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IS. Supplcmrntarp 

16. Abstract 
Microbial mthansg@eae!scis in the sedhent and water cslum of the kkstem and 

Central Basins of Lake Erie was studied. Year to year rethane prosfuction vapie5, bit 
relative methanogenesis by geographical location is csmstant with near shore and 
harbors having highest production. The Western Basin generally supports more methane 
production than the Central Basin. 

bkthsnobacteriurn strain f+.g.ti. 
barkeril, were s h w n  by the direct flusrescent antibody technique to be distributed 
in specific locatiscs in the Lake 2nd it: harbors. 

Methane acc~uiation dw; not inhibit mthane production; nydrogen depletion 
terminates production. 

Four species of methanogenic bacteria PkAhanohacterim rminantium, 
_I-- 

t%thanaspiri'Dftsrn hungatii, mci bfethchamsarcina ---a--. 

Laboratory stud? of these sam n-ethkanogenie species chwed th3t they roduce an average of 1.2 urnales of methane per hour per 10 Pl cells. 
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PMJECT OZXCTIVES 

Objectives set for the project were: 

a. Analysis of the temporal and geographic prodtiction and disiribution of 

methane in water and sediments. 

b. Evaluation and developmnt nf techniqck.: for the isslat!':n anci Rain- ' 

tenance of the various typEs of bacteria involved (including the analysis an:! 

modification of presettt procedures and ;he deve1opme:t of new ones). 

c. 

d. 

Charac5erization of the frethanogenic isolates. 

halysis of the temporal 2nd geographic distribution of methanogenic 

i sol ates . 
These objectives encompass it large 'iong term study. Within the twc year 

plan for the study reported heretn, only partial attainment of the stated 

abjectives was an<icipated, and the anticipated level of objective attainment 

%as accornpl ished. 

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

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

report. 
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The role netham ~ l q y s  in the capBm cycle ef an aquatic system s being 

investigated. The significance of mthane oxidatim and the f a c + m  control- 

ling the rate of midation- in the fresh uatm- system have been discwsed a.d, 

similarly, the effects of temperature MZ athanogenesis in Lake Rendota sedi- 

ment sampler and the effects of teweratulre and subLtrate on mt4ane prodoc- 

tion in Lake Erie szdimnt samples have been repcrted. 

The distribution of dissolved mthane in the aquatic system has recejved 

less atter.tion. 

the carbon budget of the aquatic system, we felt that it was necessary to 

monitor the amount of dissolved =thane that was arail&le to the system. 

Since methane has assumed an increasingly significant role in 

i 
1 Two aspects were of special interest: 
! 

1. 

2. ‘ihe potential for methane production in sedimnts. z 

The aquatic system studied was the Central and %stern Basins of Lake 

The concentration of dissolved irethane thhrolrqhout the water column. 

Erie. The ConCefltratlons of methane in the water cclbm and the potential for 

sedi~ent methane production were periodical iy rrwnitrs~d from early spring mtil 

mid winter during 1973 2nd 1975. 

2 



Location of Samplinq Sites 

Fifty-one sampling stations were located throughout both the bJestern znd 

Central Basins, with thirty stations being located in the Central Basin proper, 

six stations in the Central-Western aasin junction and fifteen stations in the 

Westem Basin proper [Ftgs. 1 and 2). 

The sampling depths at each statim were one mter b e l w  the water sur- 

face, mid depth and one meter above the sediments. If a thenocline was pre- 

sent, samples were collected at one crhnter above and belw the stratification. 

At some shallower regions of the Uestem Basin only surface and bottm sagptes 

were required. 

Sample Collection and Preparation 

Gas tight water samples were collected from a cne inch tygon tubing which 

was supplied with a continurlbs water flow from a submersible pur-p. A SIP-cc 

disposable plasti c syringe adapted with a three-way disposable s-iopcock and 

1.5 inch 18-6 needle was used to collect air tight 25 in1 water samples. 

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

with standard serum bott:e stoppers. 

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

samples were vigorously shaken to purge the dissolved methane fta? the water. 

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

The 

The sar,ip?es were equilibrated with ultra 

The 

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

samples were preserved vith 0 2 nil of 50% trichloroacetic acid and were stored 

The resulting ges 

at arrbicnt temperature until analysis. 
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Sample Col7actiarm and ~ ~ ~ ~ . ~ ~ t ~ ~ ~  for Methane Analysr's 

Gas tight water samples were collected f r m  a one inch tygon tubing 

whfch was supplied with B canfinuovs water flow From a submersible pump. A 

50-cc disposable plastic syringe adapted with a three-way disposable stopcock 

and 1.5 inch 18-G needle was used to collect air tight 25 ml water samples. 

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

capped with standard serum bottle stoppers. The samples were equilibrated 

with ultra hSgh purity helium and an additional 25-cc of helium was introduced. 

The samples were vigorously shaken to purge the dissolved methane from the 

water. 

atmospheric pressure by venting the bottles with an 78-6 needle. 

gas savples were preserved with 0.2 ml of 50 percent trichloroacetic acid and 

were stared at arrbient temperature until analysis. 

After equilibration, the serum bottles were inverted and returned to 

The resulting 

Sediment sarnplzs were obtained with a Ponar sediment sampler and were 

handled as carefully as possible SQ that the sediment sample was not distuhed 

any more than required. 

Subsamples were collected from the Ponar benthos sample by r e m s  af a 

modified disposable 10-cc syringe w W c h  permitted a cylindrica? sample approxi- 

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

subsampie was transferred tci 3. Z+cc serum bottle and was carefully overlayed 

with a small volume (2-3 ml) of water collected with the benthos sample and 

then was stoppered with a serum bottle stopper. One sample served as a control 

and another was monitored for both methane production after incubation. 

It must be noted that even thoilgh stringent procedures were followed, the 

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

sampling conditions. Methanogznesis has been shown to be a strictly anaerobic 

process arid this sampling technique may have severely altered the anaerobjc 
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nature of the sedimnts. ~ e ~ f ~ ~ ,  the results of this portion of the survey 

cannot be accepted as equivalent to that which occurs in situ. This series cf 

experimnts demonstrates mly &ether or not an active methanogenic population 

is present. 

Sample Analysis 

Methane quaatitation was perfomd with a V a f  in 2740 series qzs chrmato- 

graph which was equippd with dual hydrogen flame ionization detectors. 

chromatographic co'lums were 6' x 1/8" glass columns packed with 100-120 msh 

Porapak N and were operated at 105OC. 

gas. 

The 

Prepurified N Has used as a cayrier 2 
The methane standard employsd was a 315 V/V rethane in nitrogen. A per- 

manent copy of the methane peaks and the corresponding integration units were 

recorded with a Linear Instrument integrating recorder ridel 8384. 

Results and Discussion 

The data for the distribution of dissolved methane and the potential for 

methanogenesis from the sediments m y  be variously alialyzed. First, the values 

obtained for the dissolved methane (mg/rn3 of water which is equivalent to parts 

per billion, ppb) may be cont~ured. 

cate mass water movements. currents and particularly organic loading fmiri 

point sources or intra-basin water exchanges. 

generated nutrients * methane is relatively stable or inert to further biolo- 

gical utilization. 

methane and these species are usually found conctztrated at the sediRnt water 

interface or at the lower knee of the thermocline under stratified conc'itions. 

These I oca1 i zed reg3 ons provide a mi croaerophi 1 i c envi ronmastt ( 5 part per 

million, ppm, 02) whic! is optirml for microbial methane oxidation. 

once the methane escapes these regicns, the dissolved methane is relatively 

The contours for the various strata indi- 

Unlike most other anaerdica'ly 

Only a few species of bacteria are able to mtabalize 

Thus, 

7 



inert biologically and can be utilized as a st&ble parmeter to mmitor eutro- 

phic conditims. 

Secondly, the methane data may be shown as volurre weight per specified 

grid region. This mthod of analysis gemits the total estimated quantity Q F  

dissolved methane (reported as wtric tons) ;rho be s h m .  This total permits 

one to evaluate the methanogenic activity of a specified region of the lake. 

