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'PROJECT OBJECTIVES

Objectives set for the project were:

a. MAnalysis of the temporal and geograﬁhic'production and distributich of

methane in water and sediments.

b. Evaluation and development of techniques for the isclatizsn ana main-

tenance of the varicus types of bacteria involved (including the analysis a;é
modification of present procedures and the development of new ones).

c. Charac*erization of the methanogenic isolates. -

d. Aralysis of the temporal and geographic distribution of methanogenic
isolates. |

These objectiveé encompass a large jong term study, Within the twc year
plan for the study reported herein, only partial attainment of the stated
objectives was anticipated, and the anticipated level of objective attainment
was accomplished.

This report will be presented in three sections. Parts of'this report

were not sponscred by OWRT but are included to give subject continuity to the

repart.
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SECTICR I
INTRODUCTION

The role nethans plays in the carbon cycle of an aguatic system is being
investigated. The significance of methane oxidatiocn and the factors control-

ling the rate of cxiéaticn‘in the fresh water system have been discuesed a.d,

~similarly, the effects of temperature on methanogenesis in Lake Mendota sedi-

ment samples and the effects of temperature and sub.trate on methane produc-
tion in Lake Erie s=diment samples have been repcrted.

The distribution of dissolved methane in the aquatic system has received
less attention. Since methane has assumed an increasingly significant role in
the carbon budget of the aquatic system, we felt that it was nécessary to
monitor the amount of dissolved methane that was available to the system.

Two aspects were of special ihterest:

1. The concentration of dissolved methane throughout the water column.

2. the potential for methane production in sediments.

The aquatic system studied was the Central and Yestermn Basins of Lake
Erie. The concentrations of methane in the water column and thé potential for
sediment methane production were periodically moniteored from early spring until

mid winter during 1974 cnd 1975.
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MATERIALS AND METHODS

Location of Sampling Sites

Fifty-one sampling stations were located throughout both the Western and
Central Basins, with thirty stations being located in the Central Basin proper,
six stations in the Central-Western Basin juaction and fifteeﬁ stations in the
Kestern Basin proper (Figs. 1 and 2).

The sampling depths at each station were one meter be10w the watef sur-
face, mid depth and one meter above the sediments. If a thermocline was pre-
sent, samples wérevcoilected at one meter above and below the stratification.

At some shallower regions of the Western Basin only surface and bottom saa&?es

were reguired.

Sample Callection and Preparation

Gas tight water samples were collected from a cne inch tygon tubing which
was supplied with a continunus water flow from a submersible pump. A Sd—cc
disposable plastic syringe adapted with a three-way disposable stopcock and
1.5 inch 18-G needle was used fo collect air tight 25 ml water samples. The

samples were transferred to previously evacuated 60-cc serum bottles capped

with standard serum botile stoppers. The sauples were equilibrated with ultra

high purity helium and an additional 25-cc of helium was introduced. The

samples were vigorously shaken to purge the dissolved methane from the water.

After equilibration, the serum bottles were inverted and returned to atmo-

spheric pressure by venting the bottles with an 18-G needle. The resulting gas

samples were preserved with 0 2 m1 of 50% trichloroacetic acid and were stored

at ambient temperature until analysis.
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Sample Collection and Preparation for Methane Analysis

Gas tight water samples were collected from a one inch tygon tubing
which was supplied with & continuous water flow from a submersible pump. A
B0-cc disposable plastic syringe adapted with a three-way disposable stopcock
and 1.5 inch Ié-G needle was used to collect air tight 25 ml water samples.

The samplies were transferred to previously evacuated 60-cc serum bottles

capped with standard serum bottle stoppers. The samples were equilibrated

with ultra high purity helium and an additional 25-cc of helium was introduced.
The samples were vigorously shaken to purge the dissolved methane from the
water. After equilibration, the serum bottles were inverted and returned to

_atmospheric pressure by venting the bottles with an 18-G needle. The resulting

gas samples were preserve& viith 0.2 wl of 50 percent trichlorcacetic acid and
were stored at ambient temperature until analysis.

Sediment samples were obtained with a Ponar sediment sampler and wers
handled as carefully as possible so that the sediment sample was not disturbed
any more than required.

Subsamples were collected from the Ponar benthos sample by means of a
modified disposable 10~cc syringe which permitted a cy]indricaX'éampTe approxi-

mately 1.5 cm x 5 cm (approximately 8.8 - 10.0-cc sample) to be obtained.

This
subsampie was transferred tg 2 3u-cc serum bottle and was carefully aoverlayed

with a small volume (2-3 ml) of water collected with the benthos sample and
then was stoppered with a serum bottle stopper. One sampie served as a control

and another was monitored for both methane production after incubation. »
It must be noted that even though stringent procedures were followed, the

results of this sediment analysis must be interpreted very carefully due to the

sampling conditions. 1Methanogenesis has been shown to be a strictly anaeropic

process and this sampling technique may have severely altered the anaerobic
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nature of the sedfmentg. Therefore, the results of this portion of the survey
cannot be accepted as equivalent to that which occurs in situ. This series cf
experiments demonstrates only whether or not an active methanogenic population

is present.

Sampie Ana1yéis

Methane quantitation was performed with a Var®an 2740 series gz2s chromato-
graph which was equipped with dual hydrogen flame ionizaticn detectors. The
chromatographic columms were 6' x 1/8" glass columns packed with 100-120 mesh
Porapak N and were operated at 165°¢. Prepurified N2 was used as a carrier
gas. The methane standard employed was a 315 V/V methane ig nitrogen. A per-
manent copy of the methane peaks and the'corresponding integration units were

recorded with a Linear Instrument integrating recorder modal 8384.

Results and Discussion

The data for the distribution of'dissolved methane and the potential for
methanogenesis from the sediments may be variously analyzed. First, the values
cbtained for the dissolved methane {mg/m3 of water which i$ equivalent to parts
per billion, ppb) may be contoured. The contours for the various strata indi-‘
cate mass water movements, currents and particularly organic loading from
point sources or intra-basin water exchanges. Unlike most other anaercbica’ly
generated nutrients, methane is relatively stable or inert to further biolo-
gical utilization. Only a few species of bacteria are able to metabolize
methane and these species are usually found concentrated at the sediment water
interface or at the lower knee of the thermocline under stratified concditions,
Theée localized regions provide a microaerophilic environment (< part per.
million, ppm, 02)‘which is optimal for microbial methane oxidation. Thus,

once the methane escapes these regions, the dissolved methane is relatively
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inert bioclegically and can be utilized as a steble paremeter to monitor eutro-
phic conditigﬁs.

Secondly. the methane data may be shown as volume weight per specified
grid regioﬁ. This méthod of analysis permits the total estimated quahtity of
dissolved methane (reported as mefric tons) to be shown. This total permits
one te evaluate the methanogenic activity of a specified region of the fake.

A similar grid analysis allows one to compare potential production rates of
the sediments. (The potential production rates observed for the .ediments are
reported as weight of methane produced per gram dry sediment per day.)

‘This survey Qoncerned the Western and {entral Basins of Lake Erie. A
total of fifty-one sampling stations were used of which thirty stations were
Tocated in the Central Basin proper, six stations were in the Central-Western
Basin junction and fifteen stations were in the Western Basin proper. These
fifty-one stations were further assbciated with thirty-two water quality gridsv
(see Figs. 1 and ).

For further convenience in interpreting the data, specific water quality
grids may be grouped according to similar biclogical and physita] characteris-
tics as well as geographical location. The Central and Western Basins are

divided into additional sub-basins according to these water quality grids:

Sub-Basin Water Quality Grids
. Eastern Central Basin 19-31

Hestern Central Basin ' 32-39

North Shore Central Basin 21, 22, 31, 32, 39
South Shore Central Basin 18, 26, 27, 36

"B" {Between) Basin, Sandusky 40-43

Hestern Basin 44-50
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Hater Colum Methane 1974 (Contours)

The nine cruises surveyed during 1974 can be conveniently divided into

six biologically active periods:

a) Cruise 1 4707 - 4717774
b} Cruise 2 . 4/25 - 5/04/74
Cruise 4 6/01 - 6/10/74
c¢) Cruise 5 6/28 - 7/07/74
- Cruise 6 7/26 - 8/04-74
d) Cruise 7 8/12 - 8/18/74
Cruise 8 8/26 - 9/067/74
e} Cruise 10 10/21 - 11/01774
f) Cruise 11 12/11 - 12714774

The data from these six activity periods will be contoured and discussed.
The data obtained during 1575 will only be briefly mentioned following dis-
cussion of the 1974 déta.

The early spring period (a) demonstrated a minimal quantity of methéne
throughout the entire water column. The concentration reported, less than
10 mg/m3, is equiva?ént to less than 10 parts per billion (ppb) which was the
lower detection 1imit of the chromatographic system utilized. The Tow cohcen-
tration was probably due primarily to the low temperature and oxygenated condi-

tions in the entire lake.

A rapid and drastic increase of dissolved methane occcurred during the

"~ late spring - early sumner period (b). This pericd demonstrated consistent

increases in methane concentrations and culminated in the yearly maximum
during cruise 4, This yearly meximum can be attributed to the Qarming of the
water column, to the residual organic build up during the winter and to the
increase in available organics caused by the spring diatom bloom. A graphical
analysis of this early summer data, cruise 4, is presented in Figures 3, &, 5,

and 6.
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‘A number of geographic or basin effects are evfdent from these comtours.
The entrainment of colder Eastern Basin water into the Central Basin is demon-
strated by the low but noticesble impulse of methane in the bottem and parti-
cularly in the upper hypolimnion waters. The wzrmer surface and lower epitim-
nion waters are unaffected by the colder entrained water.

The surface watér of the Central Basin proper possesses a uniform hori-
zontal distribution of methane but there were observed two apparent Western
‘Basin effects. One 55 the Tow fiux of methane observed entering through Pelee

‘Facsage, the second is the significantly higher impulse recorded in the San-
dusky region. These effects are amplified in the lower epilimnion water with
the exception that a drastically highﬁr.impUTSe is noticed at Pelee Passage.
The colder hypolimnion water is not affected by the Western Basgin water, but
is significantly influenced by the previously mentioned Eastern Basin water.

The Western Basin has two major contributors--the Maumee River and more
importantly the Detroit River. The influence of the Detroit is found well out
into the lake proper and can often be noticed along the south shore line.
Extensive survey by others demonstrated that the Detoit influence was observed
as far south as the Ohio shore and often joined in the flow of the Maumee
easterly along the south shore, northward just west of the island region and
then southeasterly into the Central Basin via Pelee Passage.

The mid-summer cruises (c) represent a significant decrease in the concen-
tration of dissolved methane. C(Cryijse 6 data is displayed in Figures 7, 8, 9,
and 10. The surface water had a negligible input from the Eastern Basin but a
peculiarly high impulse of methane was recorded at the Port Stanley region.
Western Basin effects were again observed at Pelee Passage and to a lesser
exfent at the Sandusky region. The contributions through Pelee Passage were

greatest in the surface water. The unique activity recorded during this

14
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cruise occurred at the Fastern-~Centrazl Basin Jjunction where the lower epilim-
nicn and hypo?imnian waters indicated a large pulse of methane paossible
originating from this region. _

During the de&efepm@nt}of anoxia (d) and at the time of meximum anoxia,
cruise 8, the methané concentrations were surpriéingly tow. The data of
cruise 8 is graphiéal?y presented in Figures 11, 12, 14, and 14.

The surface water showed a uniform horizontal distribution with a rela-

-tiveTy large methane impulse occurring along the Sandusky shore with a smaller
Western Basin influence originéting fn the Kingsville region and extending
sautheasterly into the Central Basin.

The gradients observed in the lower epilimnion and hypolimnion waters of
the Eastermn-Central Basin junction were those expected. There was a Tow
methane impulse enteriﬁg from the Eastérn Basin with a corresponding increase
in dissolved methane as one progressed westward. The localized high concentra-
tion at Station 54 (mid depth and bottom water) can be attributed to the
development of anoxia and localized eutrophic conditions.

 Just prior to completion of the cruise of the Central Basin the thermo-
cline broke up and the series of'AD stations were only monitored at three
depths. The bottom water at the Western-Central Bésin junction again demon-
strated Western Basin loading of the Central Basin.

The annual fall turncover and post—furnover pericds (e) resulted in a two
foldbincrease in the methane concentrations of the water columm as compared to
the late summer cruise (Figs. 15, 16, 17; Table 4). As during the mid-surmer
cruise, an impulse of methane in the surface watér was recorded at the eastern
end of the Central Basin. Tnis impulse is amplified in the mid-depth water.

A distinct 2one of high mcthane concentrations was mcnitcfed along the north

shore and extended westward toward Pelee. The largest concentrations were

19
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- observed in the surface waters of Stations 48 aﬁﬁréﬁ end were'due probably t@

mixing of the hich organit éedimeﬁts in this region or to upwelling of bottom
waters., The highest reported methane values occurrad near Sandusky at Stations o
51, 52, 53,.and 54. No significant variations occurred in the water coiﬁmn.
’Again, the high vaTues'were indicative of Tocalized eutrophic ccnditions.

~ One iSQiated station located near Rattlesnake Island (Station 67) demon-

strated an wnusually large methane concentraticn in both the surface and mid-
depth water. Apparently this-activfty was due to the sediments of the regibn
- since neighboring stations had relatively lower values.

Of the two rivers, only the bottom water of the Maumee made a significant

contribution to methane input to the Western Basin. The radical change in the

coocoDoOo

methane concentration in the surface and mid-depth water to that in the bottom

indicates that the warmer Western Basin water is back flushing down the Maumee

e
Lo

forcing the colder river water underneath. The contours 15, 16, and 17 demon-

strate these observations.

!

1
brvwind

The Western Basin possesses a smooth linear gra-

dient between the Detroit and the Maumee Rivers. The data indicate an organic

loading from the Detroit which is being degraded and results in methane produc-

tion along the south shore.

P The mid-winter cruise (f) and Figures 18, 19, and 20 represent a stabiliza-

Tfﬁ - tion of the methanogenesis of the Central Basin. Two isolated stations, 47 sur-
{

| - face and 78 mid-depth, possess unusually high values both of which would tend
) [“i to indicate washed in orzanics or dissolved methane. Sandusky Bay, Fairport

and Ashtabuia harbors represent locales of cbvicus organic loading to the

[ Lake's surface water,

ifﬁ Hater Column Methane 1975

The dissolved methane values were unusual in that they rarely exceeded 50

§w§ - ppb {50 mgfﬁs}. The majority of the.cancentratieas during stratification fell

. . - 27
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bhetween the 10-30 pﬁ@ range. HNo definite gradients were cbserved between
strata as was often the case during the 1974 season.

The only major correlation between the 1974 and 1975 data is the docuren-
tation of obvious organic loading at most of the major ports along the lake's
shore line. Along the south shore lire continual loading is observed at San-
duéky. Cleveland and Fairpori-Ashtabula regions. On the Canadian shore line
Port Stanley-Port Burwell, Rondeau Harbor, énd Point Pelea influences ars
shown. |

The major differance in the methane valves in the open lake for 1975 vs.

‘19?4 is the lack of massive transport of methane between casins. The data .

indicate that methanogenesis was extremely limited in both the Central and
Western Basins and that massive methane wash into the Central Basin from the

Western did not occur.

Volume Weight of Methare

Yearly summary sheets for the methane Qo!ume weights for the rub-basins
are presented in Tebles 1 and 2. As discussed previously, the total methane
weight observed durirg 1975 was drastically lower than the 1974 values. To
clarify the data, & percent comparison of the sub-basin volume weighis was made
to demonstrate general trends concerning methane distribution in the lake. The
following data will present a summary of the percentage distribution chserved
per sub-basin during botn 1978 aﬁd 1875 seasons. The percentége values listed
represent the fraction of the total lake methane observed in the specified sub-

basin.
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Sub-Basin

Eastern Central

Western Central

North Shore B

South Shore (8

“"B" Basin CB

Western Basin

- TRRLE

-1

Summary of Sub—B@sin Volume Weights 1974

1

=2014.3
| E=2014.3

M= 0

H= 0

2 4
16,073.7  23,391.5
16,075. 1 14.,969.1

0 1.842.4

0 6.580.0
10,428.8 10,417.8
10.,428.8 6.194.2
"o 534.4

0 3,779.2
3,377.9 4,664.5
3,377.9 2.760.6
0 3921

0 1,511.8
2,673.1 3,727.5
2.673.1 25611
0 216.3

0 950.1
2,007.0 2,694.3
2.007.0 1.726.9
0 319.0

0 648.4
1,528.3 3,180.0

5 -
21,261.1
16,642.9

879.1
3,739.1

7,130.4
5,609.6

282.2
1,238.6

3,917.5
2,819.0
195.7
902.8

2,685.3
2,251.1
60.6
373.6

2,387.2
2,387.2
. 0

0

2,621.4



A B AL T ot S ¥ g

AT PR BT o o e Ty VTS e D

{
3
—

BERRR

i
'
N —

|
e

—
'
it

L

.

o

TABLE I-1. (Cont'd)

Summafy of Sub-Basin Volume Weights 1974

Sub-Basin B 7

Eastern Central © £=15,536.2 10,036.4
_ E=11,800.3 7,480.3

M= 932.2 © 833.8

‘H= 2,812.7 | 1,722.3

‘Western Central (2,708.5)2 5,253.4
(2,111.5) 3,742.9

(139.6) 402.9

(8457.4) 1,307.6

North Shore CB 1,882.8 2,741.2
1,295.6 2,308.2

90.5 129.6

498.7 303.4

South Shore (B (1,746. 7)' 1,285.1
(1, 482 1) 1,173.0

(64.4) 58.2

(200.2) 57.9

“B" Basin (B 637.0 (871.3)
612.9 (536.0)

8.3 (56.7)

15.8 - (278.6)

Western Basin © 899.8 ' 566.4

= parenthesis indicate insufficient data points.

