/80 (Analabs-
Foxboro Co., North Haven, Conn.) as a column material.
The column temperature was 150°C, and the carrier gas was
N, at a flow rate of 20 ml/min. The carrier gas was purified by
a CAT-1 catalytic combustion filter on line with a Drierite/
molecular sieve filter (Trace Analytical, Menlo Park, Calif.).

After separation, CH, and CO, were analyzed with a flame
ionization detector via a preceding conversion with a ruthe-
nium red-based methanizer (Gow Mac). H, and CO were
analyzed on an RGD2 reduction gas detector (Trace) based
on the mercuric oxide-mercury conversion technique (9).
The chromatogram was analyzed with a Hewlett-Packard
HP 3390A integrator. Standards were prepared by dilution of
gases into N,. The detection limit was 0.05 ppm (0.05
plliter) for H,, 0.01 ppm (0.01 pl/liter) for CO, and 1 ppm (1
plliter) for CH, and CO,. High H, gas concentrations above
500 ppm were determined on a Hewlett-Packard 5890A gas
chromatograph with a thermal conductivity detector and
Porapak N as the column material. The oven temperature
was 35°C, and the carrier gas was N,.

Soluble substrates and fermentation products were acidi-
fied with H,PO, (1 N final) and subsequently analyzed on a
model 419 Packard gas chromatograph equipped with a
Chromosorb 101 (80/100 mesh) column and a flame ioniza-
tion detector. The column was operated at 180°C. The
detection limit was approximately 0.1 mM for ethanol,
acetate, propionate, and butyrate.

Lactate was determined enzymatically by standard tech-
niques (13) with L-(+)-lactate dehydrogenase (Sigma). Ex-
perimental samples (300 wl) were aseptically taken from the
experimental vials, acidified with 100 wl of 7 N HCIO,, and
stored at —20°C. Samples were thawed and centrifuged, and
the supernatant was diluted 10-fold with double-distilled
water. Samples were neutralized with K,CO, and used in the
enzymatic assay.

The specific volume of cultured floc was determined as
follows. Fresh cultured flocs were prepared from 250 ml of
digestor content, and 200, 400, and 750 pl of the resulting
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floc suspension was centrifuged in calibrated microvials at
10,000 X g. The supernatant was removed, and the centrif-
ugation was repeated. The resulting pellet was a compact
paste, and the volume of the pellet was taken as the volume
of the floc fraction in the suspension. The protein content of
the original floc suspension was determined, and the specific
floc volume was calculated from this value and expressed as
microliters per milligram of protein.

Protein was determined by a modification of the Lowry
method (14) with bovine serum albumin as a standard.

Gas detection test system capability. A very sensitive and
sufficiently rapid measuring system for H, and methane at
very low concentrations was established for the disruption
experiments.

To determine the time resolution of the continuous H,
extraction, we injected 0.8 ml of PBB medium saturated with
100% H, into three 58-ml test vials containing 5 ml of PBB
medium. One vial was immediately shaken to extract all H,
gas from the liquid (100% value), while the two remaining
vials were placed into the water bath at 37°C and shaken at
100 rpm identical to test floc preparations. The dissolved H,
was immediately extracted into the head phase, reaching the
100% value after about 10 min. This continuous H, extrac-
tion from the liquid phase of the test vials showed a time
constant (1/K) of approximately 3 min, ensuring a nearly
complete extraction from the liquid phase within 10 min. To
guarantee the quantitive nature of the continuous gas extrac-
tion, the Bunsen coefficients for H, and CH, in PBB medium
at 37°C and the in situ partial pressure of 10~ atm (0.1 kPa)
were determined by an extraction technique. The measured
coefficients under the experimental conditions were (2.12 =
0.58) x 10~2 ml of gas per ml of liquid for hydrogen and (3.03
+ 0.122) X 1072 ml of gas per ml of liquid) for methane. By
using a head phase/liquid phase ratio of 10:1 in this assay
system, it was established that more than 99.9% of the H,
gas was extracted into the headspace.