A similar grid analysis all@ds one to compare potential proauction rates of 

the sediments. 

reported as weight of methane produced per gram dry sediment per day.) 

(The potential pmduction rates observed for the Lediments are 

This survey concerned the Western and Central Basins of L a w  Erie. A 

total of fifty-one sampling stations were used of which thirty stations were 

located in the Central Basin proper, six stations were in the Central-Western 

Basin junction and fifteen stations were in the Western Basin proper. 

fifty-one stations were further associated with thirty-two water qual ty grids 

These 

(see Figs. 1 and ). 
For further convenience in interpretirig the data, specific water quality 

grids may be grouped according to similar biological and physical characteris- 

tics as well as geographical location. The Central and Mestern Basins are 

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

Sub-Basin Water Quality Grids 

Eastern Central Basin 19-31 
Nestern Central Basin 32-39 
North Shore Central Basin 
South Shore Central Basin 

Hestern Basfn 44-50 

21, 22, 31, 32, 39 
19, 26, 27, 36 

’$6” (Between) Basin, Sandusky 40-43 
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Water falum Methane 12374 (Contcrar~~) 

The nine cruises surveyed during 1974 can be conveniently divided into 

six biol ogi cal ly act: ve per3 ods : 

a) Cruise 1 4/07 - 4/17/74 
b) Cruise 2 4/25 - 5/04/74 

Cruise 4 6/01 - 6/10/34 
c) Cruise 5 6/28 - 7/07/74 
. Cruise 6 7/26 - 8/09-74 
d) Cruise 7 8/12 - 8/19/74 

Cruise 8 8/26 - 3/07/74 
e) Cruise 10 1O/21 - 11/01/74 
f) Cruise 11 12/11 - 12/14/74 

The data from these six activity periods will be cantoured and discussed. 

The data obtained during 1975 will only be briefly pentioned following dis- 

cussion of the 1974 data. 

The early spring period (a) demonstrated a minimal quantity of methane 

throughout the enti re water col urn. 

10 m9/m3, is equivalent to less than 10 parts per billion (ppb) which was the 

l w e r  detection limit of the chromatographic system utilized. 

tration was proSably due primarily to the lw temperature and oxygenated condi- 
tians in the entire lake. 

The concentration reported, 1 ess than 

The low concen- 

A rapid and drastic increase of dissolved rethane occurred during the 

late spring - early s u m r  period (b). 

increases in methane concentrations and culminated in the yearly maximum 

during cruise 4. 

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 s u m r  data, cruise 4, is presented in Figures 3, 4, 5, 

and 6. 

This period demnstrated consistent 

This yearly rnpximum can be attributed to the warming of the 

9 
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A n~mber of geographic or basin effects are evident fron these coatours. 
The entrainmnt of colder Eastern Basin water into the Central Basin is demon- 

strated by the lw but noticeable i~pulse of methane in the bottom and parti- 

cularly in the upper hypolirnniase waters. The w s m r  surface and lower epilim- 

nion waters are unaffected by the colder entrained water. 

The surface ~ a t e r  of the Central Bassin proper possesses a uniform hori- 

zontal distribution of methane but there were observed two apparent Western 

Baxin effects. 

t'aLsage, the second is the signiffcantly higher iinpulse recorded in the San- 

dusky region. 

Ule exception that a drastically higher impulse is noticed at &lee Passagr. 

The colder hypolimnion water is not affected by the Glestem Basin water, but 

is significantly influenced by the prpvioosly mentioned Eastern Basin water. 

The Western Basin has two mjor contributors-the Maume River and more 

One ;s the lcw flux af methane observed entering through Pelee 

These effects are amplified in the lower epilimnian water with 

inrportantly the Detroit River. The influence of the Detroit is found well out 

into the lake proper and can often be n.st;icfsd along the south shore line. 

Extensive survey by others demonstrated that the Retoit influence was observed 

as far south as the Ohio shore and often joined in the flow of the Maumee 

easterly along the south shore, northuard just west af the island region and 

then southeasterly into the Central Bztsin via Pelee Passage. 

The m i d - s u m r  cruises (e) represent a significant decrease in the conceii- 

Cruise 6 data is displayed in Figures 7, 8, 9, tration of dissolved methane. 

and 10. 

peculiarly high impulse of methane was recorded at the Port Stanley region. 

Western Basin effects were again observea at Pe1ee Passacp and to a lesser 

extent at the Sandusky region. 

greatest in the surface water. 

The surface water had a negligible input from the Eastern Basin but a 

The contributions through Pelee Passage were 

The unique activity recorded during this 

14 
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cruise occuw@d at the Eastern-Central b s i n  fuilctfen where the lower epil jrn- 

nian and hypolimion waters indicated a large pulse of methane pessible 

origfnaling frm this regfosr. 

During the develcpmnt of anoxia (d) and at ?&e time of max.l'n;m anoxia, 

cruise 8, the mtkane cwicentratiouts were surpris?ngly low. The data of 

cruise 8 is graphically presented in Figures 11, 12, 14, and 14. 

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

tively large methane impulse occurring along Ute Stindusky shore with a smaller 

Western Basin influence originating in the Kingsville region and extending 

southeasterly into the Central Basin. 

The gradients observed in the l w e r  epilimion and hypolimion waters of 

the Eastem-Central Basin junction were those expected. There was a low 

methane impulse entering from the Eastern Basin with a corresponding increase 

in dissolved methane as one progressed westward. 

tion at Station 54 (mid depth and bottom water) can be attributed to the 

She localized high concentra- 

devel opent of anoxi a and 1 oca1 i zed eutrophi c condi ti ons. 

Just prior to completion of the cruise of the Central Basin the therm- 

cline broke up and the series of 40 stations were only monitored at three 

depths. 

strated Western Basin loading of the Central Basin. 

The bottom water at the Western-Central Basin junction again demon- 

The annual fall turnover and post-turnover periods (e) resulted in a two 

fold increase in the methane concentrations of the water collrm as compared to 

the late summer cruise (Figs. 15, 16, 17; Table 4). 

cruise, an impulse of methane .fn the surface water was recorded at the eastern 

end of the Central Basin. Tnis impulse is amplified in the mid-depth water. 

A distinct zone of high mcthane concentrations was monitored along the north 

share and extended westward toward Pefee. 

As during the mid-sumner 

The largest concentrations were 
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55, 52, 53, and 54. No significant varSatimasl wcurred fn the W&W column. 
Agrin, the high values were indicative of localized errtmphic conditions. 

One isolated statim located near Rattlesnake fslmd (Station 67) demn- 

strated an musually large methane coneefttrakistn 2n both the surface and mid- 

depth wa+sr. Apparently this activity was diie ts #@ oedimnts of the region 

since neighboring stations had relatively lwer walues. 

Of the two riverss only the boltm water of the Yamee made a significant 

cmtributim to methane input to the Western Bzsin. The radical change in the 
methane csplcentration in the surface and mid-&pf3 water to that in the bottom 

indicates that the warmer Mestern Basin water is back flushing down the Maunee 

forcing the colder rSver water Ufldernea~. T k  contours 15, 16, and 17 demon- 
strate these observations. 

dient between the Detroit and the Maurnee Rivers- 

'loading fm the Detroit which is being degraded ;urd results in methane produc- 

tion along the south shore. 

The Western Basin pssesses a smooth linear gra- 

The data indicate an organic 

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

Two isolated stations, 47 sur- tion of the met!+anogeneris of the Central Barin. 

face wd 78 mid-depth, possess unusually high va1:ses botn of which would tend 

to indicate washed in orfanics or dissolved neL%a,cge. 

and Asktsbuaa harbors represent locales of obvicus organic loading to the 

Lake's surface water. 

Sandlrsky Bay, Fairport 

Water C07rim Kethane 1975 

The dissolved m t h a n e  values were unusual in that ~k@y rarely exceeded 50 

The majority of the concentrations &ring stratification fell ppb (50 K~/s~). 