33

8
2,806.6

1,979.5

205.3
621.8

1,883.0
1,616.1

66.5
-~ 200.4

493.9
349.9

23.4
120.6

405.0
327.1
17.0
60.9

1,057.1

1,057.1
0
0

793.2

9
10,354.8
10,394.8
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TRBLE I-2

Summary of Sub-Basin Volume Weights 1975

Sub-Basin

Eastern-Central Basin

Western-Central Basin

North Shore CB

South Shore CB

“B* Basin (B

Hestern Basin

: Cruise )

1 2 3 4 "6

t=3005.8 (665.7) 3946.5 (2016.5) 2896
E= 0 (387.5)  2125.3 . (1572.2) 0
M= 0 (48.5) 505.7 (98.5) c
H= © (229.7) 1315.5 (345.8) 0
891.4  1472.2 1884.6 (1168.2) 1249,
891.4 791.9 1038.7 (602.3) 1249.
0 151.2 222.4 (99.3) 0

0 529.1 623.5 (466.6) 0

430.4 (431.8) 701.1 (60.8) 550,
430.4  (218.2) 412.7 - 550.
0 (54.5) 77.5 - 0
0 (158.1) 210.9 - 0
563. 1 (247.4) 561.5 378.3 391.
563.1 (247.8) 420.9 358.4 391.
0 (1} 123.6 6.8 0
0 0 17.0 13.1 0
315.5 300.8 275.2 319.8 268.
315.5 217.1 210.4 319.8 268.
0 27.1 19.3 0 0
0 56.6 45.5 0 ]
323.3 427.0 454.0

34
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Sub-Basin . Year

Percentzge Range Average % -
East Central 1974 37.7 - 66.4 43.3
. Hest Central 1874 11.6 - 28.9 22.2
North Shore Central 1974 6.6 - 13.1 9.9
South Shore Central ‘ 1974 5.4 - 7.8 7.0
"B" Basin 1974 2.7 ~ 14.2 6.2
Western Basin 1974 2.7 - 10.7 5.5
East Central 1975 47.0 - 54.4 50.9
Hest Central 1675 16.1 - 27.2 22.4
North Shore Central 1975 7.8 - 5.8 8.9
South Shore Central 1975 7.0 - 16.2 8.0
“B"* Basin 1975 3.5 - 5.7 4.7
Western Basin - .. 1978 4.3 - 5.8 5.3

As the data indicate the ranges are relatively consistent, but more signi-
ficantly fhe yearly averages per sub-basin are identical. This reinforces the
idea that the sub-basin lake methanogenesis was equaily affected during the
1575 season. _Hith the present data and with the lack of any previous methane
data for the lake it is impossible to explain the sionificant inhibitioﬁ of
methanogenesis during the 1975 season. - One can cnly conciude that the same

general trends occurred but only to a more limited extent.

Methane Production Porentials

The sediment methane production potentié]s for 1975 showed a similar
decrease in methanogenésis over that observed during the 1974 season. Table
3 presents the potential production rates recorded during 1974 and 1975 by sub-
basin regions. The more critical data on.Tabie 3 is the 1974/1975 ratios. For
the Central Basin regions a consistent result is observed. The shore stations

appeared much less active during the 1975 season. For ekample in the Eastern

Central Basin grids 19, 20 and 30 possessed a high 74/75 ratibvindicating a
more active methanogenic rate during 1974. Only the mid-Take grid 28 showed a

high 74/75 ratic indicating again a very active sediment‘during 1874, The

Western Central Basin demonstrated similar shore effects. Grids 32 and perti-

cularly grid 36 indicated drastic differences in production rates during 1974
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Basin

Eastern
Central Basin

Westemn
Central Basin

North Shore
Central Basin

South Shore

Central Basin

"B" Basin

Western Basin

- TABLE I-3

Methane Precduction Potentials

Values Are x10~%mg CH,/gm Sediment, Day

(98]
(o]

~ Grid Station(s) 1974 Pange 1975 Range 74/75 Ratio

19 23,24 0-211.0 0-0.4 527.500
20 25,26,79 0-641.0 0-0.86 1063.300
21 27 0.3-0.5 0.2-35.0 0.017
22 28,29 0-1.4. 0.4-22D0.0 0.006
23 30,78 2.6-118.7 0.5-113.4 1.047
24 31 0.5-390.0 G.9-2.7 1.444
25 32 2.1-34.2 0-10.0 3.420
26 33.34 0-410.0 0-193.0 2.158
27 35 0-300.0 0-66.9 4.484
28 36 5.2-1424.0 0-26.0 54.7589
29 37 22.8-182.7 1.1-610.0 0.300
30 38 0.2-159.3 0.4-12.9 12.349
31 39 0-158.0 0-24.0 6.583
32 40,41 0-240.0 0-24.0 10.000
33 42,73 0.6-585.0 0-130.0 4,500
34 43 6.1-204.0 0-440.0 0.464
35 45 0-110.0 4.6~114.3 0.962
36 44 0-348.0 0-2.7 128.883
37 46 0-72.5 0-12.5 5.800
38 47 0-72.8 0-77.0 0.945
39 48,49 0.3-132.4 0.7-136.7 0.969
21 27 0.3-0.5 0.2-30.0 0.017
22 28,29 0-1.4 0.4-220.0 0.006
31 39 0-158.0 0-24.0 6.583
32 40,41 0-240.0 0-24.0 10.000
39 48,49 0.3-132.4 0.7-136.7 0.969
19 23,24 0-211.0 0-0.4 £27.500
26 33,34 0-410.0 0-160.0 2.158
27 35 0-300.0 0-66.9 4,484
36 44 0-348.0 0-2.7 128.883
40 50 0-12.1 g-1.0 12.100
41 51 0.4-146.6 8-52.9 2.771
42 53 0-2250.0 0-120.0 18.750
43 52,54,65,74. 0-583.1 0-45.0 14.578
44 55 0-140.0 6-0.3 466.667
45 56,66 0-164.5 4.5-87.8 1.682
46 58,67,68,

69,76 0-1110.90 -78.0 14.231
47 59 0-460.0 0-7.1 64.789
48 57 0-203.2 0-0.2 1016.000
49 60,70,75 0-566.9 0-628.0 0.603
50 61 0-268.7 G-156.0 16.856



and 1975.

When considering the north and south shore grids more accurate analysis of

~ the shore line is possible. Of the north shcre‘grids only grids 31 and 32

demcnstrated high 74/75 ratios. Thus the most microbially active region of
methanogenesis appears to be Rondeau Harbor. On the south shore two isolated
_regions of high activity are grids 19 (Erie, Pa.) and 36 (Cleveland, Ohio).

The "B" Basin, in geﬁeral, shows a more active production potential
throughout the 1974 season. ‘

The Western Basin possesses high 74/75 ratios at grids 44, 47, and 48.
These grids are located centrally in the Westerm Basin and document very activg
methanogenesis in the Island region of the basin. The shore line grids (45,

49 and 50) show a decreased 74/75 ratio indicating similar methanogenesis

during 1974 and 1975.

Relationship Between Water Column Methane and Sediment Production Potentials
1674-1975 '

When a comparison is made between dissolved methane values and production
potentials there is a trend observed. During 1974 massive wash ih of methane
was observed at Cleveland, Fairport-Ashtabula, Erie, Port Stanley—Poft Burwell
and Rondeau Harbor regions. These correspond to regions of active sediment
methanogenesis during 1974 season. The 74/75 sediment ratios demonstrate that
similar méthanogenesis occurred in mid Take regions during the two seasons.

These shore grids cqnsistent]y demonstrated lower production rates during
1975 which was drastically reflected in lower water column methane. Thus the
moét significant methanogehesis appears to be occdrring at near shore stations
were the resulting methane is subsequently washed to mid lake regions. This

speculation is consistently born out in the 1974 water column contours.
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Similarly, since the Hestern Basin grids demonstrated more active methano-

~ genesis during 1974 at the Island region and since the current patterns are

such that the_water in the Isiand region is often washed via Pelee Passage
into the Western Central Basin this may explain the massive wash in methane
recorded in the Central Basin during 1974. The lack of significant methano-

genesis at these same regions during 1975 results in lack of intra basin

methane exchanges.
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l} : SECTION 11

' -  INTRODUCTION

7:%

o Methane is produced biologically by a group of strictly anaercbic bacteria
- _

oy

T

which derive energy principally from the oxidation of hydrogen cbupieﬁ to the
reduction of carbon dioxiée. There are three main environments in which theﬁe
qrganisms seem to survive: ~the mud at the bottom of ponds and lakes, the
digestive tract of fuminants and o&her animals, and sewrage treatment systems.
Features these places haée in common are anaerobic conditions, a relat:veiy
high level of organic matter, and a large population of micrcorganisms. The

factors affecting methanogenesis in these environments are, however, poorly

N B N (0 e O

understood.

Although hydrogen has been established as the main energy source for

r.
i

methanogenic organisms, several questions remain about the interaction of

[

; methanogenic organisms and their substrate. How much of the hydrogen produced
N in an anaercbic environment is available to these organisms? Are methane pro-

L ducers depressed in their methane generation and growth by low levels of

o hydrogen?

Beyond doubt the number of methane producing organisms in any environment

will play an important role in defining methane generation. There are three

A B
{
{

_ different methods-éhrrent!y available to estimate the number of methanogenic

I
L.

bacteria in a sample of mud, sewage, or rumen contents. These numbers mean

little, however, if there is no way to relate them to the potential for m@thane

production. The rate at which methane is generated is an important parameter

B
P : N

l % which should be investigated before the whole process of methanogenesis in

L natural systems can be well understood.

i
I
L
3
i
<
:
4
3
kil
3
3
B

- ‘A final issue which needs to be resolved is whether the type of methano-

}“i genic bacteria present in any environment is important. Based on general cell
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morphology and ultrastructure there are four types of methane producing

organisms. Are hydrogen utilization and rate of methane production different

for these different cell types?

It was the purpose of this study to answer the questions raised here

about hydrogen utilization and rate of methane generation. The work was

-carried out with four species of methane producing bactér{a in pure culture.

This was done to allow for comparisons to be made between the various cell

 types.

40

liodh

b 15 i, R RS BB

e sl b 2 b



.....

MATERIALS AHD METHODS

Culture Techniques--General

The general cultural techniques reported here were developed for these

studies. The final goal was to grow organisms which are extremely sensitive

 to the slightest trace of oxygen. This is a problem which has faced many

investigators whp have responded with many different solutions. Some informa-
tion about §ﬁeéificvtechniques or approaches was borrowed from these investiga-
tors. Some techniques had to be developed independently. In any case it is yery
doubtful that the exact systemlreported here is in use in any other laboratory.
Even the simplest method, manipulation, or technigue had to be perfeéted
by a series of trials a;d errors. The process of learning anaerobic methods
was complex and the false trails were numefous. An overview of the develop-
ment of these techniques is presented in the Results section. The techniques
described in this section are those which ultimately proved to be successful.
A1l reagents and apparatus used in this study are listed in the Appendix

according to the company from which they were obtained.

Composition of Media

Rumen fluid medium. _Stocks of all cultures were maintained on agar

slants of the rumen fluid medium of Bryant et al. (6) which contained the

following inéredients in distilled water at the indicated final percentage

compositions {(wt/vol):

Trypticase 0.2
Na,C04 0.2
KH2P04 0.0225
KZHPOQ‘ 0.02z5
(NH4)2SO4 0.0450
NaCl : 0.0450

47

AT A

' et bt eramer b e A
weri i .

g Az T



P

1 =

e

7

r..—-..!
i
st s

i NI e S e R e e EE S P T Y A O @ AR L S R N R S D N S

MgS0,-7 Hp0 0.0045
CaCl,-2 Hy0 0.0045 i
Resazurin o 0.0001

In addition to the above reacents, the medium contained 30% (v/v) clarified

- rumen fluid and 1% (v/v) cysteine sulfide reducing agent ‘7). The final pH of

this medium after autoclaving and with an atmosphere of HZ:COZ (80:20) was

. 6.9-7.0.

Preparation ¢f rumen fluid. Rumen contents were cbtained from a fistu-

Tated sheep. The contents were placed in anvErlenmeyer flask which was filled

hearly to the top, stoppered loosely. and brought isﬁwdiafely to the Tabora-
tory. Rumen contents are semi-solid. After processing the yield of the clear
fluid which is the medium ingredient was approximately 50%. |

The fresh rumen contents were centrifuged at 25,000 X G for 20 minutes in
& Sorvall RC2-B refrigerated centrifuge. The supernatant was drawn off and
centri€uged again at 25,000 X G for 20 minutesi At this point the fiuid had
no pieces of sotid matter floating in it but was still very turbid. In ordef
to c]afify it, the fluid was then passed through a Millipore Fiiter {pore size
0.45 pm) fitted in a Gelman pressure filter. The filter was attached to a
tank of 100% CDZ' Ordinarily the clarified fluid was used immediately for
medium preparation. It could, however, remain in the refrigerator overnight
if stoppered and provided with an atmosphere of oxygen-free carbon dioxide.

Growth medium. The preparation of rumen fluid was a very time consuming

process and once prepared the ingredients contributed by the rumen fluid were
completely unknown. Thus it was desirab]eAto have a simpler and more defined
medium for most of the experiments. Work by Bryant et al. (8) on the nﬁtrient
requirements of methanogenic bacteria indicated that the growth of these

organisms is stimulated by addition of acetate, certain vitamins, and ammonium
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jon. . The original medium had amnonium ion at the optimal Tevel and it was
modified by adding the other two ingredients at optimal levels. The rumen '
fluid was omitted. The medium contained the following ingredients in dis-

tilled water at the indicated final percentage compositions {wt/vol):

Trypticase _ 0.4
Na,C04 0.2
Sodium acetate 6.2
Yeast extract 6.2
KH,PO, o 0.0225
KoHPO, | 0.0225
(NH,),504 0.0450
NaCl 0.0450
MgS0,-7 Hy0 0.0045
Cacxz-z Hy0 0.0045
Resazurin 0.0001

Cysteine-sulfide reducing agent (7) was added at a level of 1% (v/v). The

final pH of this medium after autoclaving and with an atmosphere of H2:C02
(80:20) was 6.9-7.0.

~Methanosniriilum medium.

rumen fluid medium and growth medium. Therefore stocks of this organism were

maintained on agar slants of the medium described by Ferry, Smith, and Wolfe
(14). This medium contained the following ingredients in distilled water at

the indicated final percentage compositions (wt/vol):

Trypticase 9.2
Na2603 0.4
Sodium formate 0.2
Yeast extract 0.2
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KH,PO, 0.023
K HPO, 0.023
(NHy) 50, 0.023
NaCl 0.046
MgS0,-7 H,0 | 0.009
CaCl.+2 H,0 0.006
[
Resazurin 0.0001

" Cysteine-sulfide reducing agent (7) was added at a level of 1% (v/v). The

final pH of this medium after autoclaving and with an atmosphare of HZ:CO2
(80:20) was 7.

Nutrient brotn medium. Most of the isolation procedures vere carried out

on a nutrient broth medium which contained the following ingredients added to

distilled water at the indicated final percentage compositions (wt/vol):

Nutrient broth 0.4
NaHC03 0.5
Resazurin 0.000%

In addition, cysteine-sulfide reducing agent (7) was added at a level of 1%
{v/v}. The final pH after autoclaving and with an atmosphere of H,_:C0

| 2°%
(80:20) was 7.1.

Cu:ture Vessels

Four different types of culture vessels were used in the various experi-
ments reported here. Many experiments were done with tube cultures in either
roll tubes with rubber steoppers or Hungate-style anaerobic screw cap tubes.
In general these tubes contained 9 m} medium. These tube culture methods are
very widely used in cultivating anaercbes {4, 17, 22, 25).

Prescription bottles were sémetiwﬁg used with a layer of agar across the

fiat side of the bottle on which it was pﬁssihle to streak for colony
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isolatioﬁ. This method cf culfivatien had been previously sugge#ted by
Bryant (4) and Skinner (41). In some cases the bottles were clcsed with black
rubber stnppers; >Som%times it was desirable to be able to sample ipside the
Sattie for methane producticn. For these occasions a different seal was
designed, A slotted butyl rubber stopper was inserted in the neck of the
bott\e.. This was held in place by the bottle cap. The Vimer of the cap had

to be removed in order for it to fit over the stopper. A hole was drilled in

the center of the cap to allow accesé to the inside of the bottle via a syringe.

An attempt was made to desian an anderobic culture dish of plexiglass
which would allow the grcwth of colonies on a flat agar surface and give o .
better view of the colonies than was possible with the bottle cultures. This
chamber is illustrated in Figure 1.

For the studies on rates of methanogenesis and hydrogen depletion it was
necessary to grow the organisms as batch cultures %n f1asks. In these cul-
tures it was necessary to sample vepeatedly for both gas and liquid'witheut
oxidizfng the media or ajiawing gas exchange with the atmosphere. The pre-
viously published systems for batch culturing of anaerobes (6, 24, 23) and for
gas-tight cultures (31) involve either specially constructed glassware or
have a som&what compiex design. Thus it was necessary to design a new system
which proved to be both effective and simple to construct.