Calculation of IHT reactions. The significance and the
functional localization of the three following microbial reac-
tions were determined:

2CH,CH,OH + 2H,0 — 2CH,CO0~ + 2H* + 4H,

AG® = +19.2 KJ per reaction Q)
4H, + HCO,~ + H* - CH, + 3H,0
AG®" = —135.6 kJ per reaction 2

2CH;CH,0H + HCO,;~ — 2CH,COO0O~
+ H* + CH, + H,0
AG® = —116 KkJ per reaction 3)

The IHT ratio was defined as the molar ratio of H, used for
methane production via CO, reduction over the total amount
of H, produced from the oxidation of ethanol to acetate: IHT
ratio = H, equivalents consumed for CO, reduction to
CH,/(H, equivalents consumed + H, gas produced). Meth-
ane formed from CO, reduction was derived for each time
interval from the total amount of methane formed in that
interval in the presence of ethanol minus the background
methane formation in acetate control experiments. The
amount of hydrogen equivalents consumed for CO, reduc-
tion was then calculated by using this value and the stoichi-
ometry of methane formation from H, and CO,. The pro-
duced H, gas not used for methane formation was calculated
from the total amount of dissolved H, in the liquid phase and
the H, content of the gas phase in the presence of ethanol
corrected for the background H, evolution in acetate control
experiments. The IHT ratio was calculated for each time
interval.
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The following equations were used according to the law of
mass conservation for the production of H, gas during
IHT-dependent conversion of ethanol to acetate and meth-
ane. If electron transfer is assumed to occur via the ex-
change of H, gas (reaction 3) in a well-mixed reaction phase
in connection with the gas detection system, then:

dH,?"*¢/dt = production rate — consumption rate —
phase transfer = r; — r, — ry “4)

In a two-phase system with syntrophic ethanol conversion
performed by two different bacterial species, the rate terms
become:

r1 = Viax, X [ethanoll/(K,; + [ethanol])
r2 = Vmaxz X [H2]/(K.\-2 + [Hz])
—[A X D X (dpnH,/dc) x (grad pH,)]

where V., is the maximum rate of H, production from
reaction 1 and V,,,,, is the maximum rate of H, consumption
from reaction 2; K, and K, are the substrate constants of
H,-producing and -consuming bacteria when determined for
D. vulgaris, Methanobacterium formicicum, and the entire
digestor population (6); A is the contact surface area of the
reaction phase with the neighboring phases; D is the diffu-
sivity of H, in the reaction phase; pH, is the chemical
potential of H, gas; duH,/dc is the concentration depen-
dence of the chemical potential of H, in the reaction phase;
and grad pH, is the chemical potential gradient of H,
between the reaction phase and the neighboring phases.

For a chemically closed system of two phases, the in-
crease in the H, gas in the environment of the reaction phase
can be described as:

dH,*™°"dt = dH,****™|dt — dH,P"**¢/dt (&)

With r; — r, > 0, the reaction phase constitutes a net source
of H, gas and for dH,”"**¢/dt < dH,****™/dt, equation 5
becomes

r;
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d Hzenviron /dt = d styxtem/dt
= —[A X D X (duH,/dc) x (grad pH)] (6)

Thus, in the experimental closed-bottle system, a flux of H,
into the headspace is proportional to the interfacial area and
at constant V and D, duH,/dc and grad pH, are a direct
measure for the interfacial area of the reaction phase.

Microscopy. Phase-contrast and UV-epifluorescence mi-
croscopy were performed with an Olympus model BH2
microscope with a mercury light source and an automatic
exposure camera. The fluorescence of the methanogenic
factor F,,, was observed with a B (IF-490) excitation filter
and 0.530- or 0.570-mm barrier filters. Floc samples were
taken with glass syringes and 18-gauge 1.5-in. needles and
were observed within 10 min.

Electron microscopy employed procedures described pre-
viously (7, 32). The glutaraldehyde fixative was added before
the first centrifugation of the flocs.