27 
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Setwen the 10-30 ppb Parage. No definjte gradients were &served between 

strata as was often the case durfng the 1974 season. 

The only major cormlation between the 1974 md t475 data is the d o c m -  

tation of obvious organic loading at most of the major pwts alwg the lake's 

shore line. Along the south shore lire cmtinual lohding is obsew@d at Sari- 

dusky, Cleveland and Fairpori-Ashtabula w g i m s .  

Port Stanley-Port BurweIl, Randeac; Harbor, and Point P e l w  influences am 

shown. 

On the Canadjan show line 

The major differace in the rethane valves in the open lake for 1975 vs. 

1974 is the lack of massive trmsport of methane between LasZns. %e data 

indicate that rethantogenesis rias extremly limited in both the Cwntral and 

Mestern Basins and that massive mithane wash into the Central Basin fmn the 

Western did not occur. 

Vol u w  Me i gh t of Pfetha~g 

Yearly s m r y  sheets for the metbane volume weights for thz rub-bacins 

As discussed previously, thr tataf.rrseaane are presented in TaSles 1 a d  2. 

weight observed dbtriRg 1975 ws drastically Iwcr than the 1974 values. To 

clarify the data, E percent cqi?ris?n of the sub-hasin uolwtlic weights was mafe 

ta dewstrate qeneral trends CoPlcerninG methane d:stribution in the lake. 

falladng data will present a sttm&ry of the percentage distribution observed 

TR? 

per sub-basin during both 19f4 and 7935 seasons. 

represent the fractian of the total lake rethane observed in t>e specified ss5- 

basfn. 

The percentage values listed 
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Sub-Bas i n 

Eastem Central 

#es te m Centra 1 

North Shore CB 

South Shore (23 

"B" Basin CB 

Western Basin 

1 2 4 
tS2014.3 14,073. i 23,391.5 
Es2014.3 16,073.1 14,si69.1 
b o  0 1,842.4 

0 6,580.0 H= 0 

881.1 10,428.8 10 A1 7.8 
10,428.8 6,134.2 881.1 

0 0 ' 3,779.2 
0 0 534.4 

396.I) 3,377.9 4,664.5 
396.0 3,377.9 2,740.6 
0 0 332.1 
0 0 1,531.8 

301.5 2,673.1 3,727.5 
301.5 2,673.1 2,551.1 
0 0 216.3 
0 0 950.1 

225.5 2,007.0 2,693.3 

0 0 319.0 
0 0 648.4 

225.5 2,007.0 1,726.9 

23%. 5 1,528.3 3,1Wi3,O 

5 

21,261 . 1 
16 d32.9 

879.1 
3,739.1 

7 a 1  30.4 
5,609.6 

282.2 
1,238.6 

3,917.5 
2,819.0 

195.7 
902 * e 

2.685.3 
2,251.1 

60.6 
373.6 

2,387.2 
2,387.2 

0 
0 

2,622.4 

32 



SuS-Easipl 

€as t? rn &n tral 

Western Central 

North Shore CB 

South Shore CB 

"6" Basin CB 

Western Basin 

'IrnLE 1-1. (Cont'dl 

Sum-sry of Sub-Basin Vol~f~m @eights 1974 

6 

t=l5,536.2 
E=l1,800.3 

H= 2,812.7 

(2,708. 5Ia 
(2,111 -5) 
(139.6) 

r+ 932.2 

(457.4) 

1,884.8 
1,235.6 

90.5 
498.7 

(1,746.7) 
( 1,482.1 1 

(64.4) 
(200.2) 

637.0 
612.9 
8.3 
15.8 

899.8 

7 

10,036.4 
7,480.3 
833.8 

1,722.3 

5,453.4 
3,742.9 
402.9 

1,307.6 

2,741.2 
2,308.2 
129.6 
303.4 

1,289.1 
1,173.0 

58.2 
57.9 

(871.3) 
(536 .Q) 

(278.6) 

566.4 

(56.7) 

a = parenthesis indicate insufficient data points. 
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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 

10,394.8 
10,394.8 

0 
0 

5,585.0 
5,586.0 

0 
0 

2,875.5 
2,875.5 

0 
0 

1,656.7 
1,656.7 

0 
0 

1,348.6 
1,348.6 

831.6 



TABLE 1-2 

Sumnary of Sub-Basin V e l m  Weights 1975 

Sub-Bas i n 

Eas tern-Central Basin 

Wes tern-Central Basin 

North Shore CB 

South Shore CB 

“8“ Basin CB 

Western Basin 

1 

t = x m .  a 
E= 0 
M = o  
ti= 8 

891.4 
891.4 
0 
0 

430.4 
430.4 
0 
0 

563.1 
563.1 
0 
0 

31 5.5 
315.5 
0 
0 

323.3 

2 

(665.7 f 

(48.5) 
(387.5) 

(229.73 

1472.2 
791.9 
151.2 
529.1 

(431.8) 
(2’19.2) 
(54.5) 
(158.1) 

(247.4) 
(247.4) 

0 
0 

217-1 
27.1 
56.6 

427.0 

300. a 

cruise 
3 

3946.5 
2225.3 
505.7 
1315.5 

1884.6 
1038.7 
222.4 
623.5 

701 .l 
412.7 
77.5 
210.9 

561.5 
420.9 
123.6 
17.0 

275.2 
210.4 
13.3 
45.5 

4N.O 

4 

(2016.5) 
( 7 572.2) 
(98.5) 
(345.8) 

(7 168.2) 
(602.3) 

(466.6) 

(60.4) 

(99.3) 

- - - 
378.3 
358.4 
6.8 
13.1 

379.8 
319.8 
0 
0 

350.9 

6 

2896.1 
0 
r; 
0 

1249.2 
1249.2 

0 
0 

550.4 
550.4 
0 
0 

391.6 
391.6 
0 
0 

260.5 
265.5 
0 
0. 

239.4 
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Sub-Bas i n 

East Central 
Hest Central 
N5rtR Shore Central 
South Shore Central 
''B'r Bas in 
taestem Basin 
East Central 
Mest Central 
North Shore Central 
Sowth Shore Central 
"3" Basin 
Western Basin 

Year 

1374 
1974 
1974 
1974 
1974 
19?4 
1975 
1975 
1975 
1975 
1975 
1975 

_I 
-- Pe rcen t.5 ge Range 

37.7 - €6.4 
11.6 - 28.9 
6.6 - '13.1 
5.4 - 7.8 
2.7 .. 14.2 
2.7 .. 70.7 
47.0 - 54.4 
16.1 - 27.2 
7.0 - 10.2 
3.5 - 5.7 
4.3 - 5.8 

7.8 - 9.8 

Averme X 

9.9 
7.0 
6.2 
5.5 
50.9 
22.4 
8.9 
8.0 
4.7 
5.3 

As the data indicate the ranges are relatively consistent, but more signi- 

f'cantly the yearly averages per sub-basin are identical. 

idea that the sub-basin lake methanogenesis was equally affected during the 

1975 season. 

This reinforces the 

With tne present data 2nd with the lack of any previous methane 

data for the lake it is impassible to explain the sfgnificant inhibftio-n of 

mthanopxesis during the 192'5 season. One can cnly conciude that the same 

general trends o c c u r ~ d  but only to a more limited extent. 

&thane Production Potentials 

The sedimnt methane production potentials for 1975 showed a similar 

decrease in methanogenesis over that observed durins the 1974 season. 

3 presents the potea?tizl production rates recorded during 1974 and 1975 by sub- 

basin regions. For 

the Central Basin regions a consistent result is observed. 

appeared much less actiw daring the 1975 season. 

Central Basin grids 19, 20 and 30 possessed a high 74/75 ratio indicating a 

more active methanogenic rate during 7974. 

high 73/75 ratio indicating again a very active sedimnt durinq 1974. 