The important component of this system was a black rubber stopper fitted
with a2 Hungate-style screw cap tuhe vhich was cut off below the stopper
{Figure 2}, The construction of the stopper requireu only a cork bnrer and a
file for scoring the tube and took about 5-10 ﬁinutes. Once constructed the
septum of the tube could be replaced and the unit used repeatedly, Since the

glass of the tube was iﬁ'cantact with a relatively large ares of the stopper,

leakage of gases was minimal. This stopper was fitted to a 250 ml Er!eﬁmeyer
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Frener 17.1, Anaerchic Culture Dish
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FIGURE I1-2. Gas-tight Stopper.

éA) Hungate-style anaerchic tube cut #n half.
B) Black rubber stopper with a hole bored through it.
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flask for all the batch culture experiments.

Media Preparaticn

ledium was prepared by mixing all ingredients except the reducing agent.
At this point no anzerchic techniques had been followed and the medium was
oxidized. It was then dispensed into tubes or bottles with the apparatus
i]lustfaied'in Figure 3. |

Using this apparatus the medium was in contact with oxyéen-free gas
before, during, and after dispensing. The culture vessel was placed under
a stream of oxygen-free gas for several seconds which swept the oxygen from
it. The medium was then pumped into the vessel uéing 2 foot pedal cohtr&lled
pump. The oxygen-free gas then passed over the medi.m for a few seconds
longer befere the stopper was seated into the culture vessel without access
of air from the atmosphere. The reducing agent was added at this point and
the medium was éutoc?aved. When removed from the autoclave the medium was
reduced.

All media were pumped into the tubes or bottles as a liquid. . When a
solid medium was needed, the agar was added to the culture vesiel before the
medium. This was accomplished by using a spoon made from a piece of bent
glass tubing. This spoon held approximately 0.15 grams of agar which was
sufficient_tg solidify 10 ml of medium. The agar melted in the autoclave
and was evenly distributed in the medium by inverting the culture vessel
several times.

The procedure-f01lawed for dispensing media in shake flasks was somewhat
different. Tho liquid medium was poured into the flasks and a stream of
HZ:CO2 (80:20) from a 13 gauge needle passed over the medium for 2 minutes.
The septum and the screw cap of the tube were put into place and the flask.
set aside for 10-1% minutes. Once again HZ:E,‘O2 (80:20) was passed into the

48

S SR A ¢ S




PR

FIGURE II-3. Apparatus for Dispensing Media:

(R) Peristaltic Pump; (B) Rubber Tubing Carrying
oxygen-free €0, or H,:C0,; (C) Vent:

{D) 13 GA Hypgdermig Nebdle Delivering Oxygen Free Gas;
(E) Cut-off Pasteur Pipette Delivering Media.
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flask by a 21 gauge needle inserted through the septum. Another 21 gauge
needle served as the exit port. After 2 minutes of puraing the exit needle
was‘withdrawn followed by the gassing needle. This caused a slight positive
pressure to remaih in the flask. .At this point the reducing agent was'added
and the flask was resady to be autoclaved.

A1l media were autoclaved for 20 minutes at 121 C. Roll tubes and some

bottle cultures wére autoclaved in a press to keep the stoppers from coming

sut  Screw cop tubes and bottles needed no restraint other than the caps.
The stoppers of shake flasks were tied on with string. The anaerobic culture

dish was sterilized empty and pre-reduced and sterile medium was added anaero-

bically and aseptically.

Transfer of Cultures

A1l 1iquid cultures were transferred with a tuberculin éyringe without
opening the culture. This method presented the least danger of oxidation and/
or contamination of the medium. OQccasionally agar slants in tubes or agar
layers in bottles were inoculated by injecting a few drops of inoculum into
the surface of the agar. The incculum was spread over the surface of the agar
by gently tipping the culture vessel. Transfers from one slant to aéother and
streaking for isolation were done using the methods developed by Hungate (19).
The gas used during transfer of cultures was H2:602 (80:26) which was passed
through a sterile Swinney filter evice fitted with a 0.45 um pore size Milli-
pore filter disc. In general all cultures were purged with sterile HE:CO2 for

2 minutes and the culture vessels were Teft with a slight positive pressure

after transfer and before incubation,

Cultures

Four pure cultures of methanogenic bacteria were provided by M.P. Bryant,
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University of 11linois, Urbana, Illinois. These were the foilowing:

Methanobacterium ruminantium strain PS

Methancbacterium M.0O.H.

Methanasarcina barkeri strain 1S

Methanospirillum hungatii strain JF

A methanogenic organism was also isolated from Lake Erie sediment. The

sediment came from a point 33 miles east of Cleveland, 2 miles offshore where

the water is 18 feet deep. The isolation was carried out over a period of

9-10 months. Anaerobic techniques were being developed at the same time as the

isolation procedure was being attempted which was a contributing factor to the

long period of time necessary.

The isolation was attempted by carrying out a series of dilutions in
liquid media on the assumption that a tube with a high concentration of methane
would have a high concentration of methane producing organisms. This proved

not to be the case and vesulted in many blind paths being followed. A total of

12 dilution series were made in the path leading to the isolate. The last two

or these were made in a mfheral salts medium similar to that of Zeikus and

Wolfe (52) except that 100 mg/Titer of yeast extract was substituted for the

vitamin solution. This removed many of the contaminants which were unable to

survive on this minimal medium. Finally the highest dilution in this syathetic

broth which showed methane production was centrifuged to concentrate the cells.

These cells were thén used to inoculate agar bottles. This resulted n isglated

colonies from which the isolate was obtained.

A1) cultures were maintained on agar s?énts of either rumen fluid medium,

growth medium, or Methanospirillium medium.  Stocks were rbutinely transfaerred

at approximately four week intervals.
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Characterization of Isolate

Thers are only a }imited number of methanogenic species. A1 of them
apparently share the same energy yielding process. The most important feature
by which fheyvare distinguished from each other is morphologyf Within any
morphological group the characteriéticstused to differentiate strains are
requirements for growth factors p#esent in rumen fluid, abi]jty to use different
substrates for methane generéfich, and temperature optimum. With these con-
siderations in mind a paktial characterization of the Lake Erie isolate was
carried out.

AccOrdihg to morphology this organism is definitely of the bacillus type.
Within this group.the on}y substrates used are hydrogen gas and formate. The
organism was tested for the ability to produce methane from.these two sub-

stances. The brganiém was inocuiated into three tubes each of nutrient broth

medium with 1% formate added and an atmosphere of 100% CO_, nutrient broth

2
medium with an atmosphere of HZ:CO2 (80:20), and nutrient broth medium with an

- atmosphere of 100% COZ. A11 tubes were incubated at 37 C and monitored for

methane by gas chromatography.

The optimum.temperature for growth and methane generation was determinad
by inoculating tubes of growth medium with the isolate. The tubes were purged
and incubated with an atmosphere of HZ:CO2 (80:20) at the following tempera-
tures: 4, 15, 23, 33, 37, and 45 (all temperatures in degree C). There were

five tubes at each temperature. These were monitored routinely for methane

production.

Gas Analysis
Gas analysis was done with gas chromatography. Three recorders were used

in conjunction ﬁith the chromatographs: a Westronics LD/11A strip chart
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recorder, a Linear Instruments recorder Model 252, and a Linear Instruments
recorder Model 252A. The two recorders from Linesar Instruments were equipped

with electronic integrators.

In most cases gases were injected into the chromatograph with 2 micro-

liter gas syringe. In some cases where it was necessary to prevent any possible

danger of contamination of the cultures, gases were sampled and injected into
the cﬁromatograph with sterile lcc tuberculin syringes.
| Methane. Methane production was monitored with Varien Aerograph 2740
gas chromatograph equipped with hydrogen flame ionization detectors. The
carrier gas was nitrogen. Since the experiments reported here extended over a
rather long period of time, several different columns and packing materials
were used. For some of the early isolation work silicez gel was gsed. It was
packed into a 1/8 inch by 8 foot stainless steel column. The later studies
were done with Porapak N (100/120 mesh) and Porapak Q (100/120 mesh) which were
packed into 1/8 inch by 6 foot glass columns. |
Carrier gas flow rate and injector, detector, and columm temperatures
were always optimized for the detection of methane., In all cases the retention
time of methane was determined by comparison to a standard. The methane peaks
were quantitated by comparison with standards containing a known amount of
methane. Standards were run at the same time and at the same attenuations as
the unknowns.
Hydrogen. Hydrogen was dete:ted with a Carle 8004 gas chromatograph. It _
was equipped with thermistor detectors and a 1/8 inch by 8 foot stainless steel
column packed with 30/60 mesh silica gel. The column temperature was 120 C.

Nitrogen carrier gas was used at a flow rate of approximately 14 mi/min. Using

.these conditions the response of the chromatograph was linear over a wide range

of hydrogen concentrations.
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Calibration of chromatograph for hvdrogen detection. It had been reported
by several authors that hydrogen could be detected using a thermal conductivity

gas chromatograph if nitrogen were the carrier gas (21,'23? 50). None of

these authors, however, mentioned the sensitivity of this method or whether the

response of the chromatograph was Tinsar over a wide range of hydrogen concen-
trations.

Czerkawski and C?&pperten {11) reported that hydrogen could be detected

accurately at a range of concentrations of 0.1-70.0% by volume. They used a

thermal conductivity detector, argon carrier gas, and a series of three columns

to obtain the gas separation necessary for their work., Since the system used

in these studies differed in several respects from that used by Czerkawski and
Clapperton, it was necessary to determine its reliability and sensitivity.
Three experiments were performed in this calibration process.

In the first experiment different amcunts of HZ:CO2 (80:20) were injected

into the chromatograph at two machine ittenuations. The results of this experi-

ment are presented graphically in Figure 4.

In the second experiment various concentrations of hydrogen were set up in

serum bottles by the following procedure. The total volume of the serum botttes

was determined by filling them with water. The volume was slightly different
for each bottle and this information was noted. The bottles were fi]]éd with_

10 ml water, stoppered, and the atmosphere purged with nitrogen for approxi-

mately 3 minutes. This was done to eliminate oxygen and carbou dioxide which

would give extra peaks during chromatography. After purging there was aysTight

positive pressure remaining in the bottle. The contents of the bottle were

then equilibrated to atmospheric pressure by allowing water to drain out
through a needle. A known volume of hydrogen was then injected into the bottle

with a gas syringe. Once again the bottle was equilibrated to atmospheric
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preésure by allowing wate~ to drain out. The water removéd in this menner was
measured. The total gas velume and the amount of hydrogen were then known and
the percént hydrogen in the atmosphere could easily be calculated. Various
sample sizes of these concentraticons were tlen injected into»thé chromatograph.
These results are presented in Figure 5.

fhe-third exheriment was set up in the same way as the second except that
higher concentrations of hydrogen were used. In this experiment chromato-
éraphic analysis was done with 20 w1l samples. The results of this experiment
are presented in Figure 6.

The sensitivity of the system was determined by making various concentra-
tions of hydrogen in nitrogen and testing 20 pl samples with the chromatograph.
The Towest concentration which gave a definite and repreducible peak Qas 0.11%
hydrogen in nitrogen.

The conclusions which can be reached from these experiments are that use
of a chromatograph with thermal conductivity detectors with nitrogen carrier
gas is an effective way to determine the concentration of hydrogen in a gas
sample. The response of the chromatograph is linear over a wide range of
sample concentrations extending down to a concentratica of 0.11%2. It was also
concluded that the minimum sample size which gives reproducible results and a

Tinear response is 20 ul.

Microscopy
Cultures were routinely examined with a Niken phase miwroscope with a 106X
phase contrast objective. The photomicrographs were taken with the same micro-

'scope fitted with a Nikon prism reflex attachment.

Preparation of Culture Tubes with a Known Amount of Hydrogen

Several experiments were performed in which an important variable was the
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amount of hydrogen in the atmosphere. In order to determine the percentage of
hydrogen in the atmospheres, the following procedure was used. The total
volume of the-cuiturevtube was determined by filling with water. Hedium was
addad to empty tubes with a pipetie, the caps were set in place, and the tubes
were purged with 100% COZ for 1-2 minutes. Carbon dioxide dissolves slowly
ihto the medium which results in decreased pressure inside the tube, so after
about an hour CO2 was again added. At this point a known amount of 100%
hydrogen was added to each tube with a syrings. The tubé was immediately

equilibrated to atmospheric preséure by allowing some medium to drain out of

the tube via a2 needle. Since some of the medium was to be expalled it was

~ necessary to add more than was actually desired and to vary this so that alil

tubes would have approximately the same volume of medium and gas phase when
they were inccu]ated. The volume of hydrogen added and the amount of medium
expelled were noted so that the actual percent hydrogen in the atmosphere
could be calculated.

For example, the total volume of the tubes used-was 17 ml. If the desired
final volume of medium was 7 ml and the hydrogen concentraticn desired was 5%,
the tube would be set up as fdllows. With a final gas volume of 10 ml of which

% is hydrogen it is necessary to add 0.5 ml hydrogen to the tube. When this
is added, 0.5 ml of medium will drain out during the eauilibration process.
S0 the tube was oriéina?ly set up with 7.5 ml medium, 0.5 ml hydrogen added,
and 0.5 ml medium allewed to drain out for equilibration to étmﬁspheric
Dressure. ‘

After addition of hydrogen and equilibration, the reducing agent was
added to the tubes and they were autoclaved. After cooling the tubes were

ready to be inoculated with no further disturbance to the gas phase.
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Effect of Hvdrogen Concentration on Methane Production

Avseries of experiments was carried out in an attempt to discover the

effect of initial hydrogen concentratiocn on methane production. In all of

these experiments the hydrcgeh concentrations were set u3 in the culture

vessels ac;ording td the procedure pregiousiy dgescribed. The incubation
temperature for §II expariments was 37 C.

The fi}et experiment was carried out in serum bottles with red rubber
serum stoppers. The medium was water from Lake Erie buffered with sodium
bicarbonate. HNeo indicator or reducing agent was added. The inoculum was a
mixture of water and sediment taken from Pond Lick Lake, a small lake in
southeastern Shio. ' The hydrogen concentrations ranged from 11% to 80%
(expressed as percentage of total g92s volume). Envadditien, twio controls were
set up. A sterile control had 80% hydrogen in the atmosghere and no»inoculum.
Another control allowad for measurement of endogencus methase production. [t
had cells but no added hydrogen. There were three replicates of the controls
and of each hydrogen concentration in the experimental bottles. The bottles
were monitored for methane production over a two week periad.

The remaining three experiments in this series were carried out in
Hungate-style tubes with nutrient.brsth medium. A pure culture of Metharc~

bacterium ruminantium was used as the inoculum. Experiment 1 consisted of

114 tubes with hydrogen concentrations of 03 to 100% {parcentage of total gas
volume) with three tubes at each c@ncentratioh. Methane production was moni-
tored over a period of 12 .days. Experiment 2 was essentially a repetition of

Experiment 1. Experiment 3 consisted of 30 tubes with hydrogen concentrations

- of 27.5% to 80% (percentage of total gas velumse) with three tubes at each

concentration, Methang production was monitored over a periced of 90 hours.
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Hydrooen Depletion Experiments

 An attempt was made to determine how much of the hydrogen available to
batch cultures could be used by ;he cells. In flask cultures which had been
monitored for methane production over a period of téme it was’possible to tell
when methane production had leveled off. At this point the total amount of
methane in the flask was determined by gas chromatography. Roberton and Holfe
{37) reported that 3.7 moles of hydrogen are needed for each mole of methane
generated. They balieved that the theoretical value of 4 was not reached
because a small amount of reducing power was obtained from the medsum. Using
the value 3.7 an estimate of the amount of hydrogen consumed could be cal-
culated. This calculated value was verified by measuring hydrogen depletion
in a totally different way. A pressure'gauge was introduced into the flask
and the pressure measured. This figure could also be used as a basis for the
calculatioh of hvdrogen depletion. Unfortunately when the pressure gauge was
introduced into the flask, the air inside the gauge entered the flask and
caus=d the medium to Ee oxidized. Thus ne further experiments could be done
with that particuler culture.

Using these calculations there was an indication that methane production

had ceased because all hydrogen in the flask had been consumed., In an attempt

to verify this, two cultures of Methanobacterium ruminantium were chosen in

which methane production had reached its maximal level. At this point HZ:CC-2
(80:20) was added to each flask and methane production was monitored over a
period of time with the gas chromatograph. | |

In an attempt to achieve better analysis, a series of experiments was per-
formed in which both methane production and hydrogen depletion were monitored
by cas chromatography. These experiments were done in 250 ml Erlenmeyer

flasks capped with modified rubber steppers to allow for gas sampiing. The
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flasks contained 100 ml growth medium and were inoculated wfth-pure cuitures
of methanogsnic ofganisms. The atmosphere in theAflasks at the beginning of
the experiment was HZ:CO2 {80:20). When the hydrogen had decreased to a level
below the sensitivity of the chromatograph, HZ:CO2 (80:20) was added to atmo-
spheric pfessure as measured by the pressure gauge. The flask was then
retested with the chromatograph to determine the exact percentage of hydrogen
in the atmosphere. Methane was alsoc quartitated by chromatography. The cul-
ture was then reincubated and the whole process repeated when the hydrogen was
again depleted. This.exgeriment was done with two flasks each of M.D.H;,

Methanobacterium ruminantium, Methanospirillum hungatii, and Methanosarcina

barkeri.