RESULTS

Compartmentalization of syntrophic ethanol metabolism.
Experiments were initiated to assess whether syntrophic
ethanol metabolism and IHT were preferentially localized in
the floc versus the free flora fraction. Figure 1 compares
lactose intermediary metabolism parameters in the free flora
versus the floc fraction. Lactose was rapidly metabolized by
both cell fractions into mainly ethanol and acetate, but with
lower levels of butyrate and propionate present in flocs than
in free flora fractions. Very significant differences, however,
were found in the dynamics of gas metabolism displayed by
the two fractions. The free flora showed a much higher and
transient H, production during the early stage of lactose
conversion (>2,000 Pa), whereas the flocs produced lower
and more stable H, levels (<920 Pa). The ratio of H,/CH,
formation in the floc preparation during the first 50 h was
always <1.5, whereas the free flora showed ratios of >10.
Furthermore, the onset of the CH, production by free flora
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FIG. 1. Comparison of metabolic parameters for anaerobic lactose transformation by free flora versus floc population fractipns. The
experiments were performed under anaerobic conditions in 158-ml serum vials that contained 45 ml of PBB medium with 0.2% dried whey
and an inoculum of either 1.05 mg of free flora protein or 0.58 mg of floc protein.



14 THIELE ET AL. AppPL. ENVIRON. MICROBIOL.

300 o9
%g 20 Free Flora Flocs g 5
b Mt T g i3
Woo ACETATE ACETATE 3
E—= o} s CHq S
I-E ETHANOL ETHANOL o2
EST & S 00 §&
@3 5[ ’ g
go H—/D/CH4 - H2 \5#0
ok Ote—a- e h . 4

a 20 40 60 O 20 40 60

TIME (h)

FIG. 2. Comparison of metabolic parameters for syntrophic ethanol transformation by free flora versus floc population fractions. The
experiments were performed anaerobically in 158-ml serum vials that contained 45 ml of PBB medium with 5 mM ethanol and 14 mM acetate
and an inoculum of either 1.05 mg of free flora protein or 0.58 mg of floc protein.

occurred 10 h later than in the floc preparation and only after assumed that disruption would destroy the floc integrity and
the appearance of high H, concentrations. At the end of might uncouple efficient H, gas transfer (i.e., H, production
these time course experiments, microscopic observations and consumption) during syntrophic ethanol conversion. If
indicated that free flora was growing in vials initially con- H, was exchanged inside the flocs between clusters (micro-
taining flocs and vice versa. colonies) of H,-producing acetogens and H,-consuming me-

Figure 2 compares the intermediary metabolism of ethanol thanogens, then H, would accumulate while methane forma-
by the free flora versus the floc fractions. The floc fraction tion would decrease, similar to the ethanol degradation
was more active at conversion of ethanol to acetate and results observed for the free flora preparations. On the
methane than the free flora. However, the specific and total contrary, if H, was predominantly exchanged via the H, gas
levels of produced hydrogen were lower in the floc fraction pool outside the flocs, a disruption should have no effect on
than in the free flora. To assess whether this correlated with the compartmentalization of the interspecies electron trans-
higher hydrogen-consuming activities in flocs, we performed fer.

experiments which compared the specific activities of meth- Syringe treatment resulted in a homogeneous population
anogenic H, consumption and acetogenic ethanol consump- of fragments less than 1/10th of the original size (Fig. 3A and
tion by free flora versus floc fractions. Both the total and the B). This gentle disruption did not cause individual cell
specific ethanol oxidation activity and hydrogen consump- injury, as was ascertained by thin-section electron micros-

tion activity were much higher in the floc than in the free copy (Fig. 3C). Vibrios, typical of D. vulgaris, and long
flora fraction (Table 1). The floc fraction displayed 87% of slender rods, typical of Methanobacterium formicicum,
the total H,-consuming methanogenic activity and 76% of were frequently seen juxtapositioned in electron micro-
the total ethanol-consuming activity in the ecosystem. H,- graphs of floc thin sections (Fig. 3C). Cell pairs of the vibrio
consuming acetogenesis was insignificant in the flocs. No were rarely seen, and microcolonies of four or more identical
acetate was formed when flocs were incubated for more than cells were not observed. Large clumps of a sarcina, presum-

50 h with 2 kPa of H,-CO, atmosphere (data not shown). ably Methanosarcina barkeri, and long filaments similar to
Sulfate-reducing activity can be excluded as well owing to Methanothrix soehngenii were occasionally found within the
the absence of detectable sulfate in the medium. This indi- flocs. Aside from clumps of Methanosarcina barkeri, signif-
cated that flocs functioned to compartmentalize preferen- icant numbers of microcolonies of identical cells were not
tially both syntrophic ethanol metabolism and methanogenic observed at low magnification. UV-epifluorescence micros-
hydrogen consumption within the digestor ecosystem. No- copy showed a presumptive homogeneous distribution of a

tably, microscopic analysis at the end of the experiments fluorescent rod, by size and shape similar to Methanobacte-
indicated that free flora was not formed in the floc vials or rium formicicum, the major hydrogen- and formate-con-
vice versa when ethanol was the sole carbon and electron suming (i.e., CO,-reducing) methanogen in the digestor
source. , ecosystem (7).