Western Central Basin demonstrated sirni'lar shore effects. 

cularly grid 36 indicated drastic differences in production rates during 1974 

Table 

The more critical data on Table 3 is the '1934/1975 ratios. 

Vie shore stations 

For exanrple in the Eastern 

Only the mid-lake grid 28 s h w e d  a 

The 

Grids 32 and p:rti- 
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Basin 

Eastern 
Central Basin 

- 

Western 
Central Basin 

North Shore 
Central Basin 

South Shore 
Central Basin 

"B" Basin 

Western Basin 

TABLE 1-3 

Methane Production Potentials 

Values Are x'lO"%g CK4/p Sedireart,'by 

Grid 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
35 
31 

32 
33 
34 
35 
36 
37 
38 
39 

21 
22 
31 
32 
39 

19 
26 
27 
36 

40 
41 
42 
43 

44 
45 
46 

47 
48 
49 
50 

I_ 
Statian(s) 

23,24 
25,26,79 
27 
28,254 
30.78 
31 
32 
33234 
35 
36 
37 
38 
39 

40,41 
42 $73 
43 
45 
44 
46 
47 
48,49 

27 
28 29 
39 
40.41 
48.49 

23,24 
33,34 
35 
44 

50 
51 
53 

0-211 .o 
0-641 .O 

0.3-0.5 
0-1 -4 

2.6-1 18.7 
0.5-390.0 
2.1-34.2 
0-47 0.0 
0-300.0 

5.2-1 424.0 
22.8-182.7 
0.2-1 59.3 
0-158.0 

0-240. G 
0.6-585.0 
6.1-204.0 
0-1 10.0 
0-348.0 
0-72.5 
0-72.8 

0.3-1 32.4 

0.3-0.5 
0-1.4 
0-1 58.0 
0-240.0 

0.3- 132.4 

0-21 1 .o 
0-41 0.0 
0-300. r, 
0-342.0 

0-12.1 
0.4-146.6 
0-22 50.0 

52,54,65,74 0-583.1 

55 0-140.0 
56.66 0-164.5 
58,67,68, 
69,76 0-7 110.0 

53 0-460.0 
57 0-203.2 
60 , 70.75 0-566.9 
61 0-26'3.7 

36 

0-0.4 
0-0.6 

0.2-33.0 
0.4-220.0 
0.5-1 13.4 
G. 9-2.7 
0-l(4.0 

. 8-193.0 
0-66.9 
0-26 - 0 

1.1-610.0 
0.4-12.9 
0-24.0 

0-24.0 
0-739.0 
0-440.0 

4.6-1 14.3 
0-2.7 
0-72.5 
0-77 * 0 

0.7-135.7 

e. 2- 30. o 
Q.4-220.0 
0-24 -0 
0-24.0 

6.7-136.7 

0-0 * 4 
0-19D.O 
a-56.9 
0-2.7 

0-1 -0 
0-52 * 9 
0- i 20.0 
Q-49.0 

0-0.3 
4.5-97.8 

0-78. a 
0-7.1 
0-0.2 
0-628.0 
r,-36.0 

74/75 Ratio 

527 = 500 
1068.300 

0.017 
0.006 
1.047 
1.444 

2.158 
4.484 
54.769 
0.300 
12.349 
6.583 

3. a20 

1(1*000 
4.500 
0 - 464 
0.962 

128.889 
5.800 
0.945 
0.969 

0.017 
0.006 
6.583 
10.000 
0.969 

97.500 
2.158 
4.484 

128.859 

12.100 
2.771 
18.750 
14.578 

466.667 
.1.652 

14.231 
64.789 

101 6.000 
0.993 
16.556 



and 1975. 

HheE considering the north and south shore grids mope accurate analysis of 

the shore line is possible. 

demonstrated high 74175 ratios. 

Of the north shore gr?:ds only grids 31 and 32 

Thus the most microbially active region of 

methanogenesis appears to be Rondeau Harbor. 

regions of hr'gh activity are grids 19 (Erie, Pa.) and 35 (Cleveland, Ohio). 

On the south shore two isolated 

The "B" Basin, in general, shows a more active production potential 

thrwghout the 1974 season. 

The Western Basin possesses high 74/75 ratios at grids 44, 47, and 48. 

These grids are located centrally in the Western Basin and document very active 

methanogenesis in the Island region of the basin. 

49 and 50) s k w  a decreased 74/75 ratio indicating sirriilar methanogenesis 

during 1974 and 1975. 

The shore line grids (45, 

Relationship Between Water Col urn Methane and Sedimnt Production Fotentials 
1974-1975 

When a comparison is made between dissolved methane values and production 

potentials there is a trend observed. 

was observed at Cleveland, Fairport-Ashtabula, Erie, Port Stanley-Port Buwell 

During 1974 nassive wash in of methane 

and Rondeau Harbor regions. 

methanogenesis during 1974 season. 

These correspond to regions of a:tive sediment 

The 74/75 sedimnt ratios demonstrate that 
I 

similar methanogenesis occurred in mid lake regions during the two seasons. I 
i I 
I 
i 
t 1975 which was drastically reflected in lower water column methane. Thus the 4 

i 

These shore grids consistently demonstrated lower production rates during 

t 

most significant methanogenesis appears to be occurring at near shore stations 
7 

were the resulting methane is subsequently washed to mid lake regions. 

speculation is consistently born out in the 1974 water colum contours. 

This 

c 



genesis during 1974 at the Islmd mglon and since the current patterns are 

such that the water in the Islmd region is often washed \ria Pelee Bassagz 

into the Western Cmtral Basin thPlir nay explain the messlve wash in mthme 1 
I 

recorded in the Central Basin during 1974. 

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

methane exchanges. 

The lack of significant meham- 
I 
j 

i 
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&thane is produced b<oFsgically by a group of strictly anaerobic bacteria 

which derive energy principally f m  the oxidation of hydrogen coupled to the 

redaction of carbon dioxide. Them are three main environments in which these 

organisms seem to survjve: 

digestive tract of runinants and other animals, and setage treatment system. 

Features these places have in c o m n  are anaerobic conditions, a relat'xly 

high level of organic matter. and a large population of mlcroorganisms. 

factors affecting mthimnoganesis in these envirmrments are, however, poorly 

understood . 

the mud at the bottom of ponds and lakes, the 

The 

Although hydrogen has been established as the main energy source for 

methanogenic organisms several questions remain about the interaction of 

methanogenic organism and their substrate. How much of the hydrogen produced 

in an anaerobic environment is available to these organisms? Are methane pro- 

ducers depressed in their mthane generation and growth by low levels of 

hydrogen? 

Beyond doubt the n m h e r  of wthane producing organisms in any environment 

will play an important role in definin'g mthane generation. There are three 

different methods currefitly available to estimate the number of methanogenic 

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

littls, however, if there is no way to relate them to the potential for m.thane 

production. 

which should be investigated before the whole process of methanogenesis in 

natural systems can be well understood. 

These punibers mean 

The rate at which methane is generated is an important parameter 

.A final issue Nhich needs to be resolved is whether the type of methano- 

genic bacteria present in any environment is important. Based OR general cell 
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morphology and ultrastructure thew am? four types of mtltane prodtieing 

organism. 

for these diffetlent cell types? 

s 

Are hydrogen utilization and rate of mtAane production different 

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

about hydrogen utilization and rate of m*hmne generation. The work was 

carried out ~-ith four species ~f wthane producing bacteria in pure cillture. 

This was done to allow for compars’sons to be made between the various cell 

typcs . 
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The general cultural techniques reported here Here developed ~ Q P  these 

studies. The final goal was to grow oqanisms which ti= extremely sensitive 

to the slightest trace of oxygen. This is a prob'lem which has faced many 

investigators whp have responded with many different sclutions. SON infoma- 

tion about specific techniques or approaches was borrowed from these investiga- 

tors. Sone techniques had to be developed independently. In any case it is yery 

doubtful that the exact system reported here is in use in any other laboratory. 