Cell Number vs Methane Producticon

An experiment was performed with Methanobacterium ruminantium to dster-

mine if there was a direct relationship between the number of methancgenic
cells and the amount of methane produced in a given pericd of time. Hungate
tubes containing 9 ml of nutrient broth medium were the culture vessels used
in this experiment{ The first tube was inoculated with 0.lcc of a growing
culture of M. ruminantium. This tube was well mixed, lcc was withdrawn, and
added to the second tube. The procedure was repeated with 8 tubes to give a
dilution series of 1072 and 10'9 of the original culture. Al1 dilutions wefe
done anaercbically with sterile 1 ml tuberculin syringes. The tubes were then
purged for 30 seconds with HZ:CO2 (80:20) and incubated at 37 C. TheHZ:CO2
was delivered through a sterile Swinney filter apparatus fitted with a 0.45 um
Millipore filter. The tubes were sampled for methane at 48 and 72 hours of

incubation.

62




[OT——1

,,,,,

o,
3 .

pe
2

oy

o ey

B RS Uy 1 3 eI o TP Yt g I A

Rate of Methane Production

Pure cultures of methancgenic bacteria were grown in 250 mT»Eflenmeyer
flasks with rubber stoppers modified to allew access to the contents. Tho
flasks contained 100 mi pf growth medium wfth an atmosphere of HZ:CO2 (SQ:ZO).
The flasks were placed on a rotary shaker at 37 C. The flasks were sampled
routinely for methane and for cell nurber.

Three of the species of methanogenic bacteria studied produce clumps when

grown in this manner. lethanospirillum hungatii cells do not clump together

but grow as very long chains of cells. It is necessary to disrupt tﬁese_celi
aggregates in order to obtain accurate cell counts. It was therefore necessahy
to find a method of disrupting the cell clumps without breaking the cells.
Sonication was tried but this resulted in a decrease in celi counts by about
half. A method which proved to be successful was disruption of the clusps with
a tissue homogénizer. Counts made before and after this treatment were essen-
tially the same. These before and after counts were done with young cultures
in which the clumping affect was not yet noticeable.

The procedure for cell counting then was as follows. One ml of the cul-
ture was withdrawm from the flask with a sterile lcc syringe fitted with a '
sterile 21 G, 1% inch needle. The needle was large enough to allew all clumps
to entef aﬁd the sample size of 1 ml was sufficient to get a representative
sample of the culturé; This sample was then stirred with the tissue homo-
genizer for approximately 30 seconds. At this point the clumps were no longer
visible. A sample of this suspension was then counted with a Petréff—Hauser
cell counter. In no case were fewer than 100 squares codnted and most of the
time all 400 ﬁqueres on the grid were counted. An average of the nurber of

cells per square was used to calculate the number of cells per ml in the culture.

63



"
[ —

—

u i !
[ —

i L
| RPN

ot

et sastrmtn
i :

sy
i H

mr s e by s ity e
R PR ke T T

Methane was analyzed by gas chromatography. At each sampling a standard

of 315 ppm methane in nitrogen was run and peak areas of the culture were com-

- pared to those of the standard.

In the beginning of the growth curve, the amount of methane in the cul-
ture flask could be directly compared to the standard by analyzing both at the
same éttenuation settinis on the chromatograph. Methane in the flask soon

became so concentrated that it could no longer be directly compared to the

" standard. To solve this problem, a sample of the gas in the culture was

diluted in a known gas volume and this diluted sample was injected into the
chromatograph and compared to the standard.

In actual practice all samples injected into the chromatograph were 20;11.
When dilution was necessary, either 20, 40, or 70 41 were withdrawn from the
culture aﬁd placed in a 7 ml vial containing H2:C02 (80:20). The vial was
fitted with a butyl rubber serum stopper and.a cap with é hole drilled in the
center. This vial was able to hold a pressure of 5 pounds as measured with a
pressure gauge without leaking. Originally two independent dilutions were made
at each reading. However, both gave essentially the same resulfs and since the
second sampling resulted in extra stress on the cﬁlture, this practice was dis-
continued.

The experiment and analysis was performed for 3 flasks each of M. ruminan-

tium, M. barkeri, and M.0.H. This was done twice using a different inoculum

for the second set of three flasks. The experiment and analysis was performed

twice for M. hungatii. The first flask had Methanospirillum medium and the

second had growth medium. This organism can use the formate in Methanospirilium

medium as a substrate for methane production. Since the rates for the other

organisms were cbtained with hydrogen as the energy source, it was desirable to

~obtain a rate for M. hungatii under similar conditions. There was also an
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attempt te obtain this information for the organisms isolated from Lake Erie.
The data was collected using the same methods as for all other organisms.
Unfortunately this organism grows rather poorly in liquid media and so the

analysis of the data had to be done in a slightly different fashion.
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RESULTS OF EXPERIMENTATION

Development of Anaerobic Technigues ‘

The development of techniques for the growth of strict anaerobes is a
tong and frustrating process. Yet if one wishes to work with methanogenic
organfshs in pure culture, it is absolu{ely necessary first to develop good
anaerbbic methods. It is instructive to briefly rgview here-tﬁis develop-
héntai process. In retrospeét it is easy to explain the failures at certain
points and to see the mistakes which were being made. Yet the knowledge
necessary for this understanding was gained only through this process of
trial and error. '

Mixed cultures producing methane had been cultivated in this laboratory
for quite some time in serum‘bottles with mud and wa?gr from Lake Erie {27}).
These se}um bottles were capped with red rubber stoppers and had an. atmosphere
of 95% NZ:S% COZ‘. These were mixed cultures containing the organisms nor-

mally present in the natural aguatic environment. The step from a mixed cul-

ture to a pure culture is very critical with respect to anaerobic methods. As .

long as a few facultative heterntrophic organisms are present in the culture,
they will consume the oxygen and reduce the redox potential tb a point where
the methanogenic organisms will be able to survive. Oncelthese contaminating
organisms are removed, the anazerobic methods employed must be much better.
The first attempts at isolation involved streaking enrichment <ultures
from lake sediment containing bottles onto agar plates and incubating them fn
an anaercbic environmeﬁt. It was retognized early that GasPak generators
would not be good enough to allow growth of methane producers. An anaercbic
incubator in which the atmosphere was evacuate& with & vacuum pump and filled
with NZ:COZ (95:5) three times was tried as an anaercbic container. After

incubation, many colonies appeared; however, it was difficult to determine if
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any of these were producing methane since it was impossible to analyze the
atmosphere in the incubator for methana.

This problem was solved by modifying an anaerobic jar. A plexiglass 1id
was éut for the jar and fitted with a rubber gasket so that it would be air-
tight.‘ This 11d had two holes driiled in it into which red rubber serum stop-
pers were fittedf The Jjar could then be filled with HZ:COZ (80:20) via a
needle and purged to remove oxygen. Agar plates streaked with methanogenic
cultures were placed in this jar. Samples of the atmosphere in the jar were
witﬁdrawn from time to time and tested for methane. Methane Qas present but
it was unknown which colony on which plate was producing this methane. The
only way to determine this was to systematically pick every isolated colony
and inoculate it.in a bottie where the methane generated by those orgaﬁisns
‘could be trapped for analysis. This proved to be unsuccessful.

It was be]ieved that this failure was due to the organisms in these

isolated colonies being exposed to lethal amounts of oxygen during the process

- of picking colonies off of the plate since the aﬁaerobic jar had to be opened

to do this. At this point a glove bag was obtained with the intention of
picking colonies in it. At first this glove bag was filled with NZ:COZ'(QS:S)
but when a methylene blue indicator turned blue, it was concluded thaf there

waé too much oxygen in the gas tank. To eliminate this a trap of pyrogallol

- and NaOH was constructed and the gas was bubbled through it. Considerable

oxygen could get through this trap and it proved unworkable in several ways.
The whole idea of using the glove bag was abandoned. '

At this point the development of rigorous anaerobic techniques was under-
taken.- Some guidance was available in the literature but there is a vast
difference between reading abe&t somathing and actually doing it. Tﬁus what

would seem to be the simplest and most straight-forward technique and/or
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manipulation often reguired hours, days, or weeks for mastery. Eventually

this process led to the meﬁhcds described in the Materials and Methods section.

The growth of anaercbes involves two main concerns. The first is to
obtain a suitab1y'reduced medium and an oXygen-free environment. The second
is to maintain these conditions during the grcwth'of the ofgénisms.

-The first method tried to obtain reduced conditions was boiling the
medium. Holdeman and Moore (16) indicaie that boiling alone will reduce media
(as judged by resézurin indicator). Bryant (4) and Hungate (22).boil media to
drive off oxygen before dispensing in tubes. In actual practice after approki—
mately 30 minutes of boiling with a chimney under a stream of oxygen-free

carbon dioxide as suggested by Moore (30), the resazurin in the nutrient broth

medium indicated a reduced condition. Unfortunately it was not possible to

maintain this condition during dispensing of the medium.

It is also possible to obtain reduced conditions by biological means.

Smith (42) suggested that growth of Escherichia coli would lower the redox

potential of a medium enough to allow methane producers to grow. E. coli

cultures did reduce the medium as judged by the redox indicator. The problem

then became to kill the E. coli without oxidizing the medium. There.were some
problems with this but eventually it was possib’e to autoclave cultures without
overly oxidizing them. However, a problem remained in that the dead cells were
still in the medium.

Thus when a culture was examined microscopically it was
difficult to know whether it had become contaminated or whether the cells seen
were just dead E. coli.

The method which was finally settled upon waé reducing the medium chem-
icaﬁly. The cysteine-sulfide reducing agent described by Bryant and Robinson

(7} has proved very reliabie. Not only is the problem of the dead cells gone

but the reducing agent has some capacity to remave traces of oxygen’intraduCQd-
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inte the tube during transfer or sampling. This latter characteristic is a

distinct advantage over reduction by binlegical means.

-
aronioed

{ Q;%_ _ The second major concern in the cultivation of anaerobes is maintaining
! i;é. reduced and oxygen-free conditions. In largs part this is a matter of care
e in transfef and sémp?ing but it is also necessery to have an approvriat§ cu1_
| {. v ture vessel. In relation to this it should be pointed out that red vubber
Ef%@ * stoppers are permeable to oxygen and cause reoxidation of the medium. This
ILﬁj' fact was pointed ocut by Hungate (20) but is rarely mentioned in the anaerobic
1%:} literature. Most articles on methods or techniques do, however, call for the

use of butyl rubber stoppers. These stoppers are usually black or gray which

——
L

| ' indicates that although it is not mentioned,-mest peaple working with strict

-

anaerches discriminate against red rubber stoppers.

‘Attempts at Differentiation of Methanogenic Colenies

- "“f..w o

s
fond

Methanogenic hacteria are generally found in habitats where there is a
grect variety of different organisms. This is a contributing factor to the‘
difficuity of the isolation process. One is frequently faced with the situa-
tion of a bottle or tube which has methane in ihe atmosphere and a variety of
organisms growing on the agar surface. Obviously the methane was produced by
| o organisms growing in that culture. But which colony or which part of the zone
; of conf]ﬁent growth contains the methancgenic organisms? One is faced with
the prospett of picking each co!oiy and placing it in eithef broth or agar and
{ waiting to see if methane is generated. This is a very time consuming and
' difficult process. If there were some way to differentiate these organisms
e from contaminants on the agar surface, the task would be easier. Two

apprcaches were tried at solving this probiem. Unfortunately neither proved

to be successful.
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“ethancgenic organisss produce a product, methane, which is 2.gas. If

this gas could be trapped iu the furm of a gas bubble, it would be a convenient

way to pinpoint the colony of interest. At the time that this wés under con-

sideration, no methane prgducing cultures were avaiiable. As a test Entero-

ﬁacter aarogenes wWas cultivated in a fermentation medium containing glucose so
that considurable amounts of carbon dioxide would be genefated.

It was hoped that the carbon dioxide produced by each colony would bz
caﬁght and trapped in the agar. To accomplish this a dilution series was made
in agar tubes which were then rolled in an ice bath so that the agar sciidified
as a thin layer along the sides of the tube, Some bubbles were cbserved after
incubation but all colonies were not associated with gas bubbles. Also the
gas bubbies moved around in the tube so that a bubble might be over one coleny
at one time and over another colony 1alf an hour later. It was concluded that
this would nof be a good way to differeatiate methanogenic organisms from
other types of bacteria.

Cheeseman et al. {9) reported that methancgenic bacteria contain a com
pound which fluoresces when excited by ultraviclet Tight. It was fhought that
perhaps it might be possible to detect methanogenic colonies by taking advan-

tage of this pfoperty. In fact Edwards and McBride {13) have recently reported

that it is possible to identify methanogenic colonies in this way. In order to

do this they used an anaercbic chamber within a glove box.

Sinée this requires specialized and expensive equipment an attempt wa<
made to design a system which would eliminate these problems. Ultraviolet
light can pass through p]exigiaés so a culture chémber of this material was
constructed. This is illustrated in Figure 1. After some initial problems

getting an airtight seal on the chamber, methanogenic cultures were grown in

this chamber. Unfortunately it was nol possible to see fluorescence of the
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colonies in these chambers.,

A hand-held UV 1ight did not provide enough illumination to really see
ady fluorescence from the colonies on the ayar surface. A more powerful UV
lamp gave so much illumination that any fluorescerce from the cslonies was

washed out. If an intermediate between these two could be found, this might

_ yet prove to be a means of differentiating methanogenic colonies.

Characterization of Isclate

A methane producing organism was isolated from sediment obtained from
Lake Zrie; Since this was accomplished by carrying out a series of dilutions,
it is prbbable that this organism was the most numerous matnanogenic srgaﬁism _
in the sediment at that time. It 'was a 107 dilution of sedinent from which
this organism was ultimately obtained. It is unlikely that a methanogenic
organism present in nuwbers lower than this isolate wenid have been recovered
by the fso]aticnvprccess. Once the appearance of this crganism was known, it
Could be.vecognized in virtually all tubes in fhe direct 1ine to this isolate.
Also at the end of the process many tubes which had Targe amounts of methane
were examined microscorically even if they were’not in a dilutien series which
led to this isolate. In all cases this organism was precent. |

There are only a Timited number of species of methanogenic organisms
which are divided into four main groups on the basis of morphology. Phase
contrast microscopy of this organism showed that it is definite1y of the
bacillus type. It is & long, thin, frequently curved or twisted rod which

often occurs in long chains. Morphologically it is similar to Methanobacterium

M.0.H. It is probable that these ovganisms are the same species. Bryant (5)
considers M.0.H. to be a variant of M. formicicum which is unable to.use for-

mate as a substrate for growth and methane production.
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The resuits of the substrate utilizalion studies are prese1ted in Table 1.
Although there is some variation among the three rep]tca*es it can be ssen

that the best substrate for methane generation is hydrogen. Methane produc-

tion on nutrient broth with 1002 €0, is very tow and ﬁethaneg@negis with for-

mate present is only slightly better. There was some concern that the pH of

the medium might be lowered with formate present and with an atmsphere of

10032 CQZ' At the end of the incubation the pH was checked. These results are

also presented in Table 1. The pH was approximately the same for all tubes.

In addition to substfates utilized for methana generation, another feature

used to differentiate species is temperature optimum. The resulus of the

temperature studies are presented in Table 2. It {5 quite clear that the

optimum temperature for methane generation by the isolate is in the range
30-37 C.

Effect of Hydrogen (oncentration on Methane Production

The first experiment was conducted in an atiempt to determine whether the
addition of hydroger would be a stimulus to methane production by a natural

pepulation, A mixture of water and sedisent tcken from a small lake was used

as the inoculum. This mixture would have 211 orqanisms normally present in

both the lake water and the sediment, '?he medivm used was water taken from
Lake Erie which had been buffered with sodium bicarbonate and autoclaved. The
culture vessels used in this experiment were serum bottles capped with rad
rubber stoppers. Concentrations of hyﬁfagen wore added at Jevels of 11-80%
{v/ivi. A sterile contrel had 80% hydrogen but no ineculum. Endogenous levels
of methane generation éerﬁ cbtained from bottles with inoculum but no éﬁéed

s e g AT R R



TARLE II-1. Substrate Utilization by Lake Erie Isclate

- Medium

WB, No Additions
1003 CGE

NB + Formate

100%'C02

NB, No Additions

HZ:CO2 {80:28)

Mathane (Relati

Bay 2

7
18
27

13
&4
55

24
49
12

ve Units) Final pH

Day 24
29

- 24

34 .

34
72
88

164
414
115

g&o DO -

(54

AN DO ey
L

OO

Methane produced after 2 and 24 days of incubation at 37 C.  The medium is.
nutrient broth medium {HB) with and without added formate. The atmosphere
above the culture was either 100% carbon dioxide or hydrogen: carbon digxide
(B80:20). There were three replicates for each set of conditions. The rela-

measurements.

“tive units for methane are related to peak height and are the same for all

TABLE 11-2. Effect of Incubation Temperature on Methane Production

Temperature C
4
15
23
30
37
45

Lake Erie isalate after 2 and 15 days of incubation,

generation expressed in mroles,

Day 2

22.6
38.4

28.0

49.6
54.3
50.7

Day 15
22.6
25.2
28.6
405.9
- a2
32.8

Average methane
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The bottles were checked for methane after 24 hours of incubation )
(Figure 9} and at the end of two weeks (Figure 10). Ac the end of the experi-
ment the pH was checked in 211 bottles. The range was from 6.75 to 7.6.