Analysis of IHT inside flocs. To assess the significance of Electron microscopic analysis of thin sections did not
IHT in syntrophic ethanol conversion to methane within the reveal any significant difference in the general microbial
floc compartment, we designed experiments to test the effect species composition between disrupted and intact floc prep-
of a disruption of cell contact on H, gas metabolism, ethanol arations. Thus, the disruption technique used did not intro-
consumption, and methane production by flocs. It was duce any bias into the general microbial composition during

TABLE 1. Comparison of substrate consumption parameters of syntrophic ethanol metabolism in free flora versus
floc population fractions®

. Acetogenic ethanol consumption Methanogenic H, consumption
Population Total protein
fraction (mg) Sp act Total activity Sp act Total activity
(pmol/h/mg) (wmol/h) (wmol/h/mg) (pmol/h)
Free flora 49.2 1.2 58.6 0.18 8.7
Floc 65.3 2.9 188.7 0.88 57.3

a F!ocs and free flora were freshly prepared from 125 ml of whey-processing digestor contents and were incubated at 37°C in 158-ml serum vials that
contained 45 ml of PBB medium with either a mixture of 6 mM ethanol and 14 mM acetate or H,-CO, (80:20, vol/vol). The conversion rates for substrate
consumption were determined between 10 and 20 h when all rates were linear.
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the experiments. The viability and metabolic activity of
acetogens and methanogens was not diminished by this
disruption technique (see below).

Figures 4 and 5 compare hydrogen and methane produc-
tion by intact versus disrupted floc preparations incubated in
the presence of ethanol and acetate (Fig. 4) or acetate alone
as control (Fig. 5). For these experiments, disrupted and
® intact samples were prepared from flocs subcultured for 2
days in the absence of lactose to reduce high background
methane production. Control experiments (data not shown)

with freshly prepared nonsubcultured flocs displayed the
| same kinetic properties for ethanol metabolism as those
' presented below. Ethanol addition enhanced both hydrogen
= evolution and methane production approximately 10-fold
® over those of the acetate controls. Also, the total rate of
~ methane production was 10-fold higher than the rate of H,
evolution. Notably, floc disruption enhanced H, evolution
without changing the rate of methane production or ethanol
consumption. The rate of increase and the maximum size of
the H, gas pool in liquid phase and head phase in disrupted
floc preparations at 500 min was approximately twice that of
~ intact floc preparations. Thus, disruption reduced IHT com-
partmentalization, but this did not significantly alter syntro-
phic ethanol conversion to methane.

The kinetics of ethanol consumption and methane forma-
tion shown in Fig. 4 were consistent with reaction 3, and
ethanol was not limiting within intact flocs, as the disruption
of flocs did not enhance the kinetics of ethanol conversion.
Greater than 95% of ethanol carbon was recovered as

- acetate, indicating the insignificance of ethanol or acetate

f ns " : b e [ ahs *.. , conversion to other carbon products (i.e., propionate, lac-
Vi v e e R T tate, butyrate). Acetate, a product of syntrophic ethanol

P e od By = . conversion (Fig. 4), was not significantly converted to meth-

> 100 u ﬁ" e e -* ane in these experiments. This is not surprising, as in the
- v e complete whey chemostat ecosystem the rate constant for
: the acetate removal was 70 times lower than for the ethanol
conversion (8). The measured H, pool partial pressure in the
acetate control experiments (Fig. 5) was 10 to 30 Pa, whereas
in the presence of ethanol, the H, partial pressure was 300 to
4. 600 Pa. Thus, hydrogen was at least one reaction intermedi-

\? ate of syntrophic ethanol conversion to methane.