Even the simplest mthod, manipulation, or technique had to be perfected 

by a series of trials and errors. The process of learning anaerobic mthods 

was complex and the false trails were numerous. An overview of the develop- 

rent of these techniques is presented in the Results section. The techniques 

described in this section are those which ultimately proved to be successful. 

A11 wagents and apparatus used in this study are listed in the Appendix 

according to the company from which they were obtained. 

- 

Conposi tion of Media 

Rumen fluid medium. Stocks of all cultiires were mintained on agar 

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

following ingredients in distilled water at the indicated final percentage 

co.;gositions (wt/vol) : 

0.2 Tvpti case 

Wa2c03 0.2 

m2p*4 O.OZ25 

51;HP04 0.0225 

(NHq )*so4 0.0450 
0.0450 MaCl 



I.!gS0,.7 H20 0.0045 

CaCI2-2 K20 0.0345 

Resazurin 0.~01 

In addition to the above ~ai;ents, the medium contained 30% ( ~ / V I  clarified , -  

r u m n  fluid and 1% (v/v) cysteine sulfide reducing agent :7). The final pH of 

this medium after autoclaving and with an atmosphere c;f H2:C02 (80:20) was 

6.9-7.0. 

Preparation cf rumen fluid. Rumen contents were obtained from a fistu- 

lated sheep. The contents were placed in an Erlenmeyer flask which was filled 

nearly to the top, stoppered loosely, and brought imdiately Lo the labora- 

tory. 

fluid which is the medium ingredient was approximately 50%. 

Rumen contents are semi-solid. After processing the yield of the clear 

The fresh rumen contents were centrifuged at 25,000 X G for 20 minutes in 

a Sorvall RC2-6 refrigerated centrifuge. 

centriCuged agaSn at 25,000 X G for 20 minutes. 

no pieces of solid matter floating in it but was still very turbid. 

The supernatant was drawn off and 

At this point the fluid had 

In order 

to clarffy it, the fluid was then passed through a Hillipore filter (pore size 

0.45 pm) fitted in a Gelmn pressure filter. 

tank of 102% C02. 

redium preparation. 

if stoppered and provided with an atmosphere of oxygen-free carbon dioxide. 

The filter was attached to a 

Ordinarily the clarified fluid wils used imediately for 

It cairld, however, remain in the refrigerator overnight 

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

process and orrce prepared the ingredients contributed by the rumen fluid were 

completely unknown. Thus it was desirable to have a simpler and more defined 

medium for most of the experiments. Nork by Bryant et al. (8) on tne nutrient 

requirements of methanogenic bacteria indicated that the growth of these 

organisms is stimulated by addition of acetate, certain vitamins, and amonium 
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modified by adding the other two ingredients at optimal levels. 

fluid was omitted. 

til led water at the indfcabd final percentage compositions fwt/vol): 

The rumen 

The redim contained the following ingredients in dis- 

Trypti case 0.4 

N a2 Cog 0.2 

Sodi urn aceti?& 0.2 

Yeast extract 

M2P04 
KzHP04 

( YHq) SO4 
NaCl 

MgS04*7 H20 

CaC12-2 W20 

Resazurin 

0.2 

0.0225 

0.0225 

0.0450 

0.0450 

0.0045 

0.0045 

0.0001 

Cysteine-;ulfide reducing zgent (7) was added at a level of 1% (v/v). The 

final pH ilf this medim after actoclaving ar;d with an atmosphere of H2:C02 

(8O:ZO) was 6.9-7.0. 

Methanospirillurn medium. Methanospirillt, : hunaatii grew pcriy in both 

rumen fluid medium and grmgth medium. 

rnaintaified on agar slants of the medium described by Ferry, Smith, and Wolfe 

(14). This medium contained the follwing ingredients in distilled water at 

the indicated final percentage compositions (wt/vol) : 

Therefore stocks of this organism were 

Trypti case 0.2 

Na2 0.4 

Sodi urn formate 0.2 

Yeast extract 0.2 
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KH2p04 0.023 

MgSO4-7 H2U 0.00% 

CaCl,*Z H20 0.006 
L 

Res a zu ri n 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 7. 

---- Htitrient b w t n  medim. Mast of the isolation procedures were carried out 

on a nutrient broth medium which containad the fallowing ingredients added to 

distilled water at the indicated final pet-rcentqe compositions (Wvol): 

Nutrient broth 0.4 

NaHC03 0.5 

Res a m r i  R 0.oOoi 

IR addition, cysteine-sulfide reducing agent (7) was added at a level of 1% 

(v/v). 

(60:20) was 7.1. 

The final pH after autoclaving m d  with an atmsphere of W *GO 2' 2 

Cu*ture Vessels 

Four dfCfetrnt types of culture vessels were used in the various experi- 

m t s  reported here. Plany experiments were done with tube cultures in either 

roll tubes with rubber stoppea or Nmgatc-style anaerobic screw cap tubes. 

very nidely used fn cuttfvating anaerobes (4, 17, 22, 25). 

Prescriptton bottles w e ~ e  sowtires used with a layer of agar across the 

flat si& of the battle on wiiieh it was mssibte to stmek for coleny 

J 



isolation. This tmthkcrt% of cultivation had been prehrious'ty suggested by 

Bryant (4) and Skinner (41). In s m  cases the bottles were closed with black 

rubber stoppers. Sowtires it was desirable to be able to sample inside the 

bottle for methane production. For these occasions a different seal wzs 

designed. A slotted butyl rubber stopper was inserted in the neck of the 

bottle. The liner of the cap had 

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

the center of the cap to allew access to the inside of the bottle via a syringe. 

Iln attempt was made to design an anaerobic culture dish of plexiglass 

This was held irt place by the bottle cap. 

which would allow the g r w t h  of co?xies on a flat agar surface and give ;I 

better view of the colonies than vas possible with the bottle cultcres. 

charrPer is illustrated in Ffgure 1. 

This 

For the studies on rates of mthanogenesis and hydrogen depletion it was 

necessary to gmr the organism as batch cultures in flasks. In these CUI- 

tures i t  was necessary to sawle repeatedly for both gas and liquid without 

oxidizing the redia or allwing gr?~ exchange with the atmosphere. The prr- 

viously published systems for batch culturing of anaerobes (6, 24, 29) and for 

gas-tight cultures (31) involve either specially constructed glassware er 

have a somewfiat complex design. 

which proved to be both effective and sinple to construct. 

Thus it was necessary to design a new system 

The important component of thfs system was a black rubber stopper fitted 

with a Hungate-style screw cap tuSe ,vhich was cut off below the stopper 

(Figure 2). 

file for scoring the tube and took about 5-10 minutes. 

septum of tkc tube could be rqlaced and the unit, used repeatedly. Since the 

glass of the tube was Cri contact with a relatively la-ge area of the stopper, 

leakage of gases was minim?. This stopper was fitted to 2 250 ql Erlcnveytir 

The construstim of the stopper requireu only a cork brirer and a 

Once constructed the 
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FIGURE 11-2. Gas-tight Stopper. 

A) Hungzte-style anacrs5ic tube cut fn half. 
18) Black rubber stopper with a hole bored through it. 
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flask for all the batch culture experiments. 

Media breparaticn 

kdiurn was prepared by nixr'nly all ingredients except the reducing agent, 

At this point no anaerobic techniques had been followed and the m d j u m  was 

oxidized. 

illustrated in Figure 3. 

It was then dr'spensed into tubes or bottles with the apparatus 

Using this apparatus the medium was in contact with oxygen-free gas 

before, during, and after dispensing. 

a stream of oxygen-free gas for several seconds which swept the oxygen fron; 

it. 

pump. 

longer before the stopper was seatgd into the culture vessel without access 

of air from the atmosphere. The reducing agent was added at this point and 

the medium was autoclaved. When romved from the autoclave the medium was 

The culture vessel was placed under 

The medium was then pumped into the vessel using a foot pedal controlled 

The oxygen-free gas then passed over the m e d i n  for a few seconds 

reduced. 