At the 24 hour peint there does not seem to have been any stimulation of
methane aroéucticn with increasing hydrogen concentration. The amount of
methane detected in the sterile control is really very little and might be Jue
either to:methane in the'atmosphere contaminating the syringe or more probably
to release of some mathane f}aﬁ the lake water. Even the lowest amownt of
hydrogen ésed stimulated methane production over the endogenous levels. In
.this short pefiad of time it would seem that any amount of hydrogen is to some
extent stimulatory.

Thevsituatiﬁn at two weeks is somewhat confusing. All hydrogsn bottles
vhad much more methane than the endogenous control and the sterile control.
Both controls remained at essentially the 24 hour level of methané. The units
for methane in Figure 10 are 1000 times'greater than those in Figure 9 so it
can easily be seen that during this two week period there were very great
increases in the ampunt of methane in neariy all bottles. There are, however,
large discrepancies in the amount of methane produced i bottles with the same
amount of hydrogen. This may be‘due to the fact that the inoculum for these
bottles was a slurry of sediment and water. It would be easy to get an uneven

distribution of organisms in such a situation. The amount of methane produced

~in the bottles may be a function of the nurber of methanogenic organisms pre-

sent rather than the amount of hydrogen present. The numher of facultative
organisms present may also be a determining factar. Since no reducing agent
was used in these boitles, it was the facultative organisms which lowered the

redox potential teo a point where the sethanogenic organises could survive.
» ) -
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PERCENT HYDROGEN

FIGURES I1-G, Hydrogen Concentration vs Methane Produced
Mixed culture from sediment.
24 hours of incubation.
0= sterile control.
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A roagh estimaté of the ambﬁnt’of methane produced (in gsmoles) foé each
bottie inﬂicaﬁeé that in no case was the potential for methane praductfon
realized. One bottle uhiéh had approximately 23% hydrogen produced a very
large amgunt of methane. But this was still only half of the methéne which
would have been possible if all available hydrogen had been converted to
methane. Two factors, however, prevent 6ne from forming any firm conclusions
in this regard. First there is a possibility that some of the mefhane pro-
duced was being oxidized. Thease wefe mixed cultures and methane-oxidizing
bacteria were certainlj present in the system. Also it was discovered after
the co#c1usien of the experiment that the red rubber stoppers used to close
the bottles Qere noﬁ an effective barrier to hyérogen. Tﬁus there is a good
possibility that some of the nydrogen added to the bottles was unavailable to
the metﬁane producers due to leakage.

To better contral.the variables, a second experiment was set up using a _

pure culture of Methanocbacterium ruminantium. The hydrogen concentrations

used varied from 0-100% with 0.1% increments in the range 0-1%; 1% increments
in the range 1-10%; and approximately 5% increments in the range 10-100%.

The towest amount of hydrogen added to any tube was 10 gl. Using Henry's
law to calculatevthe solubility of a gas in a liquid, this amounts to a hydro-
gen concentration of 0.786 X 107% molar. This is close to the Knm value of
1X 10“6 molar calculated by Hungate et al. (23). At this concentration 1essJ
than half-of the rate limiting enzyme for the conversion of hydrogen to
methane should be saﬁurated. If this Km value is correct, the‘methanogeﬁic
organisms should be ab]é to convert even this low Jevel of a 'ded hydregen to
methane. - Increasing amounts of hydrogen above this level should cause an

increase in the raite of methane generation.



——1

,,,,,,,,

If the orcanisms convert all 10 1 of the hydrogen to methane, the yield
of methane.would be approximaie?y 2.70 . This fidure is based on a value of
3.7 moles hydrogen needed for each mole methane generated (37). This amount of
methane should be reliably detected with the gas chromatographic methods used.

| Thus this experiment could thecretically give information about the effect
of ircreasing hydrogen concentraticn on the rate of methane producfioﬁ, On the
basis of thé information available methane production should increase with
increasing hydrogen concentrations up to a point at which the hydrogen would he
saturating and some other variab?e,.probabiy ﬁumbers of methane producers,
would limit the Eeaction.

After cne week of incubation the amount of methane in all tubes was small
and essentially the same. The results of the samples taken on day 12 are pre-
sented in Figure 11. Many of the points in the 0-10% range are not plotted
since there were many tubes and all were essentially the same. There seems to
be an increase in methane in the range 40-60% hydrogen. There was, however,
some doubt about the validity of these results due to the lag period which was
much longer than normal and may indicate that there was a problem either with
the cells in the inocvlum or wi’h the medium. .

In any case the experiment was
repeated.

The set up of the second experiment was essentially the same as the firﬁt.
The results of the sampling done at 48 hours of incubation are presented in
Figure 12. Hany points in the 0-10% range are not plotted since thére were
many tubes and all were essentially the same. There is an increase in methane
produced at about the 30% level of hydrogen. This trend was also seen at the
24 hour and 72 hour sarmpling. Contrary to the eriginal expectation, all the
tubes with less than 20% hydrogen had abevt’tke same amount of methane at 24

hours and this situation did not change very much upon 72 hours -of incubation.
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Hydrogen Concentration vs Methane Produced by M. rumxnant‘mw
After 12 Days of Incubation
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The methéne produced at these low levels of hydrogen was 6ot very different
from'controis with no added hydrogen. Also the amount of methane was mauch
smaller than would be expected if all the hydrogéh added had been utilized for
methane productioﬁ. | | ,

On the basis of these results a third experiment was set up in ﬁhich,hydro-‘
gen concentration varied ovér a narrower range of 27.5-80%. The results
obtained after 80 hours of incubatiocn are presented in Figure 13. There is no
inérease in amount of methane generated with_increasing ccncenfratiens of
hy+rogen. VThese cultures were also checked at 20 hours and 36 hours with the
same results. The amount of methane in each culture increzsed with time but -
there was no apparent relaticnship between methane production and hydrsgen con-
centration. It should also be pointed out that in no case did the ampumt of
-methane produced appricach that theoretically possible with the amount of hydro-
gen provided. The resu?ts.of this expérinent then seem 1o contradict those
obtained in the previous experiment. On the basis of that experiment one
would expect a rise in methane production somewhere in the range of hydrogen
concentrations provided. k‘

With regard td the okiginal question of response of the cultures to low
amounts of hydrogen, atﬁleast some tentétive coﬁc]usions can be made. First,
the results of these experiments disagree with those of Czerkawski et al. (12).
Hydrogen does not appear to have been converted vo methane as fast as it could
diffuse into the media. If this were the case, there should have been some
difference in the amount of methane produced at different hydrogen concentra-
tions. Also, if Hungate et al. {23) were right in their calculation of the Km
for the conversicn of hydrcgen te wmetheie, there should have beén an increase
in the rate of methanogenesis (and therefore the amount of methane generated

in a given time} in the range of hydrogen concentrations 0.1-10%. On the
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basis of diSsoived-hydrog%n this range extends from a,vaiue ciose to the Km to .

100 times the Km.

There ié one major aifference betwsen the experiments reported here and
-those done previcusly wnich may bear on the differing results obtained. The
work done by Czerkéwski et.a}. (12) and Hurigate and coworkers (21, 23) was
with'rumén contents which have a very iarge population of mefhanogenic‘bacter1a.
Smith and Hungate (44) have reported counts as high as 2 X 108 methanogenic
Sacteria per>ml of rumen conténts. The results obtained here must be inter-
preted iﬁ 1igh£ of the fact that the numbers in these cultures were much Tower.
Because of these uncertainties the question of hydrogen utilization by meiﬁanoj

genic bacteria was approached in a totally different way.

Hydrogen Depletion Experiments

In Flask cultures which were monitored for methane over a period of time
it was possible to tell when methane production had leveled bff. The amount
of methane present at this time was determined by gas chromatography. Using
this value one can cbtain an estimate of the amount of hydrogen conéumed. Ii
was also possible to measure hydrogen depletion by pressure changes inside the
flask. Since 3.7 moles of hydrﬂgen are consumed for every mole of methane
generated (37), the pressure inside the flask drops during the growth of a
culture. Thé results of tﬁese measurements and calculations are presented in
Table 3. |

At the time of inocu]aticn each flask had a gas volume of 160 ml. This
was filled with 80% hydrogen which would give a value of 5.12 mmoles hydrogen
or 128 ml hydrogen {at 1 atm)}. In actual practice when the flasks were purged

with hydrogen: ~carbon dioxide, the exit needle was withdrawn first. This

caused the flasks to have a slight positive pressure. So in actual fact the
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MS1
Ms2
MR
MR2
MR3
MR4
MRS
MOH

TABLE II-3. ﬁeth&ne Preéuct*en and dydreg&ﬂ C@naum@t1eﬁ

mmoles -
,iCH '

4

1.26

1.51
1.08
1.05
1.15
1.05
1.46
1.31

: ana Resulting Pressure Changu

mmo¥es

uhd

4,55 .

5.89

4.00

3.88

4.25

3.88

5.40

4.83

] CH4

" 31.5
37.7
27.0

26.3
28.7
26.3
36.5
32.7

mi H,

Shake flask cultures with 100 ml medium and 160 ml gas.

MS = M. barkeri
MR = M. ruminantium
MOH= M.O0.H.
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flasks probéb}y contained somewnat more hydrogen than the above values indi-
.cate. It can be seen from Table 3 that in most cases a very large percent
(if not all) of the hydrogen available was converted to methane. The values

in'the table for volume methane produced and hydrogen consumed are calculated

6n.the basis of 1 atm pressure. In reality the gases expand wo fill all 160 ml

available :h the flask causing the pressure to drop. There is a reascnable
agreement betwesn the pressurz actually measured and that calculated.

“When stationavy phase is reached, the amount of methane present in the
flasks is approximately the same for the three species of methane producers.
‘Furthermore, this amount of méthane accounts for essentially all of the hydre—
gén fnitia11y preseat in the flask. This suggests that the cells stop pro-
ducing methane because of hydrogen dep1et§on.

To test this hypothesis, flasks of M. ruminantium were incculated and
placed on 2 shaker. The methane was monitored over time with a gas chremato-

graph (Figuie 14). It can be seen that at abcut 140 hours tﬁe methane curve

- for flask C begins to level off and that approximatelj the same amount of

methane is present in flesk A. The amount of methane present at 165 hours

represents the consumption of essentially all the hydrogen in the f]aské. At

166 hours the hydrogen in the fiasks was replenished.

After the addition of hydrogen the amount of methane in the flask was

again monitored cver time. Unfortunately during the additiun of hydrogen, some

gas escaped from flask A resutting in a drop in total methane at.hour 169.

As can be seen in Figure 14 there is a rapid increase in the amount of

methane in noth flasks. This is to be expected considering the fact that a

large populaticn of methanocenic orgarisms is present (n soth flasks. It can

aiso be seen that methane is being produced Togarithmically once again.
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Since there are so many cells presen{ in the flask at this time, the
hydrogen is consumed vefy rapidly. Aé can be seen from Figure 14, after 120
hours of growth the orgaﬁisxs in flask C had produced a total of 1.17 mmoles
of methane. -ThirtyAhours after the addition of hydrogen culture C had produced
0.90 mmoles of methane. It would thus appear that cu]tﬁres which have stopped
producing methane héve done so because of hydrogen depletion and that if hydro-
gen is replenished, these cells are capable of rapidly convérting it into
methane. |

Theré still remained, however, several questions about hydrogen utiliza-
tion. How many times would the cells consume the hydrogen given to them?
Could the cells really use all the available hydrogen as data from Table 3 ,
would suggest? Is there some level at which methane would become inhibitory?

In an attempt to answer these questiens, the experiment with the flasks
of M. ruminantium was continued. The flasks were incubated until the hydrogen
added had been depleted. At this point the amount‘of methane in the flask was
determined by chromatography and hydrogen:. .carbon dioxide was added to a level
of 1 atmosphere {as judged by the pressure gauge}. |

| This process was repeated several times and the results are presented in
Tables 4 and 5. The mmoles H2 and mmoles CH4 present in the flask were cal-
culated on the basis of the volume occupied by these gases. At one atmosphere
of pressure a mmole of gas occupies 25.45 wml at 37 C and 24.46 ml at 25 C.
The flasks were incubated at 37 C and measured at room temperature so an inter-
mediate value of 25 ml/mmo]e‘was chosen for the calculations presented here.
In fact the difference between these values is slight. In calculating the
mnoles available in a flask containing 80% hydrogen, the value is 5.03 if
25.45 ml/mmole is used and 5.23 if 24.46 ml/mmole is used. The value obtained

using 25 ml/mmole is 5.12 moles. The methane theoretically generated from
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Day

9
10
10
12

12
15
15

17

17
19
19
21
21
23

TABLE II-4. Hydroéen Depletion by M. vuminaptium Grown
' Shake Eiask Culture--Flask A

%HZ

80

n

mnoles

Hy

5.12

1.38

mmoles

tn

eory

mmoles
4

CH

1.98
(1.62)

2.60

3.09

3.68

4.04

4.38

5.48

5.64

Change
in CH

1.98

.98
.49 |
.59
.36

.34

.98

12

.16

Symbol {(--) indicates a hydrogen level below the 1imit of the chromatograph.
Values for percent hydrogen and mmoles hydrogen represent what was added to
the flask on that day.




Day

O W NN O

10
10
12
12
15
15
17
17
19
19
21
21

23

TABLE II-5. Hydrogen Depletion by M. ruminantium Grown

in Shake Fiask Culture - Flask C

»%HZ | -nmgzes. | Cﬂéhggg;es BCH, m?gles
: 4

80 5.2 1.38

- — - 28.9 1.85

56.9 4.35 1.18

- -— - 46.1 2.95

44.3 2.83 77

- - - 53.4 3.42

36.4 1.95 .53 |

- - - No Accurate Data

-- - - 65.2 417

24.16 1.55 .42

-- - - 72.6 4.65
16.2 1.04 28

- -- - 83.8 5.36
15.6 .99 .27

- - - 86.6 5.54
10 .64 17

- -- - 88.1 5.64

in CH

Change

1.85
1.10

W47

.75

.48
71

.18

.10

Symbol {--) indicates 2 hydrogen level below the limit of the chromatograph. i

Values for percent hydroge
the flask on that day.

n and mmoles hydrogen represent what was added to
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any given améuﬁt of hydrcggn was caiculated on the basié of 3.8 mmoles hydrogen
needed for each mmole methane. To illustrate the procedure and the results
consider flask A of M. ruminantium (Table 4); The amount of hydrogen added on
day 7 (166 hours) was calculated on the basis of available volume not filled
with methane or carbon dioxide. By day 9 the hydrogen in this flask héd .

dropped below a level detectable by the chromatograph (0.11%¢). The meth.

- generated in the interval from day 7 to day'9 was 0.98 mmoles. This agrees

very well with the theoretical value of 1.03 mmoles calculated from the amount
of hydrogen {3.82 mmoles) added on day 7.
| On day 9 hydrogen was once again added to the flask to a level of zero on

the pressure gauge (1 atm). By day 10 the hydrogen was reduced below a detec-
table level and was replenished. This was repeated on day 12, 15, 17, 19, and
21. The values given for hydrogen added on day 10, 12, 15, and 17 are calf
culated from available space not occupied by methane and carbon ‘dioxide. Each
time the hydrogen was depleted, the methane was measured to determine how much
had been generated. In general this amount of methane produced agreed fairly
well with that predicted if all added hydrogen were metabaiized to methane.

Hydrogen was also added repeatedly to M. ruminantium flask C (Table 5).
As with flask A, some additions of hydrogen were made without quantitéting by
chromatography the amount of hydrogen add:d. The values given in Table 5 for
these cases were determined by calculations of available space.

The same experiment was done for two flasks each of the other three spe-
cies of methanogenic bacteria. These results are presented in Tables 6-11.
After the hydrogen in the flask had dropped to a level at or below the Timit
of sensitivity of the chromatograph, hydrogen was added to a pressure of zero
on the pressure gauge {1 atm). Hydrogen was then rechecked with the'chromatOQ

graph and peak sizes compared with a standard to determine exactly how much

90
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- TABLE [1-6. Hydrogen Depletion by M.0.d. Grown in Shake Fiask Culture

Day %Hz , mmoles CH, mmoies %CH4 muoles ?hange
Hz theory _CH4 -1n_CH4

0 80 502 1.38 |
13 -- -- - 28.6 1.83 1.83
13 56.9 .66 .98 |
15 - -- - 45.35 2.90 , ,j.07
15 44.23 2.8 76

16 - - - 61,5 3.94  1.04
Symbol (--) indicates a hydrogen level below the limit of the chromatograph.

Values for percent hydrogen and mmoles hydrogen represent what was added to
the flask on that day.

TABLE 1I-7. Hydrogen Depletion by M.0.H. Grown in Shake Flask Culture

Day %H2 : mmoles CH4 mmoles '%CH4 ~ mmoles Change
HZ’ theory CH4 . in CH4

4] 80 5.12 1.38

13 -- - - 26.9 o 1.72 1.72
13 55.5 3.55 .96 A

15 -- - - 43.8 2.80 1.08
15 45.7 2.92 .79

16 -- - - 2.8 4.02 1.21

Symbol (--) indicates a hydrogen level below the limft of the chromatograph.