‘ These results emphasize that syntrophic ethanol conver-
sion to methane (reaction 3) occurred predominantly within
the floc compartment and was not mediated by the dissolved
H, gas pool outside the flocs because disruption altered the
kinetics of H, evolution but not CH, production or ethanol
. consumption. If H, gas was exchanged between acetogens
. and methanogens via the H, gas pool outside the flocs, then
disruption itself would not have increased the flux of H, into
the headspace, because the interfacial area and volume of
¢ the liquid and gas phase were exactly identical in experimen-

- tal vials with either disrupted or intact preparations.
3 A reassociation of the fragments into larger aggregates

_ was also observed during all experiments after prolonged
incubations (>300 min). This reassociation did not influence
the difference between intact and disrupted flocs or change

. < - . ko "‘ <t w

FIG. 3. Microscopic analysis of intact floc fraction versus a
disrupted floc preparation. (A) Phase-contrast photomicrograph of a
typical intact washed floc fraction before disruption (%x380). (B)
Phase-contrast photomicrograph of a syringe-disrupted floc prepa-
ration (x380). (C) Thin-section electron photomicrograph of a floc
preparation after syringe disruption, illustrating normal cell integrity
(x7,600. Arrow: Note a curved cell pair typical of D. vulgaris and a
long, filamentous, slender rod typical of Methanobacterium formi-
cicum.
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FIG. 4. Comparison of ethanol-dependent H, and CH, production by intact versus disrupted floc preparations. The experiments were
performed in 58-ml serum vials that contained 5 ml of PBB medium, 10 mM acetate, 13 mM ethanol, and either 1.0 mg of intact floc protein
or 0.8 mg of disrupted floc protein. The floc preparations were subcultured on whey, washed, and then nutrient limited for 2 days before
substrate addition. The data represent the average + standard deviation (bars) of three separate experiments which varied less than 15%. The
protein concentrations and pH remained constant, and carbon and electron recoveries were greater than 95% during these experiments.
Symbols: O, A, and O, disrupted floc preparations; l, A, and @, intact floc preparations.

the patterns of the interspecies electron transfer. Thus, the
initial disruption was the important step to reduce the
compartmentalization of interspecies electron transfer.

DISCUSSION

In general, these data demonstrate that juxtapositioning
of microbial species within flocs enables enrichment and
spatial organization of syntrophic metabolism in methano-
genic ecosystems. CO,-dependent methanogenesis, ethanol
consumption, and H, consumption were all preferentially
localized in the whey-processing digestor flocs examined
here. These results support the previous hypothesis of
Conrad et al. (10) that CO,-dependent methanogenesis and

IHT are predominantly located in an ecological compart-
ment (i.e., floc) and are independent of the dissolved hydro-
gen pool in the bulk aqueous phase. These data also show
that in this ecosystem, =5% of syntrophic ethanol conver-
sion to methane can be directly accounted for by IHT, while
the balance (=95%) depends on some other mechanism for
interspecies control of electron flow. In a separate study
(29), we demonstrated that XH, was formate in the floc
ecosystem.

To our knowledge, this represents the first documentation
of a specialized metabolic function for cellular aggregation
(i.e., floc formation) in anaerobic digestion ecosystems. The
floc fraction, separated only by particle size, constituted a
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FIQ. S. Compal.‘ison of H, and CH, production in the absence of syntrophic substrate by intact versus disrupted floc preparations. The
experimental conditions were the same as described in the legend to Fig. 4 except the PBB medium contained 20 mM acetate alone.
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preferred environment for syntrophic acetogens and CO,-
reducing methanogens (i.e., H, or formate consuming).
Whey was required for the growth of flocs in the free flora
culture preparations and of free flora in floc culture prepa-
rations. This indicated that an equilibrium exists between the
floc state and the free flora state and that this was a property
of the bacterial species involved and not an artifact caused
by the initial chemostat digestor conditions.

Although 2.5-fold or higher specific reaction rates were
observed for the syntrophic acetogenic reaction in flocs
(Table 1), the specific formation of free H, gas was always at
least 80% lower in the floc than in the free flora experiments.
Hydrogen production by syntrophic acetogenic bacteria is
thermodynamically and kinetically favored at very low H,
partial pressures, which were apparently maintained in the
floc. This was accompanied by lower butyrate production
and the virtual absernce of propionate in floc preparations
actively metabolizing lactose. These results support previ-
ous findings that Clostridium propionicum and C. butyricum,
the dominant propionate- and butyrate-producing organisms
in the whey digestor, produced mainly acetate when grown
as mixed cultures or defined cocultures in the presence of
Methanobacterium formicicum (Thiele et al., in prepara-
tion). Thus, these anaerobic digestor flocs constituted an
environment for efficient syntrophic conversions during the
biomethanation of whey.