All media were punpeed into the tubes or bottles as a liquid. Nhen a 

solid medium was needed, the agar was added to the cultur-e ves;el befor- rhe 

medium. 

glass tubing. 

sufficient to solidify IO 31 of medium. 

and w a s  evenly distributed in the medium by inverting the culture vessel 

This was accomplished by using a spoon made frcs d piece of bent 

This spocn held approxinately 0.15 grams of agar which was 

The agar melted in the autoclave 

i 

several times. 

The procedure followed for dfrpensing media in shake flasks was somewhat 

different. ;Clc liquid rrediurn was poured into the flasks and a stream of 

H2:C0 (50:20) from a IS gauge needle passed over the w d i u m  for 2 ninutes. 

The septum and the screw cap of the tube were put into place and the- flask. 

set aside for 10-15 minutes. Once again W2:C02 (r30:20) W E S  passed into the 

2 
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FIGURE 11-3. Apparatus for Dispensing .f-:ebia: 

(A) Peris’ial tic Pilmp; (B) Rdbber Tubing Carrying 
oxygen-free CO or H :CO ; (C) Vent; 
{D) 13 GI: Hyp2demi2 Negdle Deliwring Oxygen Free Gas; 
(E) Cut-of f Pasteur Pipette Del iveri ng Pedis. 
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flask by a 21 gauge needle inserted through tke septm. hother 21 gauge 

needle served as the exit port. 

was withdram fatlowed by the gassing Reedle. This caused a slight positive 

pressure to mmin in the flask. \At this point the reducing agent was added 

and the flask was rmdy to be autoclaved. 

After 2 minutes of purQing the exIt needle 

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

bottle cultures were autoclaved in a press to keep the stoppers from cming 

'Jut Screw czp tubes and bottles needed no restraint other than the caps. 

The stoppers sf 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 asepti ea1 ly. 

Transfer of Cultures 

All liquid cultures were transferred with a tuberculin syringe without 

opening the culture. 

or contamination of the medium. 

layers in bottles were inoculated by injecting a few drops of inaculurn into 

This method presented the least danger of oxidation and/ 

Occasionally agar slants in tubes or agar 

the surface of the agar. The inoculum was spread over the surface of the agar 

by gently tipging the culture vessel. Transfers from one slant to mother and 

streaking for isolation were done using the methods developed by Hungaze (19). 

The gas used dnring transfer of cu:cures was H :CO (80:20) which was passed 

through a sterile Swinfiey filter levice fitted with a 0 . 4 5 ~ m  pore size Ffilli- 

pore filter disc. In general ai I cultures wi-e purged with sterile H :CO for 

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

after transfei- and before incubation. 

2 2  

2 2  

Cultures 

Four pure cultures of methanogenic bacteria were provided by K P .  Bryant, 



University of Illinois, Urbana, Illinsis. These were the following: 

kthanobacterim smiaantium strain FS 

kthanebacteri ~ n n  M.O.K. 

f4ethanesarcina barkeyi strain rts 

Methanospirillurn hungatii strain 3F 

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

sediiwnt came from a point 33 miles east ~f Cleveland, 2 miles offshore where 

the water is 18 fect deep. 

9-10 months. 

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

long period of time necessary. 

The isolation was carried out over a period of 

Anaerobic techniques were being developed at the same ti= as the 

The isolation was attempted by carrying out a series of dilutions in 

liqusd redia on the assumption that a tube with a high concentration of methane 

would have a high concentration of methane producing organisms. 

not to be the case and resulted in m n y  blind paths being follmted. 

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

or these were made in a mkeral salts medium similar to that of Zeikus arid 

This proved 

A total of 

Wolfe (52) except that 100 nig/liter of yeast extract was substituted for the 

vitamin solution. 

survive on this minimal iwdium. Finally the highest dilution in this synthetic 

broth which showed methane production was centrifuged to concentrate the cel Is. 

These cefls were then used to inoculate agar bottles. 

colonies from which the isolate was obtained. 

This removed many of the contaminants which were unable to 

This resulted 13 isolated 

All cultures were inaintaiwd m agar sliints of either rumen fluid mdium, 

growth medium, or Methanospirfl- medium. 

at approximately four week intervals. 

Stocks were routinely tranrfermd 
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Characterization sf Isslate 

There are only a lirerjted nu~&e~ of methanogenic species. A71 of them 
apparently share the sa= energy yieldfng process. 

by which they are distinguished P m  each other is morphology. Within any 

morphological group ~@ characteristies used to differentiate strains ape 

requirements for growth factors prssent in rumn fluid, ability to use different 

substrates for methane genemtion and ten-perature optimum. With these COR- 

siderations in mind a partial characterization of the Lake Erie isolate was 

carried out. 

The mast important featurn 

According to mrphalogy this organism is definitely of the bacillus type. 

Within this group the only substrates used are hydrogen gas and fcmte. 

organism was tested for the ability to produce methane from these tto sub- 
The 

stances. 

medium with 1% formate added and an atmspher.e of 100% CO , nutrient broth 
2 

medium with an atnisphem of H :CO (80:20), and nutrient broth medium with an 2 2  
atmosphere of 100% C02. 

methane by gas chromatography. 

The organism was inoculated into three tubes each of.nutrient broth 

A11 tubes were incubated at 37 C and monitored for 

The optimum temperature for growth and methane generation was Oetemined 

by inoculating tubes of g&h m e d i m  with the isolate. The tubes were prged 

and incubated with an aLnosphere of H :CO 
2 2  (8O:ZO) at the following tenpen- 

1 

i 
i 
i 

tures: 4, 15, 23, 30, 37, and 45 (a17 temperatures in degree C). There were 

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

production. i I 
I 
t 
i 

; 
Gas Analysis 

Gas analysis was dme Hith gas chrornatagraphy. Three recorders bere used 

in conjunction with the chromatographs: a Westr-onics LD/l'lA strip chhzrt 
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recorder, a Linear Instrents recorder Hodel 252, and a Linear Instrmmts 

recorder Hodel 2528. 

with electronic integrators. 

The fxo Y~XQ~~ETS from Linear E n s t r a n t s  were equipped 

In rnost cases gases were injected into the drrmtagraph with -4 T+ ir1 C M -  

liter gas syringe. 

danger of contaminatim sf the cultures, gases were sampled and injected into 

In some cases where it was necessary to prevent any possible 

the chromatograph with sterile lcc tuberculin syringes. 

Methane. !.iethme pmbction was mnitored with L Varia~ Aerograph 2740 

gas chromatograph equipped with hydrogen flam ionization detectors. Tie 

carrier gas was nitrogm. 

rather long period of tire, several different colums and packing materials 

were used. 

packed into a 1/8 inch by 8 foot stainless steel column. The later studies 

were done with Porapak N (1@3/720 mesh) and Porapak Q (100/12S mesh) wM& were 

packed into 1/8 inch by 6 foot glass columns. 

Since the experiments Eported here extended over a 

For s c m  of the early isolation work silica gel was used. It was 

Carrier gas flw ritte and injector, detector, and column terrperatur-ss 

were always optimized for the detection of methane. In all cases the retefition 

t i m  of methclne was detemimd by comparison to a standard. The methane peaks 

were quantitated by conparison with standards containing a knoiin a m u n t  of 

methane. 

the unknwns. 

Standards were wn at the sane time and ai the s a m  attenuaticns as 

Hydroqen. Hydrogen  as dete:ted with a Carle 8004 gas chromatograph. It 

was equipped with t h e ~ d s f ~ r  detectors and a 1/8 inch by 8 f o ~ t  stainless steel 

column packed with 39/60 resh silica gel, 

Nitrogen carrier gas was used tt a flow rate of approximately I4 mllmin- Using 

these conditions L+e response of the chromatograph was linear over a wide range 

of hydrogen concentrations I 

The colum terrperature was 128 C. 
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Calibration of chromatograph for hydrogen rktection. It had been regorted 

by several authors that hydrogen c5erTd be detected using a thema? conductivity 

gas chromatograph if nitrogen were the carrier gas (21, 23, SO). None of 

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

response of the chromatograph was linear over a wide range of hydrogen concen- 

trations. 