Values for percent hydrogen and mmoles hydrogen represent what was added to

the flask on that day.
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TARLE n_..g.' Hydrogen !}epieiien by M. barkeri Grown in Shake Flask Culture

Day 2H mmoles CH, mmoles ~  %CH mroles Change
2 H, heory 4 g in CH,
0 80 5.12 1.38 . |
5 -- - - 25 1.60 1.60
5 55.5 ' 3.55 .96
8 -- - - 47.3 3.03 1.43
8 45.5 2.91 .78 ' -
no - - - 51.8 3.32 .29
Y 9.2 2.51 .68 |
16 -- - - 64.3 4.12 .80
16 29.8° 1.0 .51
20 - - - 7.8 4.60 .48
20 24.0 1.5 .42 | |
22 -- - -- 80.1 ‘512 .53

Symbol (--) indicates a hydrogen level below the limit of the chromatograph.
Values for percent hydrogen and mmoles hydrogen represent what was added to
the flask on that day.
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TABLE 11-9. Hydrogen Depletion by M. barkeri Grown in Shake Flask Culture

Day %Hz mmoles 2
: Hz theory

0 80 5.12 - 1.38

5 - - --

5 55.5 3.55 .96

8 - - -

8 51.7 3.31 89
n o -- - -

1 42.2 2.70 - .67
16 -- - —-

CH, mmoles

%CH4

25.5
45.45
47.5

47.9

mmoles

CH,

1.63

2.9

3.04

3.05

Change
in CH4

1.63
1.28
.13

.02

Symbol (--) indicates a hydrogen level below the 1imit of the chromatograph.
- Values for percent hydrogen and mmdles hydrogen represent what was added to

the flask on that day.
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TARLF 11-10. Hydrogen Depletion

Day-

0
7

-

10
10
13
13
15
15
16
16
18

%HZ

mnoles
Hy

5.12

o b o oAb T, bt A 1 »..wru-;

by M. hungatii Grown in Shake Flask Culture -

c 41:%?;3?;5 3CH,
1.38 _
-- 28.9
1.08 |
- 4.5
81 __

- 53.8
.66

- 65.1
.53

-- 74.5
42

-- 78.0

mmoles
Gy

1.85

2.98

3.44

4.16

4.77

4.99

Change
in CH4'

1.85
1.13

.46

.61

.22

Symbol (--) indicates a hydrogen level below the Timit of the chromatograph.

Values for percent hydrogen and mmoles hydrogen represent what was added to
the flask on that day.
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TARIF 11-11. Hydrogen Depletion by M. hungatii Grown in Shake Flask Culture -

b |

~ Day : %Hz mmoles . CH ‘me'ies 2CH mmoles Change

4 4 . P,
] | HZ ‘ tﬁeory ‘ CH4 ) in \,H4
s 6 - 8 5.12 - 1.38 | :
= 7 - e - 0.4 1.9 1.9
B 7 63.4  4.06 1.10 |
B 10 -- - - 43.3 2.77 .83
10 47.5 . 3.04 .82 |

; 13 -- - .- . 57.3 3.67 .90

) 13 375 2.40 .65
™ 15 -- — e . 68.3  4.37 .70
L ' _ . '

. 15 29.7 1.90 .51 |
L, 16 -- -- -- 4.9 4.79 42
o 16 23.8 1.52 41 |

U 18 - - - 8.0 5.12 .33

-

(] Symbol (--} indicates a hydrogen level below the limit of the chromatograph.
Values for percent hydrogen and mmoles hydrogen represent what was added to

i the flask on that day.

.
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hydragen'hadAbEen,added. As deséribed previously methane wasralsc monitored
and the aﬁount produced in the intervals between hydrogen additions was cal-
culated, | | | |

>It can be seen that in all cases the aﬁn&nt of methané produced agrees
rather well with the amount calculated from the known amount of hydrogen added.
Also this data clearly show that the methanogenic organisms can repeatedly
utiiize any hycrogen which is made évai]ab]e to them. Hydrogen was added to
cultureé as much as nine times and each time it was removed and.reduced to a
concentration either at or below the limit of detectability with the gas chroma-
tograph. This indicates that the_methanogenic organisms have a tremendous
affinity for their substrate, hydrogen. This is especially impressive when one
considers that the pressure in the flasks was in most cases consfdérab1y less
than 1 atm. At the time of the first hydrogen depletion the pressure change is
the greatest because there was not very much methane. in the ffask. Assuming a

pressure drop to 0.3 atm and a hydrogen depletion to the level of detectability

-of 0.11% hydrogen (v/v) in the flask, a calculation of the solubility of hydro-

gen gives a dissoclved hydrogen concentration of 2.36 nmoles per 100 ml. It
should be remembered that the Km value calculated by Hungate and coworkers
(23) was 100 nmoles pef 100 ml.

A final conclusion which can be drawn from these experiments is that
there does not appear to be any inhibition as a result of the accumulation of
méthane up to the level of 88% methane in the atmosphere which was he highest
level reached.in these studies. With regard to this it should be pointed out
that methane is not a very soluble gas in aqueous systems. With a concentra-
tion of 80% methane in the gas phase and a total pressure of 1 atm, the amount
of methane dissolved in 100 ml would be 0.0915 mmoles or 2.29 ml. The one i1l

effect of methane accumulation is that as the percentage of methane increases,

9%
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the amount of volume occupied by hydrogen must decrease at aﬁy given pressure.

§e1? Number vs Methane Praduction

From the siudiés on the relationship between initial hydrogen concentra-
tibn ahd méthane production thefe appeared to be a reléticnship betﬁeen numbers
of methanogenic bacteria and the amount of methane produced. In an attempt to
determine just how close this relationship was, an experiment was performed in
which ten-fold dilutions were made of a cuiture of M. ruminantium.

Thefresults'of this experiment are presented in Table 12. In most cases
there is a-substaniial increase in the amount of methane in the interval 48 to
72 hoqfs which indicates that during this pericd the cells remained viable and
were fespiring. There aiso seems to be a direct relationship between the num-

ber of cells initiaily present and the amount of methane generated in a given

period of time. This is illustrated in Figure 15 in which the 10910 of the
anount of methane is plotted against the negative 'lo;g]0 of the dilution of the
original culture. The data for this graph were taken from the 48 hour sampling.

Tne fact that there was a direct relationship between cell number and

L RC L Er RN N e R o

quantity of methane is not too surprising since methane is the end product of

the respiration of these cells. The question of how much methan2 could be

produced in a given period of time by these cells remained to be investigated.

Rate of Methane Production _ o

The purpose of this set of experiments was to determine the rate of

methane production for pure cultures of methancgenic organisms. A review of
the literature shows that no investigator has attempted to calculate a rate of
methane production for a given number of cells. As discussed previously, the

only available data sugéést a rate of 6 X ]0"9‘pmo?es methane per hour per

- cell for M.O.H.
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TA3LE 11412. Relationship Between Humber of Methanogenic Cells

rr,;' and Amcunt of Methane Produced

= . Negative Log Dilution | .Re1ative Amount éf Hethane
] _ o 48 hr 72 hr
- 2 68,000 250,600 -
- 3 | 2,200 4,200
4 140 260
~ 5 63 . - 300
L 6 14 : - 28
.  7 14 - 34_
- 8 9 22
M 9 12 38
ry M. ruminantium test tube cultures incubated at 37 C. Units for relative
L-J amount of methane represent peak height and are the same units in all cases.

e e
i .
'
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FIGURE II-15. Methane Production vs Dilution of M. ruminantium--48 hours
Units for relative amount of methane represent peak height.
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The method used here to determine rate of methancgehesis per cell per

unit time utilizes a'direct count to determine cell numbers and chromategraphic
analysis to determine the amount of methane. The quantity of methane in a |
culture at any given time depends on two variables: time and cell number.

The nurber of cells is increasing'over time and it is assumed all of these
cells are continuously producing methane.

In the growth of a culture of methanogenic organisms there is a period of
time during which both the cell number and the amount of metiiane in the cuyl-
ture are_increésing exponentially. .This means that not enly are cell number
and methane increasing over time but they are increasing at a constantly.
increasing rate. When the logarithms of the measurements of methane and cells
are plotted agaiﬁst time, a straight‘1ine results. From this straight-Tine
portion of the graph one can estimate the amount of methane generated per unit
time and also the number of cells present at the beginning énd end of the time
period. » ]

The fact that the relationship of log cells and log methane to time is

linear made it possible to calculate the amount of methane and the number of

_gells from the equation of the line. This eliminates the necessity to take

readirigs directly from the graph which might introduce error.

From these values of methane generated per unit time and numbers of cells .
in that unit of time, one can construct a graph with these two parameters as
the axes. The s]ope of this graph will bé methane per time per cell.

The‘ekperiment and the analysis of data were done for a total ofv20 flask
culture of the four methanogenic organisms. The data and their analyses will

be presented for one flas culture of each organism. The data presented for

M. hungatii are those obtained with hydrogen as sole energy source. The actual

experimental measurements for these'f1asks are presented in Tables 13-16. The
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Time
hrs.

14
18

20.5
22.5

24
27

28.5
39.5

43
48
49

69.5
71.5

Tota] CH Log CH
smoles 4 : 4
1.4 : . 148
14 . 1.146
20 1.301
82 ' 1.914
231A 2.364
642 2.808
628 2.798

1309 3.117

101

1.4 x10

'TABLE I1-13. Actual Measurements of Cells and Methane--
M. ruminantiua

‘Total Celis

9.5 x 107

2.1 x 108

1.2 x 10°

9

5.9 x 109

1.96 x 1010
1.73 x 1010

2.64 x 1010

Log Total

Cells
7.978
- 8.322
9.079
9.130
9.770
10.293

10.238

10.422
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Time
ars.

. 9.5

10
22.5
23
27.5
28
33.5
34.5
47
47.5
53
54
59

- 59.5

72.5
75

TABLE II-14. Actual Measurements of Cells
M. barkeri

Total CH Log CH

pmoles 4 1
3.4 R 526
10.4 1.021
14.6 1}164
22.3 1.350
83 1.920

140 2.146
258 2.412
486 ' 2.687

102

Total
3.00
8.00
1.40
5.60
7.60

1.94

1.52

4.96

and Methane--

Cells

X f07
X 107
x ]08
x 108
x 10
x 107
x 10

X 109

Log Total
Cells

?.477
- 7.903
8.1@6
8.748
8.881

9.288

9.696
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hrs.

94.5
95.5

104.5

105
119.5
120.5

TABLE I1-15. Actual Measurements of Cells and Methane--

Total CH 4
‘moles

- 2.6

14

21

- 83.5

164

445

M.0.H.

Log CH 4

1.320
1.922
2.215

2.648

103

Total Cells

5.55 x 107
1.60 x 108
3.25 x 108
3.35 x 108
7.00 x 108

1.52 x 10°

Log Total

Ceﬂ_s
7.740
8.204
8.512
8.525

8.845

9.182
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TABLE 11-16. Actual Measurements of Cells and Methane--

M. hungatij

Time , Total CHé Log EH4 Total Cells Log Total

hrs. mmoles _ ' Cells
- 39 ' 1.8 .258 A
o 50 | | 1.45 x 108 8.161
62.5 8.7 .937 |
- 63 | 3.00 x 108 8.477
~ 73.5 42.5 1.196

74 2.95 x 108 8.470
- 85.5 40 1.602 |
86 ~ | 7.50 x 10° . 8.875
— 96.5 110 2.081
i 97 | 1.35 x 10° 9.130
109.5 356 2.551
S 110.5 3.52 x 10° 9.546
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gfaphs of time vs total cell number and total methane generated are presented
in Figures 16-23.

It can be seen from these graphs that both methane generation and cell

number go through a period of exponential increase. A Tinear regression analy-

sié was done for all graphs to determine the equation of the straight line por-
tioﬁ of each of the curves. The form of thi; equation is y = mx + b. A sum-
mary of the values for slope and intercept for all four flasks is given in
Table 17. '

Using this equation, the amount of methane and the number of cells pre-
sent at‘any.given time can be calculated (Tables 18-21). For this analysis an
interval in the middle of the straight-line portion of the curve for cells and
methane was chosen. It is important to use the same interval for both graphs
since these values are going to be combined and must be directly comparable.
It should be noted that the equation of the Tine gives the log methane and log
cells. The antilogs or actual concentration of methane and cells are used for
the remaining_ca]culations. By subtracting each value for methane from that
following it, it is possible to calculate the hourly increase in methane. Tﬁe
cell count at the beginning of each hour is obtained direct}y from the graph
or the equafion of the line on the graph.

A1l that remains is to plot the.rate of methane generation versus the cell
count. This has been done twice Tor each culture as shown in Figures 24-27.

In the first case the number of cells present at the beginning of the hbur is
considered to have prbducedAthe methane. In the second case it is thé'cells

present at the end of the hour which are considered to have produced the

methane. This gives two slopes representing two different rates of methane A

produced per cell. The actual value will lie somewhere between the two. In

practice it is not really necessary to plot the data since a linear regression

105

P e v i s T
b g et



RN A

80

60

20

3.0

2;5

(=

0 (o
N ~{ ’ ~{

L —"

(satourd) INVHIEW IVIOL DOT

ey o] e mhu ﬁﬂu

PRS- PRSI Jo—

[

TIME (hours)

e N P ST A

ruminantium

Total Methane vs Time--M.

FIGURE I1-16.

106



B

ho 60 80

TIME (hours)

20

10.5

30,0

8.5 -
8.0

i

o
*

o

9.5 7

§7130 1VIOL D01

e e W e Wi s W e HP e S e s A e s S S S S RO N VO [ OO RSl

gz g A
s AR TR

o s T TR T M R AR

Total Cells (100 m1) vs Time--M. ruminantium
107

I1-17.

-
=
: .

FIGUR

o e
h i |
bmmed



e

g P R T AT

" 5 g

60 80
TIME (hours)

40

20

2.5

! . {
Q. [T9)
- .
2

-
(satowd) ANVHILEW TVL

I T o O e T s T O R B

1
o

-t
0L D01

0.5 7

PRS———

N PEUGEESE -

(rprmemmee

2

Log Total Methane vs Time--M. barkeri
108

FIGURE II-18.



m_u..:,s il i -
il
B
I “
i
i
i
|
o .
w ~ @ .m
’ 8
| =
=
[on]
) .m
[
' 2
. . >
5 =
(@] = o
- )
¥ g = o
S e fos) N
o 0 =2
g 3 ﬂ,v
‘ . © w
& "o 1.
~ o i
B 5 |
. !
- |
[l ¥
[]
! et
ol
w '
: 1 T T ¥ T o)
T3 o w0 o n 2
o o © @ t~ &
o o o
ST130 1IVLOL 901
— ’ k 5 e ey e Y Fsseaan oo atiet o o . , . -
ot R s T e [ A O M T S OIS St [ | I I I LU0 IS T R O I O
o ) e PR U — — e e — N — e



e

ST e b

{ i
74} o

+ L]
r [}

2-5‘-"
2.0 -

(setoud) ENVHILIW TVIOL DOT

350 N o s T s o R o i O 0 [ U IS BRSNS B S

e

TIME {(hours)

0.5 -

1

s

Log Total Methane vs Time-—H,G.H.

FIGURE T1-20.

Tio



RSNy Lo

Lt

i S,

U L L bl

i Ld Ld

i

1
Lwremima

-

LOG TOTAL CELL NUMBER

9.5

8.5

T — I i : T
T 60 80 100 120

TIME (hours)

» FIGURE II-21. Log Total Cell Mumber (100 mi) vs Time--M.0.H.

1

T a T ps S

N e B e T3

oAbl




{
120

'
1¢0

TIME {hours)

o

40

2.54
2.0‘-

i . |

mn (o]
L
L)

0.5—

.

-
(satoud) INVHIAW IVIOL DOT

{550 OO T ([ U NS G S O S

hun atii

Log Total Methane vs Time--M.
112

~22.

FIGURE II



|
"

e g

(S

f—
R

o e s ) o e

)

o

}
1

1
H
I—

9.5 -

9.0 -

10G TOTAL CELL MUMBER

8.5

T T T « |
60 80 100 120
TIME (hours)

FIGURE II-23. Log Total Cell Number (102 ml)--M. hungatii

113



[

u.u;--.,,; T Ev,:;.,,_,.i {av&;"-«l

3
{:‘
J

§

oy

]

sl ol

R B

B
Lo

prry
i
|

i iy
SR

e
"

Prmm—
{

e 5 TR e R T T
B e the =

Culture

M rum
M bark
M.0.H.
M Eung

. TABLE II-17. Summary of Slopes and Intercepts for Methane
o and Cell Curves-All Cultures

"Log Cg]?s
.0719
03459
.01928
.02240

M rum = M. ruminantium

M. barkeri
M.0.H.
M. hungatii

Rate of Increase

/hr

Log CH4/hr ' Cells Ty
. 0952 7.5472 -.2537_
'.03578 7.2316 .2018.