Table 2 assesses the quantitative effect of floc formation
and disruption on important H, metabolism parameters
during syntrophic ethanol conversion to estimate the effi-
ciency of syntrophic methanogenesis by correcting the total
CH, formed in the presence of ethanol (Fig. 4) for the
background methane in the acetate control (Fig. 5). A 1:4
stoichiometry of the methane production from hydrogen was
assumed for these calculations (reaction 2). The IHT ratio or
the efficiency of IHT is described as the ratio of H, flux to
CO,-reducing methanogens over the total flux of H, from
ethanol oxidation. Disruption of flocs clearly decreased the
IHT ratio at all time intervals. This effect was most dramatic
during the first 60 min, when a 2.8-fold reduction in effi-
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TABLE 2. H, metabolism parameters during syntrophic ethanol
transformation by intact versus disrupted cultured flocs*

H, to Produced

Cond_ition Dissolved methane H, gas IHT ra’xtio
(min) H, (M) (wmol) (mol) (%)
0-56
Intact 0.17 0.90 0.43 68
Disrupted 0.22 0.21 0.67 24
56-136
Intact 0.48 3.80 0.96 80
Disrupted 0.74 2.84 1.73 62
136405
Intact 1.84 22.16 3.01 88
Disrupted 2.18 16.79 5.33 76
405-1.100
Intact 3.66 225.21 3.01 9
Disrupted 5.14 289.97 9.73 97

< The data were taken from the experiment described in the legend to Fig.
4. The dissolved H» and CH, were calculated from their partial pressure in the
headspace and the measured Bunsen coefficients for both gases.

& The IHT ratio is defined in the text.

ciency was observed upon disruption (24 versus 68% at 0 to
56 min). These results can be explained by the expected
increase in the surface area resulting from floc disruption
(equation 6). Based on the geometry of a sphere, a floc of
50-wm radius when disrupted into fragments of 10- to 20-pn.m
radius yields a 2.5- to 5-fold increase in the total surface
area. This increase in interfacial area would cause a predict-
able proportional increase of H, flux into the headspace. The
decreased H, flux observed with prolonged incubations is
also predictable because the accumulation of H, gas in the
headspace would decrease the diffusional driving force for
further H, excretion by flocs. These data demonstrated that
methanogenic H, consumption occurred inside the flocs
during syntrophic ethanol oxidation.

MEDIUM
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co,

"CLUSTER TYPE" CELL ARRANGEMENT
ALLOWS FOR FREE Hz EXCHANGE INTO MEDIUM.
(NOT SUPPORTED BY DATA)

CELLULAR
COMPARTMENTALIZATION CHg
CH
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4

ACETATE

CO2
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"LATTICE TYPE" CELL ARRANGEMENT
ALLOWS FOR ENHANCED ELECTRON TRANSFER
BETWEEN SYNTROPHS. (SUPPORTED BY DATA)

FIG. 6. Predictive model for species compartmentalization and electron flow coupling during syntrophic ethanol metabolism in whey
digestor flocs. The data support a lattice-type cell juxtapositioning between D. vulgaris, the principal syntrophic acetogen, and
Methanobacterium formicicum, the principal CO,-reducing methanogen. The data support a mechanism for coupling electron flow from the
acetogen to the methanogen via XH,, which represents reducing equivalents that are independent of the H, pool outside the flocs.
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Methanogenic H, consumption follows Michaelis-Menten-
type reaction Kinetics as a function of the dissolved H,
concentration (17, 26). However, the kinetics observed for
the H, pool increase outside the flocs and the methane
produced from H, were totally uncoupled. At an average
dissolved [H,] of 0.48 wM (56 to 136 min), the rate of CH,
formation from H, was 0.012 pmol/min, but at a concentra-
tion of 1.84 uM (136 to 405 min) it was only 0.0205 pwmol/min.
Thus, a 3.83-fold increase in the dissolved [H,] was accom-
panied by only a 1.74-fold increase in the rate of the methane
formation. A 3.25-fold increase would be expected from
Michaelis-Menten-type kinetics with a Kg of 6.5 pM for
Methanobacterium formicicum (Thiele et al., in prepara-
tion). In the second half of the progress curve, where most of
the ethanol conversion occurred, a twofold increase in the
dissolved [H,] was accompanied by a fourfold increase in the
rate of methane formation (405 to 1,100 min). Exactly the
same behavior was observed with the disrupted prepara-
tions. This showed clearly that even at low H, partial
pressures, the rate of methane formation by CO, reduction
in the flocs did not depend on the dissolved H, gas pool.