Czerkawski and Clapperton (11) reported that hydroger: could be detected 

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

thermal conductivity detector, argon carrier gas, and a series of tt-ree columns 

to obtain the gas separation necessary for their work. 

in these studies differed in several respects from that used by Czerkwski and 

Clapperton, it was necessary to determine its reliability and sensitivity. 

Three experiments were perforred in this calibration process. 

Since the system used 

In the first experiment different amclrnts SF H2:C02 (80:20) were injected 

into the chromatograph at two machine lttenuations. 

ment are presented graphical!y in Figure 4. 

The results of this experi- 

Ir, the second experiment various Concentrations of hydrGgm were set up in 

serum bottles by the following procedure. 

was determined by filling then with water. 

The total volume of the serum bottles 

The volurre was sltghtly different 

for each bottle and this infomistion was noted. The bottles were filled with 

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

mately 3 minutes. 

would give extra peaks during chromatography. 

positive pressure remaining in the bottle. 

then equilibrated to atmospheric pressure by a l l w i n g  water to drain out 

through a needle. 

with a gas syringe. 

This was done to eliminate oxygen and carbai, dioxide which 

After purging there was a slight 

The contents of the bottle were 

A known volurw of hydrogen wes then injected into the bottle 
Once again the bottle t‘ias equilibrated to atmospheric 
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pressure by allcrdng w t e -  to drain out. The water remwed fn this mnnetn was 

measured. The total gas volume and the an;ouret of hydrogen WE then knmm znd 

the percent hydrogen in the atmosphere could easjly be calculated. Various 

sample sizes of these concentratims were tf.en injected into the chromatograph. 

These results are presented in Figure 5. 

The third experirent was set up in the same way as the second except that 

higher concentrations of hydrogen were used. 

graphic analysis was done with 20 rl samples. The results of th's experiment 

are presented in Figure 6. 

In this experiment chromato- 

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 lqwcst concentration which gave a definite and reproducible peak was 0.11% 

hydrogen in nitrogen. 

The conclusions which can be reached from these experiments are that use 

of a chromatograph with therm1 conductivity detectors with nitrogen carrier 

gas is an effective way to determine the concentration of hydrogen in a gas 

sample. 

sample concentrations extending down to a concentrat961 of 0.11%. 

concluded that the minimum sample size which gives reproducible results and a 

linear response is 20 pl. 

The response of the chronatograph is linear over a wide range of 

It was also 

Mi croscopy 
__I 

Cultures were routinely examined with 3 N i k m  phase miLroscope with a 106X 

The photomicrographs were taken with the S a m  micro- phase contrast objective. 

scope fitted with a Mikon prism reflex attachmnt. 

Preparation of Culture Tubes witn a Known Aqount of Hydroqen 

Several experiments were performed in which an irnportilnt variable was the 

56 



140 

120 

40 

2c 

0 

a 

. 
a 

a 
e 

e 

0 

1 1 I 

' 2  - 1: 6 8 

PERCEIIT IIYDAOGEIJ - 
FIGURE 11-5. Relationship Betdken Peak Area and Percent tiydrosen (by v01lrn-e) 

in Nitrogen. 20 p.? samples = e .  30 pl sampl?s = r. 

57 



f '\ 

E i 

1 

I /  

e 

E 

CE c 

I 

' X  



.. 
Pa amount of hydrogen in the atmosphere. En order to deternine the percentage of 

hydrogen in the atmasphere, the folkwing procedure was used. The total 

~olatm sf the culture tube was detemined by filling with water. ?ledim was 

added to empty tubes with a pipette, the caps w@re set in place, and the tubes 

were purged with 100% C02 for 1-2 minutes. 

fnto the medium which results in decreased pr~ssupe inside the tube, so after 

about an hour CO was again added. At this point a k n o w  amount of 100% 

hydrogen was added to each tube with a syringe. The tube was imdiately 

equilibrated to atmospheric pressure by allm?ng s o w  medium to drain out of 

the tube via a needle. 

necessary to add more “can was actually desir@d and to vary this so that all 

tubes would have approximately the same volum of wd5urn and gas phase when 

they were inoculated. 

expelled were noted so that the actual percent hydrogen in the a-tmsphere 

could be calculated. 

Carbon dioxide dissolves slwly 

2 

Since sore of the medium was to be expelled it was 

The volume of hydrogen added and the ap;iomnt of medium 

For example, the tots1 volum of the tubes used was 17 ml. If the desfred 

final volume of n?edim was 7 nl and the hydrogen concentration desfwd was 5%, 

the tube would be set up as follws. Nitb a final gas volume O P  16 mi of which 

5% is hydrogen it is necessary to add 0.5 ml hydrogen to the tube. \&en this 

is added, 0.5 rnl of medium will drain out during the eduilibration process. 

So the tube was originally set up with 7.5 ml medium, 0.5 ~l hydrogen added, 

and 0.5 ml mdim allowed to drain out for equilibration to atmsphcric 

pm-essuw. 

After addititJn af hydrogen and equilibration, the reducing agent was 

added to the tubes snd they were autoclaved. 

ready to be irtocu’lated wfth no further disturbance to the gas phase. 

After cooling the tubes were 
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A series of experinrents was carpied out in an at%er$t to discover the 

effect of initial hydrogen concentratfan cm mtharie pwdesction. In all of 

these ex;>e~i~~nts the hydmgen concentratims wre set up in the culture 

vessels according to the proceduv-e previously described. The incubation 

terqerature for a11 exgerimnts was 37 C. 

i 
i 
i 

The fint experiment was carried out in s e w  bottles wiih red ribber 
1 serum stoppers. The Redilim wes water frm Lake Erie bl;ffemd with sodium 

bicarbonate. No indicator or reducing agent was added. The inocultim was a t 
i 
i 
t 

mixture of water and sediment taken from Pond Lick take, a small lake in 

southeastern %io. The hydrogen ccjncentratims ran-jed frm 11% to 80% 

(expressed as percentage of total gas VOIURE). In additlcm, two controls were 

set up. k sterile c~~ftr01 had 80% hydrogen in the atrasphere and no inoculum. 

Another control allwed for measurement of endogenous me:haa:le production. It 

had cells but no added hydrogen. There were thme replicazes of the controls 

and of each hydrogen tcmcentration in the experimntal bottles. 

were monitared for methane production over i! two week period. 

I r 
i 
1 
i 
i 
1 

The bottles 

The remaining three experimnts in this series were? carried out fn 

Hungate-s.tyle tubes with nutrient b m t h  wdi*a. 

bacterim ruzjfi8ntjm was used as the inoculum. Experimn', 1 consisted of 

114 tubes with hydrokxtn ccsncentratiofis of 0% to 100% jpercmtage of total gas 

volume) lfiiith three tubes at each crmcentration. &thane production was inoni- 

tored over- a period ai: I2 days. Experiment 2 was essentially a repetition of 

Experiment I. Experimwt 3 consisted of 30 tubes with hydmgen concentrations 

of 27.52 to 8#Z (pcrce~t'taw of total gas volu.f.;!f with three tubes at each 

concentrlitim. 

A pure cu?h;ure of Plethar,c- 

Kethane prodtictian was mnitarpd over a @er;sJ of 90 hours, 
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An attempt WE, made to tietemirte how ~ u c h  of the hydrogen available to 

batch cultures could be used by +he cells, In flask cultures which bad k e n  

mitored for methane production over a periCnd of time ft was possible to tell 

when wtkane pmducticn Rad leveled off. 

mtfrme in the flask was determined by gas chroitatogrzphy. 

(33) reported that 3.7 riles of hydrogen are needed for each mole of methane 

generated. 

because a small arzlount of reducing p w e r  was obtained from the med;m. Using 

the value 3.7 an estimate of the amount of hydrogen consumed could be cal- 

culated. 

in it totally different way. 

and the prctssure masured. 

calculation of hydrogen depletion. 

intrc-&iced into the flask, the air inside the gauge entelrd the flask and 

cauwe! the medium to De oxidized. 

with that particular culture. 