.0319 6.8225» -1.1488
.03226 6.9849 -1.0775
114
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TABE 1I-18. Amount of Methane and Cell Number Used to Calculate Rate
' M. ruminantium

Time " Log CH.  Total CH

aCH Log . Ceﬂ-
(hr) Tota14 umoles 4 /.zmo]eg/hr Cells X 'H)g
‘ - pmoles : }
15 1.1783 wos - s.6257 4.22
16 '_1.2595 18.60  3.66 8.6976 1 4.98
17 1.3647 23.16 4.56 8.7695 5.88
18 1.4599 28.83 5.67 .8.8414 .94
19 1.5551 35.90 7.07 '8.9133 . 8.13
20 . 1.6503 44.70 ' 8.80 8.9352 9.67
21 1.7855 55.65 10.95 9.0571 11.40
22 1.5407 69.30 13.65 9.1200 13.46
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Time

(hr)

30
31
32
33
34
35
36
37
38
39
40

TABLE 11-1¢. Amount of Methane and Cell Number Used to Calculate Rate
M. barkeri

Log CH
Total?
Jpmoles
1.2753
1.3111
1;3469
1.3827.
1.4185
1.4543

- 1.4900

1.5258

1.5616
1 1.5974
1.6332

Tétal CH
pmoles
18.85
20.47
22.23
24.14
26.21
28.46
30.91
33.56
36.44
39.57
42.97

116

ACH,

pmoles/hr

1.62
1.76
1.91
2.07
2.25
2.45
2.65
2.88
3.13
3.40

Log
Celils
8.2694
8.3040
8.3385

8.3732

8.4078
8.4424
8.4770
8.5115
8.5461
8.5807
8.6153

X10

1.86
2.01
2.18
2.36

2.56

2.77
3.00
3.25
3.52
3.81
4.12
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83"

84
85
86
87
88

Tﬁglg 11-70, Amount of Methane and Cell Number Used to Calculate Rate

Log CH
Total
Jmales
1.4050
174369
1.4689

| 1.5008
. 1.5327
1.5647
1.5966
1.6285

1.6604

4

Total cné

Mmoles

25.41
27.35
29.44
31.68
34.10
36.70
39.50
42.51
45.76

H.O.H._
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ACH,
rmoles/hr

1.94

- 2.09

2.24
2.42
2.60
2.80
3.01
3.25

Log

“Cells

- 8.3648

8.3841
8.4034

8.4227

8.4419
8.4612
8.4805
8.4998

8.5191

Sk
2.32
2.42
2.53
2.65
2.77
2.89
3.02
3.16
3.30
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TABLE I1-21. Amount of Methane and Cell Kumber Uéed to

Time
(hr)
75
76
77
78
79
80
81

83

Log CH
Total
pmoles

1.3423

4 .

1.3745

1.4068

1.4391

1.4713
1.5036
1.5359
1.5681
1.6004

M. hungatii

Total CH
pmoles
21.99
23.69
25.52
27.48
29.60
31.88
34.34
36.99
39.85

4
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ZSCH4~
pmg]es/hr

-

1.70
1.83
1.96
2.12
2.28
2.46
2.65
2.86

Leg

Cells
8.6647
8.6871
8.7085
8.73]9
8.7543
8.7767
8.799i
8.52]5
8.8439

Calculate Rate

at
4.62
4.86
5.12
5.39
5.68
5.98
6.30
6.63
6.98

i s
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RATE (umoles methane/hour)

FIGURE 1I-24.
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Rate of Methane Production vs Cell Number--M. ruminantium
@ = cells present at beginning of hour irterval considered
to have produced the methane.

O = celis present at end of hour interval considered to
have produced the methane.
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RATE (pmoles methane/hour)

FIGURE 1I-28.
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CELL NUMBER X 108

Rate of Methane Production vs Cell Number--H.0.H.
@= cells present at beginning of hour interval
considered to have produced the methane.

O= cells present at end nf hour interval considered

to .have produced the meth .e.
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RATE (pmoles methane/hour)

FIGURE 1I-27.
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Rate of Methane Produbt1on vs Cell Number--M.

considered to have produced the methana.

hungatii

® = cells present at beginning of hour interva

O= cells present at end of hour 1nterval considered

to have produced the methane.
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analysis will give the "best-fit" equation of the line and therefore the best

~slope. A summary of the rates of me&ha#é_praducticn for all flasks is pre-.

sented iﬁ Table 22.

Analysis of Sampling Errors _ ' L
One of the advantages of the method used is thét it tends to reﬂnce the

effect of any sampliing error. However, it is important to determine the effect

~ of errors in the original measurements of methane and cells.

In an attempt to do this an analysis of the flask of M. ruminantium
described previously was undertaken. A 95% confidence belt was generated

around the least squares line (Figures 28 and 29). If the mean of the popula-

tion of y values lies on the least squares line, then when the population is

sampled 95% of the samples w®11 lie withia this confidence belt.

Rate of Methane Generation for Lake Erie Isolate

A}though fhe organism isolated from Lake Erie resembled M.O.H. in every
other respect, it grew very s]ow]y,'especially in liquid medium. The experi-
ment on rate determination waé attempted on many occasions with this organism.
But on each occasion,_even with a very large inoculum, it took these cells days
to reach the saie level of methane generation and cell number reached by other
species in é matter of hours. Because of these considerations a somewhat
different method of analysis was used to arrivé at the rate of methaﬁe genera-
tion for these cells. | | |

- A flask culture of tﬁis organism which had been growing for approximafeiy
one month had-produced considerabie methane and reached sufficient mass that
the cell clumps could be seen. This flask was purged with HZ:CG2 (80:20) for

5 minutes and placed on a rotary shaker at 37 C for 30 minutes. It was then

purged for another 5 minutes with HZ:CGZ (80:20). This was done toc remove
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L _ TABLE II1-22. Rates of Methane Production for Al1 Flasks
L Culture Inc. Inc. . pmoles/hr/108 Cells
' Cells CH Range Avg
] Tog/hr Tog/hr
M bark
— 1.1 .0240 .0238 1.2537-1.3258 1.2897
! 1.2 0219 .0265 : 6847~ 7204 .7025
i 1.3 .0286 .0269 .9419-1.06058 .9738
. 2.1 0346 .0358 .8429- 9129 .8779
! 2.2 ..0259 0375 .9540-1.012¢9 .9834
L 2.3 .03%9 .0382 .7760~ .8508 8134 )
a avg .0291 .0314 o 29401
L] ' :
- M rum
[:% 1.1 .0216 .0778 2.3831-2.5064 2.4447
: ‘ 1.2 .0431 .0562 .7769- .8589 .8179
Lo 1.3 .0458 .0957 1.0845-1.2054 1.1449
! 2.1 .0930 .0963 1.1402-1.4132 1.2767 .
R 2.2 .0725 .0974 .9536-1.1271 1.0403
2.3 - .0719 .0952 1.1771-1.391% 1.2843
L avg .0580 .0864 1.3348
(1. Mo
- 1.1 .0086 .0300 2.8713-2.9288 2.9000
1.2 ‘ .0164 .0253 2.3027-2.3918. . 2.3472
i‘7 1.3 .0148 .0262 2.1907-2.2667 2.2287
4 2.1 .0193 .03i9 1.4791-1.5461 1.5126
2.2 .0269 .0313 1.2301-1.3030 - 1.2695
N 2.3 .0285 .0350 1.5537-1.6581 1.6054
— avg .0150 .0299 1.9772
— M hung
N T .0224 .0323 .5485- 5775 .5630
| ! 2 .0294 .0329 .5100- .5572 .5336
- avg .0259 .0326 .5483
8 | | | |
— M bark = M. barkeri, M rum = M. ruminantium, M.0.H. = M.0.H., M hung = M. hungatii.
ey Culture series 1 for each species inoculated with same inoculum. - -
E ; Culture series 2 with a different inoculum.
(-
L
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LOG TOTAL METHANE (pmoles)
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Log Total Methane vs Time for M. ruminantium with 95% Confidence
Belt and HWorst Sampling Errors Indicated
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FIGURE IT-23. Log Cell Number vs Time for M. ruminantium with 95% Confidence

Belt and Worst Sampling Errors Indicated
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methane in the gas as well as the 1iquid phase of the culture. It was then
replaced in the incubator and monitored for methane and cell number over time.
Time zero was taken as the end of the second purging.

The measurements of cells and methane are presented in Table 23. Ii can.
be seen that there is a slow but steady increaée'in both methane and cell num-
ber. Rate of methane generation vs cell number is plotted in Figure 30.'_It
can be seen that as the.ce11 number increases, the rate of methane production
increases. A linear regression analysis was done for these points. The "best-
fit" line has a slope of 1.0686 umoles methane per hour pér 108 cells. This
rate is somewhat lower th>n that of the cultures of.M.O.H. It is still, how-

ever, well within the range of rates of methanogenesis calculated for all cells
(Table 22).
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TABLE II-23. Actual leasurements for Time, Cell Number, and Amount of Methane
: : for a Flask Culture of Lake Erie Isolate :

Time CHy Change Change ' Rate Ce11 Number
hr pmoles Time CH, CH, /by X 108
a 4.01 - - - -
18 18.02 14 140 1.00 2.5
24 . 28.65 6 ' 10.63 | 1.77 -
43 82.19 19 " 53.5 2.8  5.25
68 188.62 25 106.43 4.26 4.30
9.5 282 2.5 93.38 a.15 6.35
115 430 24.5 148 6.04 6.75
166 1003 51 573 11.23 11.85
128
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CONCLUSIONS

Perhaps before beginning a discussiqn of this work it would be well to
summarize the importance of methéne production. The generation of methane is
"the final step in the anaerobic degradation of organic matter. Among the pro-v'

ducts of heterotrophic metabolism of organics are>acetate, carbon dioxide, and
hydrogen. These are turned intc methane and cells by the methanogenic species.
Since methane gas is poo%ly so]ub]é, its formation has the effect of removing
carbon from the system. Methane generation also “pulls" the chain of reaction$
by removing hydrogen and tﬁus displacing the equilibrium in favor of degrada-
tion of the organic matter.

fhere are three main environments in which this process takes place. A
truly impressive amount of methane is generated in the rumen of a large cow
which may produce 200 liters of methane per day (45). Man has taken advantage
of the anaerobic digestion process in sewagertreatment plants which contain
huge fermentation vats. These produce large amounts of methane which are
often used to pkoVide heat and/or power for the plants. The sedimant at the
bottom of ponds and lakes is the last environment in which methane generation
is important. Foree and McCarty (15) working with laboratory c&ltures reported
that methane fermentation was responsible for the stabilization of algal
organics. Methane generation is therefore vital in this ecosystem for the
cycling of carbon.

One accomplishment of this study was the isolation of'a methanogenic

organism from Lake Erie. This organism is morpho1ogica11y very similar to

Methanobacterium M.0.H. which is in turn probably a variant of Methanohacterium

TS

formicicum (5).
Both the existence of methane in aquatic systems and the potential for

methane generaticn are well documented (2, 3, 18, 25, 27, 36, 46). In spite
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of this, most pére cultures have been isolated from either rumen contents or
sewage systems (14, 23, 32, 42, 43, 44). One exception to this is a report by
Prins et al. {34) of the isolation of an crganism they identified as Methano-
bacterium K.0.H. from a mud sample taken from a small sweet water pond. It is
to be expected that the same organisms which generate methane in the rumen and
in sewage sys%ems are present in aquatic environments. However, more organisms
need to be identified in lake systems in order to stréngthen this hypothesis.

As discussed previously, work with methanogenic organisms has been retarded-
by the extreme difficulty encountered with pure culture work. At present there
are eight well éharacterized speciés of methane producing organisms (S’. The
nutritional reéuirements of two of these organisms have been recently reviewed
by Bryant et al. (8) and are rather well understood. Investigaters at the

University of I1linois have undertaken an intensive study of the bicchemisﬁhy

“of the terminal steps in the methanogenic process. This work has been mosf

recently summarized by Wolfe (49). These physiol-gical studies are, of course,
valuable but some of the more elementary questions about rate of generation of
methane and hydrogen uptake also needed to be answered. |

Perhaps the most unexpected result of tais study was the great similarity
in the metabolism of the species studied. These represent all four morpholo-
gical types of methane producing orgaﬁisms.' All are quite different which has
suggested to Zeikus and Bowen (51) that the ability to produce methane is the
end.point of great evolutionary divergence.

There are, huwever; reperts in the literature which suggest that methane
producers although morphologically dissimilar have a very similar metabolism.
Prins et al. (34) have demonstrated that chlorinated methane analogs irhibited
methane prod&ction in both M. ruminantfum and M.0.H. There is presently some

doubt as to the exact mechanism -of inhibition by the chloromethanes but it
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seems to competitively inhibit a methyl transfer reaction (49). -At any rate
it is instructive to note that two very different species are inhibited by the
same compounds. o _ | ’
Another piece of evidence for the similérity of the physiology of methane
producers is in a recent article (48) demonstrating that both M. r&minantium

and M.0.H. contain F420, an important cofactor in the hydroganase system of

~ these organisms.

Pesults of this study strengthen the concept of metabolic similarity. All
species tested had a tremendous affinity for hydrogen, the main energy source
for methanogenesis. Also uhen hydrogen was present in excess, all of these
bacteria produced methane at approximately the same rate. These two facts
allow one to speculate about the factors influencing methane production in any
system even if the dominant type of organism is unknown.

The studies of hydrogen metabolism demons trate the affinity of these cells
for their substrate. The cells were able to repeatedly remove essentially all
of the hydrogen from a flask, causing the pressure to drop to 0.5 atmospheres
or lower in the process. It ié unlikely that any methanogenié organism in
nature would ever be faced with the levels of hydrogen presented in these
depletion experiments. Hydrogen arises in nature as the result of anaerobic
decomposition of organic matter. As such it is being continually generated by
the heterotrophic organisms present in the same environments as the methano-
genic bacteria. However, the ability of the methane producers to utilize all

available hydrogen in the shake flasks indicates that they can_quite probably

“do the same thing in a natural environment.

One reason why hydrogen does not normally accumulate in anaercbic environ-

ments such as sewage plants, the rumen, and the mud at the bottom of lakes is

~ that methane producers use it as fast as it 4s produced. This h-s been
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demonstrated by methane inhibition experiments in the rumen (1) and in sewage
systems (47). Anbther reason why hydrogen does not accumulate .is that those -
organisms which produce hycrogen may produce it in much lower levels if it is
not being immediately consumed for methanogenesis. This has been demonstrated
by Reddy et al. (35) and mdre recently by Scheifinger et al. (40).
| These consideraticns suggest that monitoring Teve]s of methane preduction
in an aquatic ecosystem might be a way to gauge the water quality. When-
organics are added to a water column the process of decomposition begins; One
of the products of this is hydrogen gas. Any hydrogen produced in this fashion
would be rapfd]y turned into methane. Methane is a poorly soluble gas which is

only attacked biclogically in the presence of oxygen. It is therefore jikely

- that methane will remain in the water above the sediment or bubble up from the

sediment to be detected. The idea is that increased levels of organic carbon
chTd be transformed into methane which would serve as the indicator. Pre-
Timinary unpub1fshed dat& from Lake Erie reinforce this concept. There seems
to be higher levels of dissolved methane and higher'production rates inbareas
of the lake near heavily populated areas where higher levels of organics would
be found. '

The assumption behind this is that the methanogenic bactera are always
present in sufficient‘numbers to assimilate all hydrogen and that hydrogen is

rarely present in excess. Work with both the rumen (1) and sewage systems (47)

demonstrates that hydrogen does not accumulate unless methanogenesis is inhibited

indicating that the methane bacteria use hydrogen as fast as it is produced.
It is probable that this is also the case in aguatic systems. In this study

when hydrogen was added'to lake sediments, there was a vast increase in methane

production over endogenous levels.
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Rates of methane production have been obtained for several cell types.
These range from 0.53 to 2.9 umoles per hour per 168 cells. The high‘and Tow
values were obtained with a flask of E.O.H. and M. hungatif respectively. The
overall average for all four species is 1.2 umoles per hour per 168 cells.
This should be considered the maximum rate of methanogsnesis since it was
obtained from 1og phase cells in the presence of excess hydrbgen.

If methane is generated at a rate of 1.2 umoles per hour per 108 cells,
then the rate of hydrogen uptake should be approximately 4.4 umoles per hour
per 108 cells. It is interesting to compare this rate with rates published
for other cells using hydrogen as an energy source. Uptake values for ﬂxgggg._

genomonas facilis are 17.8, 28, and 28.8 umoles per hour per 109 cells (28, 38,

39). A value for Hydrogenomonas ruhlandii is 5.6 umoles H2 per hour per 109

cells (33). These values were cbtatned in manometric studies with resting cells

- with oxygen in the atmosphere. A sulfate reducing species was reported to con-

sume hydrogen at the rate of 4 pmoles per hour per 109 cells using sulfate as
the terminal electron acceptor (10). This value was also obtained with mano-

metric téchniques. "Al1l1 of these values were reported on the basis of mg dry

weight of cells and were converted to ceil number using 109 cells per mg.

The value obtained for the methanogenic species is somewhat highef,than
the values for the other cells using hydrogen. It must be kept in mind that
the rates for the other cells types were oﬁtained from resting cell techniques
while that for the methanogenic species was derived from growing cells. HNever-
theless the values for rate of utilization of hydrogen for all three cells are

reasonably close together.

This is especially interesting when one considers that these two species
are very different from each other and are using three different compounds as

electron acceptors. An interesting topic for further research would be an
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“investigation of the rate lTimiting step in methane generétion. These data
lead to specuylation that it might be asscqiat&d with the hydrogen utilization

- side of the picture.