It is impossible to decide from the kinetic data whether the
metabolic coupling of interspecies electron transfer between
syntrophic acetogens and methanogens in the flocs occurred
through the juxtaposition of single cells in a lattice-type
arrangement. This cell arrangement is strongly suggested by
the microscopic data, which could not support the existence
of separate microcolonies of acetogens and methanogens in
the flocs. A dynamic diffusion reaction model, however,
supported IHT between closely adjacent single cells, be-
cause the model could predict the effect of a floc disruption
on the interspecies electron transfer compartmentalization
(Fig. 4) within 5% error (24). These simulation studies
employed only parameters, which were explicitly measured
in the whey digestor floc system (24). The good agreement
between experimental data and model predictions supports
the hypothesized interspecies electron transfer between sin-
gle juxtaposed acetogens and methanogens. The model
predicted (24) that 100-pm-diameter flocs would develop
doubled internal H, gas levels, which after disruption were
the source of the elevated H, outside the floc fragments.
Thus, an H, mass transfer limitation between the flocs and
their environment was the physiological basis for the ob-
served compartmentalization of syntrophic electron transfer
at low environmental H, concentrations. The disruption
destroyed this diffusion barrier and resulted in doubled
external H, levels.

In any event, the significance of the discovery that syn-
trophic methanogenic reactions were compartmentalized
within the whey digestor flocs by species juxtapositioning
cannot be underestimated. Syntrophic growth and energy
metabolism of acetogens and methanogens depends on the
magnitude of the carbon and electron flux (reaction 3), which
is controlled by the interspecies diffusional flux of the
syntrophic reduced intermediate XH,. Fick’s first law of
diffusion [i.e., J = —=D(dc/dx)] suggests that either a short
distance x or a large XH, concentration difference between
the acetogen and methanogen cell surface improves the
interspecies metabolite transport step of the syntrophic
reaction. However, pushing the diffusional metabolite trans-
port by large values for this concentration difference would
result in a product inhibition of the acetogenic partial reac-
tions by high XH, (30) and thus limit the overall carbon and
electron flux. Shorter cell-cell distances, on the contrary,
allow for high syntrophic fluxes at proportionally lower XH,
concentrations. This mechanism is independent of the nature
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of the transferred intermediate (e.g., H, or formate) and
depends predominantly on the diffusivity of the transferred
compound and the volumetric reaction rates of acetogenesis
and methanogenesis (24).

The ecological significance of the present results is repre-
sented in a model shown in Fig. 6. This model explains that
syntrophic ethanol conversion to CH, and acetate occurred
by CO, reduction independent from the available H, pool in
this ecosystem and that interspecies electron transfer was
kinetically compartmentalized within flocs by the juxtaposi-
tioning of D. vulgaris and Methanobacterium formicicum
cells. This results in high intercellular flux rates, which
compartmentalize the syntrophic interspecies electron trans-
fer reactions. Therefore, this ecological feature is somewhat
analogous to the coimmobilization of two coupled enzyme
reactions to gain high substrate turnover rates owing to close
reaction centers. High flux rates by enzyme coimmobiliza-
tion studies enable as high as a 10-fold increase in activity
compared with that of the free enzyme (21). Thus, species
juxtapositioning could maximize the overall conversion of
organic matter under digestor overload conditions, in which
the syntrophic reactions become rate limiting, and could
avoid mass transfer limitations between the metabolic part-
ners during normal digestor operation. Microbial aggregates
that possess these features could provide a mechanism to
protect syntrophic methanogenic reactions from potential
inhibition by high H, concentrations in the aqueous bulk
phase.
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