Using the average rate of 1.2 pmoles CH4-per hour per Ioabcells ong can
calculate the potential for methane production if the number of methanogenic
bactéria is known. Fof example Belyaev (2) has reported finding 2.5 x 103 to
2.5'x 105 methane producing cells pér ml in the mud of several Russian lakes.
Tﬁe maximal rat2 of methane production should then be 0.03-3.0 nmoles per hour
per ml.sediment. |

The converse of this Tine of reasoning also allows for some speculatien.
If.hydrogen is present in excess, then the rate Qf methane generation should
be determined by cell numbers. If one measured the rate of methane production
ovér time it would be possible toc wake an estimate of the number of methane
prdducers present. For example Macgregor and Keeney (25) obtained 400 nmoles
per ml sediment as the maximgm rate of methane generation in Lake Mandota sedi-
ment. They incubated the sedimeant for 48 hours under at atmosphere of helium
at 10 C. This is a rate of 8.3 nmoles per ml sediﬁent per hour. The minimum
number of methanogenic organisms in that mud sample should be 7 x 105 bacteria
per ml sediment. The numbers may 1n fact be higher than this since the tempera-

ture was rather low and the atmosphere was helium rather than hydrogen. Both
of these facts would tend to depress the rate of methane generation. To
accurately judge numbers from rates one would have to add excess hydrogen to
the system. Due to the great affinity of methane producers for hydrogen, it
is 1ikely that they could effectively compete for the hydrogen even if many
other cells of different types ware present which would be the case in a sedi-
ment sample. It is also encouraging to note that in this study the rate

obtained for the Lake Erie isciate was very close to that obtained for the
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known pufe cultures even Lhough ité growth rate was much slower. So it would
not even be necessary for the ce?]s in a sediment sample to be growing ragxdly
for a reasonab?y accurate rate to be obtained. ‘

In conclusion there are several implications of this §tudy which héed to
be reviewed and discussed. First of all the studies on hydrogen uti11zation.
show quite clearly_that methane producing organisms are able to utilize esseﬁ-

tially all hydrogen available tc them. These studies also demonstrated that

the acrumu1at1on of methane does not appear to be inhibitory. These two facts,

in addition to the rate statements, might be important considerations in the
design of anaerob1c digestors for the purpose of the gereration of methane for
commercial purposes.

The possibility of using methane geheration as an indicator of water
quality has already been diséussed as has the use of rates of production to
determine numbers and numbers to est mate ootentié] rate,

Methane generation is of major importance in anaercbic sewage treatment
and is also important in stabilization of organics and carbon cvcling in the

aquatic environment. These results could therefore be useful to people in both

_ these fields with respect to the des1gn of models.

Finally it must be emphasized that since the rate of production of methane
and the ability to utilize hydrogen are very similar for all species studied,
the considerations mentioned above should hold for all systems regardless of
which organism may be dominant.

Some areas for further work are the isolation of more methanogenic speéies
fi-om aquatic environments and investigation into the rate limiting stép in
methane generation. Also; reliable estimates of numbers of methanogenic
organisms in an envircnment need to be correlated with rate of methane genera-

tion in order to establiish the ability to estimate one from the other in mixed
culture situations.
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SECTION 111
INTRODUCTIOR

The biochemistry of methane productionvand bacteria] methanogenesis has
been fhe focué of several studies while other studies have examined‘bactéria1
methanogenesis in natural envirdnments. The distribution and popu?ation of
methanogenic species'in aquatic sediments have not been investigated.

Various méthods for the enumeration of methane badteria_in the natural

environment have been reported but these methods have been dependent on Most

- Probable Number (MPN) techniques or on enrichment procedures. Even though

these procedures provide valuable data concerning the total approximate'number
of methanégens, these methods cannot differehtiate the genera of methane
bacteria’present. Also considering the fastidious nature of these strict
anaerobes; dfff?cu]ties may be incurred during sampling and/or subsequent
handling during inoculatidn into the appropriate media. Thus an accurate
method is ﬁeeded which can determine the actual number and tybe of methano-
géns present in an untreated sample. The method of choice is the fluorescent
antibody (FA) technidue.

The pufpose of this survey was to determine the rate of methane evolution
from the sediments of selected sampling sites in Cleveland Harbof and to deter-
mine the distribution of severé] known genéra of methanogenic bacteria in the
harbor sediments. To supplement this data, methane production potentials were
estimated from a series of in vitro experiments, and the sensitivity of the FA

technique was increased by organic and inorganic enrichment of the sediment

samples.
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- MATERIALS AND METHODS

Hethane evolution rates wafe monitored by a specially constructed
ihverted sheet metal (18 ga.) cone giving a surféce area of O.sz and asso-
ciated gas trap. The gas trap consisted of an-apprépriate1y modified 100 ml
plastic graduate cylinder stoppered with #6 neoprene stopper into which the
top half of a Hungaﬁe anaerobic test tube was inserted. lAt a Jlimited number
of stations in C]eve]aﬁd Harﬁor the cone was lowered on a steel cable to
approximately 0.5 m above the harbor sediments. Evolved gasas collected for
an appropriate period of time after which the cone was retrieved and the volume
of total gases evolved was measured. The gaseous samples were transferred to
Hungate anaerobic test tubes which had been previously helium purged and
evacuated. The samples were analyzed on location with a Carle model 8000
Basic Gas Chromatograph (silica gel column 60/80 mesh, 1050C, helium carrier
gas) or were transported to the laboratory and were analyzed with a Varian 274G
flame ionization gas chromatograbh (Pbrapak Q 100/120 mesh, 105°C, nitrogen

carrier gas). The methane peaks were quantitated by a Linear Instruments
integrating recorder model 252.

Methane production potentials were evaluated by obtaining a sediment
sample (Ponar sediment sampler), a small quantity (5-10 cc) of which was placed
inte a 30 cc stoppered serum bottle. The subsamples were incubated at ambient
.temperatures for 5 days and then refrigefated until analyzed for methahe as
previousliy described.

The fluorescent antibody method used was similar to that of Schmidt et al.

(2). Pure cultures of Methanobacterium ruminantium, Methanobacterium strain

-HM.0.H., Methanosaréina barkeri, and Methanospirillum hungatii were grown in

organic medium. Cells were harvested, washed in saline and resuspended to ]09

celis/ml in sterile saline.
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Antibodies were produced in ~3 kg white New Zealand rabbits by intra-
venous -injection according to schedule reported by Schmidt et al. {2). The
final tube agglutination of all species was in excess of 1:1600.

Blood samples were obtained by cardiac puncture and were centrifuged to

‘ hdrvest the serum. The serum was fractionated by ammonium sulfate precipita-

tion similar to the methods of Schmidt et al. (2).

The protein was determined by the biunet method and the final solution was

- adjusted to 1% protein with phosphate buffer. The resulting protein solution

was conjugated to fluorescein isothiocyanate (FITC). Conjugation was-performed.
at 4°C overnight. Unreacted FITC was removed by exhaustive dialysis in phos-
phate buffer at 4°C. The final FITC conjugate was filtered sterilized and 2 ml
aliquots were stored at -20°C.

Spécifigity of the conjugate was evaluated by staining a variety of

bacterial species {Table 1).

Slide Preparations

The sediment samples to be analyzed wefe prepared as a slurry. A 0.05 ml
suspension of this sample was heat fixed to a glass microscope slide and a
sufficient volume of 1:1.5 rhodamine conjugated bovine serum albumin (Rh-BSA)
(Microbiological Associates) was applied as a counter stain. The Rh-BSA was
permitt.-d to dry completely at 37°C, after which free Rh-BSA was removed by
washing in 0.01 ¥ phosphate buffer (pH 7.2). The specific FA stain was applied
{0.65 ml volume) and the slide was incubated in a moist chamber for 1 hour at
379C. After completing the incubation, the unreactive FA was removed by
washing as bafore in phesphate buffer. The resulting slide was air dried
(37°C), covered ﬁith coverslip and immersion oil and viewed with a Zeiss Uni-

versal microscope adapted with an ultraviolet (UV) epiiluminator.
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TABLE III-1. Evaluatien of Specificity of FITC Conjugates
. - . FA Staining Reaction*

Bacterial Species* . ' M.o.H. M.R. M.S. - J.F.
1) Azotobacter vine1andii.(62) ‘ - - '.- -
2) Bacillus megaterium (21) - - -
3) Bacillus megaterium (125) ATCC 19213 - - - .

' 4) Bacillus subtilis (27) ' - - -
5) Clostridium pasteurianum (441) ATCC 6013 - - - -
6) Escherichia coli (395) - . - -
7) Methylocéccus capsulatus (452) ATCC 19069 & - - - -
8) Pseudomonas denitrificans (564) - - - 1-
9) Rhodospirillum rubrum (828) | , - - - -

10} Thiobacillus navellus (407) - - - -

11) Methanobacterium strain M.o.H. +4 - - -

12) Methanobacterium ruminantium - +4 - -

13) Methangsarcina barkeri | - - +4 -

14) Methéhaspiril?um hungatii - - - +4

* Staining was evaluated as +4 for strong reaction observed when homologous
antigen and antibody were used. (-) indicated no apparent cross reaction
when compared to homologous antigen-antibody reacticn.
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To increase the sensitivity of this FA technique both orgaﬂié and inor-
ganiﬁ media were used for ehrichm&nf procedures. Sterije enrichment media was
inoculated with the appropriate sediment, purgad with HZ:CO2 (80:20) and

:fncubated with shaking at 37°C fot 3 weeks. The reéulting, turbid broth cul-
tures we}e checked for methane production, of which, significant quantities
were ebserved in ai] enrichment cu]tufes, organic and inorganic. These brofh

cultures were used directly for preparing heat—fixed smears and were prdcessed

by methods cited previous’y.
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RESULTS

The»methane producfion potentiais (Tab]evz) indicate that very active
methanogenesis is cccur?ing in the entire Cleveland Harbor region. The most
active sediments were those collected at station 1 which is in the Cuyahoga |
River proper. Stations 3 and 4 which are located at the junction of the
Cuyahoga and the harbor and at a short distance east of the river input also
demdnstréte an extremely active methanogenic popuiation. The slightly lower
production potential observed in the west break wall region (station 2) may

“reflect the reduced effects of the’Cuyahoga input due to the predominantly
east ward flow of the river water. This difference is less apparent when one

compares the in situ evolution rates (Table 2) monitoreé at stations 2 and 4.

These evolution rates demonstrate the methanogenesis in situ are essentially
jdentical at the two statiens. Significantly lower production potentials and
evolution rates are observed at stations 5 through 8. The sediments at these
stations are similar in that they are predominantly fine silt with the excep-
tion of station 8 which is fine sand.

Even though there was a measurable gradient of methnogenésis occurring in
the harbor region, the data indicated that an active methanogenic population
was-pfebent.

Of the known methanogens for which specific FA had been prepared, only

M. ruminantium and Methanobacterium strain M.o.H. were observed in untreated

sediment samples (Table 3). M. ruminantium was demonstrated to be present only
in the Cuyahoga River at station 1. The resident population was determined as

9.8 - 108 cells per gram of dry sediment. Methanobacterium strain M.o.H. was

documanted at two locales, stations 6 and 8, at population densities of 5.1 and
1.1 - 106 cells per gram of dry sediment respectively. The lack of this

organism at the intermediate station 7 was surprising.
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TABLE III-2.

Station Number -

@ Evolution rates wer mg methane per m2 per kour

b Production potentials are recorded as 1072 mg per gram of dry sediment per day

€ No data

© N ot A w N

1

2
Methane Evolution and Production Potentials

Evolution®

27.0
24.0
5.5

0.23
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Production Potentials? |

16.8

3.0

7.0
10.4

1.6

3.Q

1.4

NDC




! ' TABLE I11-3. Wethanogenic Population in Cleveland Harbor Sediments

. . Station | NaturafPépu]a*.:iona S Bryant's : | Smith's
- U R : B . Organic .Ino’rganic
- ’ 1 - 9.8-108b o +d - 0
JB 2 -0 . - f;\

3 0 S 0
1 . . : .
: U 4 0 +d ' 0
[—; 5 0 0 0
2 6 5.7-106¢ 0 | +e
L K 0 | B e
a 8 1.1-108¢ 0 +e
L e
8 Natural population reported as number of cells per gram of dry sediment
! L - b cen number designates M. ruminantiuﬁx |
. € Cell number designates Methanobacterium strain M.o.H.
1 D d Indicates presence of Methanospirillum hungatii strain JF
| L € Indicates presence of Methanobacterium strain M.o.H.
1 .J
|
-
]
VT
P
o
i
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‘Since there wefe 5 statiofis for which no methanogenic populations were
observed and since there was measurable methanogenesis occurring at these
stations, it was apparent that our FA system was not sensitive enough_or else
a natural Eesident methancgenic population, undetectable by our specific FA,
was responsible for this methane generation. | |
- It was impossible to evaluate the presence of a natural resident popula-
tion wiih our‘specific FA, but it was possible to increase the sensitivity of
our FA methodé by %esorting to various enrichment procedures (Tabie 3). The
results indicate that our original FA techniques did Tack sufficient sensitivity
to detect some of the methanogens present. The organic enrichment procedures
demonstrated that M. hungatii strain JF was present in the original sediment
but was in sucﬁ Tow numbers that a concentration or enrichment procedure was

needed to evaluate its presence. Surprisingly M. ruminantium and Methano-

bacterium strain M.o.H. were not observed in the organic media. Inorganic
,,Enrichmént,resu1ted in ‘a _completely different population. The M. hungatii
documented in the organic enrichment media at stations 1-4 did not appear in

the inorganic salt media, vhereas Methanobacterium strain M.o.H. did prevail

at stations 6-8.

Thé major point of interest in that station 7 which demonstrated lack of a

population of Methanobacterium strain M.o.H. in the untreated samples yielded
an active population in the inorganic salt media. This fact could be explained

by a low population in the sediment or faulty sampling during collection of the

original sediment sample.
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DISCUSSION |

- The dats indicate tremendous methanogenesis is occurring in Cleveland
Harbor and the Cuyahega_River sadiments. Méximum evolution rates of 27.0 ng
CH4/m2/hr and producticn potentials Of'16.8~10‘2.mg/5 dry weight of sediment/
day were recorded. The maximum production potential recorded is very similar
to the maximum value of methanogenesis occurring in Lake Mendota sediment
samples reported by Zeikus and Wenfry (3). _

The gradient of methanogenesis occurring in the harbor sediments indicates
an apparent environmental o nutritional diversity within a relatively defined
locale. This unknown factor may be related to the contribution of the Cuyahqga

River to the lake and harbor regions.

This diversity is also evident in the distribﬁtion gbserved for the
methanogens. Only M. ruminantium and 1. hungatii were cbserved naturally or
were enviched in stations 1-4. M. hungatii could be enriched only in the
organic medium and was restricted to stations 1-4. This mey indicate that an
organic factor may 1imit the growth or distribution of this methanogen. The
sediments at stations 1-4 were fine silt and may have contained significant
organic matter. ‘

The absence of M. ruminantium in both enrichment media requires further _
investigation; Since, Y. ruminantium was restricted to one specific locale,
there is a possibility that a particular growth factor is required which is

not found elsewhere in the sediments or enrichment cultures.

The occurrence ¢f Methanobacterium strain M.o.H. at stations 6 and 8 in

natural samples and at stations 6-8 in basal salt media strongly suggests that

this species is competitive in a low organic environment. - Earlier work had

demonstrated that M. ruminantium requires acetate for growth and as a carbon

source, and that Methanobacterium strain M.o.H. does not require but is
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stimulated by acetate; This acetate requirement for H. ruminantium may be one
of the facta?ﬁ effecting its distribution in tho lake sediments. Similarly,

formate can serve as substrate for M. hungatii. The lack of Methanobacterium

strain M.o.H. in the organic media and at staticns 1-5 demonstrates that other

heterotrophs can easily dominate in organic environments. Zeikus and Winfrey

(3) demonstrated the predominance of a Methanubacterium species in brganica11y

rich sediments of Lake lMendota. From the data presented here it would seem

‘that- the Mendota species is similar physiologically to M. ruminantium. How-

éver, our data is being interpreted without knowledge of the organit content,
m1crob1al metabol1tes er toxic chemicals which may be influencing this harbor
populat1on

Unlike the sediments of Lake Mendota, the Methancsarcina species, M.

- barkeri, was not observed naturally nor could it be enriched in our sediment

samples.
Station 5 was the only one which supported methanogenesis but which
demonstrated absence uf the specific methanogens surveyed. ‘From'this, one can

speculate that an active,'indigenous methancgen(s) is present. This hypothe-

 sis is further supported by the rapid methane evolution rate which indicates
~the presence of a methanogenic population. Similarly, an evolution rate-as

Tow as 0.23 mg CH4/h2/hr correspondad to at least a methanogehic pdpu]ation of‘

1.1-]06 ceils/g dry weight; thus the maximum rate observed, 27.0 mg/mthr,'
indicates a 100 fold increase, but at the maximum evolution station, only M.
hungat11 was observed after organic enrichment, further suogest1ng the
presence of an unknown 1qd1ge" .15 methanogen(s).

Even though the known melhanogens are capable of growth on basal salts
and H :CO (McBride and Wolfe, 1971) this trait is not always expressed in

enrichment cultures from the ratural environment. ' The ability of suir of |
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_ these_methénogens to be stimulated by various small chain organic acids appears'

~to be a selective factor in determining distributions in the natural system.

Similarly, Methancbacterium strain M.o.H. seems to be more competitive in lower

organic environments.

The lack of the known methanogens at some of the active stuztions monitored

_'indicates the presence of an indigenous methanogen(s) which may represent a

significant if not major member of the total methanogenic pepulation.
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