At this point the total amount of 

R O ~ W ~ O R  and Wolfe 

They believed that the theoretical value of 4 was not reached 

This calculated value was verified by measuring hydrogen depletion 

A pressure gauge was introduced into the flask 

This figire could also be used a5 a basis for the 

Enfortunately when the pressure g a g e  was 

Thus no further experiments could be done 

Using these calculations there was an indimtian that methane production 

tiad ceased cecause all hydrogen in the flask had been consumed. 

to verify this, ttto c~lterres of Hethan&acteriurn rlninantilirn were chosen in 

which methane production had reached its mximal leve!. 

(8E!20) was d d d d  to each flask and methane production was mnitored over a 

In an attexpt 

At this point H2:CC2 

period of tire with the gas chromatograph. 

In an attewt to achieve better analysis, a series of experiments has per- 

far%~b in which both riethane prodilction sad hydrogen depletion were monitored 

by gas chromatography. These experiments S - ~ Q P ~  ame in 250 ml Erlenmeyer 

flasks capped with modified rilbber steppers to a l l w  fer gas sanplirq. The 



flasks contained 100 ml grwkh mtdium and were inoculated with pure cu'iturees 

of mzthanogeriic organism. The atmsphel-e in the flasks at the beginning of 

the experiment was H *CO (%:20). 

below the sensitivity of the chrmatograph, H2:C02 (80:ZO) was added to atm- 

spheric pressure as neasured by the pressure gauge. 

wtes ted with the chrmatograph to determine the exact percentage of hydrogen 

in the atmospherr. The cul- 

ture was then reincubated m d  ths whole process repeated when the hydrogen sas 

When the hydrogen had decwased to a level 2' 2 

The flask was then 

Methane was also quartitated by chromatography. 

again depleted. 

Nethanobacterium ruminantiimr. bkthanospirillum hungati i , and Hethanasamina 

barkeri . 

This experiment was done with two flasks each of M.O.H., 

Cell Nurnber vs Methane Prc?xtien 

An experiment was per-fcmed with t&!thanobacterium - rurr.inantium to deter- 
mine if there was a direct relationship between the nurrber of methanogenic 

cells and the amount of ix?#arae produced in a given periGd of time. Hmgate 

tubes containing 9 ml of nutrient broth medium were the culture vessels used 

in this experiment. 

culture of E. ruminantiu9. 

added to the second tube. 

dilution series of 18" and 10'' of the original culture. 

done anaerobically with sterile 1 nil tuberculin syringes. 

The f5rst tube was inoculated with 0.lcc of a grwing 

This tube was well mixed, lcc was t:!thdram.m, and 

The procedure was repeated with 8 tubes to give a 

All dilutions were 

The tubes were then 

purged for 30 seconds wit& H2:C02 (80:20) and incubated at 37 C. 

was delivered through a sterile Swinney filter apparatus fitted with a F3.45pm 

r"li1lipow filter. 

i ncuba t i on. 

The H2:C02 

The ttibtrs vere sampled for methane at 48 and 72 hours of 
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Rate of I4etharPe Production 

Pure cultures of iwthanogenic bacteria were grvsn in 2 9  ml Erlenmeyer 

flasks with rubber stoppers mdified to allow access to the contents. PIC 

flasks contained 1fN ml of growth m d i u m  with an atwspher-e of H :CO, (8O:ZO). 

The flasks were placed on a rotary shaker at 37 C. The flasks were sariled 

routinely for methane and for cell nuder. 

2 

Three of the species of methanogenic bacteria studied produce cluws when 

grown in this manner. 

but grow as very long chains of cells. 

aggregates in order to obtain accurate cell counts. 

to find a m t h o d  of dismpting the cell clumps without breaking the cells. 

Sonication was tried but this resulted in a decrease in celi counts by about 

half. 

Iktkanospirillurn hungatii cells do not clump together 

It is necessary to disrupt these eel2 

It was therefore necesszry 

A method which proved to be successful was disruption of the cluqs with 

a tissue homogenizer. 

tially the saw. 

in which the clmping affect was not yet noticeable. 

Counts made before and after this treatment  ere essen- 

These before and after counts were done with young cultures 

The procedure for cell counting then was as follows. One ml of the cul- 

ture was withdrlrrin from -the flask with a sterile lcc syringe fitted with a 

sterile 21 G, llj inch needle. The needle was large enough to allcw a17 clumps 

to enter and the sample size of 1 ml was sufficient to get a representative 

sample of the culture. 

genizer for approximately 30 seconds. 

visible. 

cell counter. 

tine a71 408 squares on the grid were counted. 

cells per square Was used to calcriiate the number of cells per m’l in the culture. 

This sair~le was then stirred wfth the tissue hoiin- 

At this point the clmps were: no longer 

A sample of this suspension was then counted wjtk a Petroff-Hauser 

In no case were fewer than 100 squares counted and mast af the 

An average of the number of 
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[+ethane was analyzed by gas chromatography. At each sarripling a standard 

of 315 ppn 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 cwve, the amunt of rithane in the cul- 

ture flask could be directly compared to the standard by analyzing both at the 

same attenuation settin.% on the chromatograph. Methane in the flask soon 

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

standard. 

diluted in a known gas volum and this diluted sample was injected into the 

chromatograpb and compared to the standard. 

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

In actual practice all samples injected into the Chromatograph were 2Oyl. 

When dilution was necessary, either 20, 40, or 7 O p l  were withdrawn from the 

culture and placed in a 7 rnl vial containing H2:C02 (80:ZO). 

fitted with a butyl rubber serum stopper and a cap with a 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 results and since the 

second sampling resulted in extra stress on the culture, this practice was dis- 

continued . 

The vial was 

The experiment and analysis was performd for 3 flasks each of 5. ruminan- 
- tium, 1.1. barkeri, arid M.O.H. 

for the second set of three flasks. 

twice for fi. hungatii. 

second had growth medium. 

This bras done twice using a different inoculum 

The experiment and analysis was performed 

The first flask had FIethanospiri!!m medium and the 

This organism can use the fornate in Methanospirillum 

medium as a substrate for methane production. 

organism were cbtained with hydrogeti as the energy source, it was desirable to 

obtain a rate for E. hungatii under similar conditions. 

Since the rates for the other 

There was also an 



attenpt t~ obtain this info-matior? for the organism isolated from Lake Erie. 1 
The data was collected using the s e  mthcrds as for all other organism. 

Unfortmately this organism grows rather poorly in liquid redia and SO the 

analysis of the data had to be dane in a slightly different fashion. 
j --: * I J  : 

i 
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besvelopmnt of ~naerobfc Teifiniques 

The cieveloprwnt of techniques for the g m t h  of strict anaerobes is a 

1 0 ~ g  and frustrating prscess. Yet 4f one wishes to work with methanogenic 

organisms in pure culture, it is absolutely necessary first to develop gmad 

anaerobic methods. 

mental process. 

points and to see the mistakes which were being made. Yet the knawledge 

necessary for this understanding was Sained only through this process of 

trial and error. 

Et is instructive! to briefly review hew this devel~p- 

In retrospect it is easy to explain the failures at certain 

Mixed cultures producing nethane had been cltti-ated in this 1aboratorgr 

for quite some tine in serum bottles with mud and water from Lake Erie (27). 

These serum bottles were capped with red rubber stoppers and had an.atr;isphere 

of 95% N2:5Z C02. 

mally present in the natural aquatic envirmmnt. 

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

long as a few facultative heterotrophic organisms are present in the culture, 

they will consume the oxygen and reduce the redox potential to a potnt whew 

the methanogenic organtnism w i l l  be able to survive. 

organisms are removed, the anaerobic methods employed mush be much better. 

These were mixed cultures containing the organisms no+ 

The step from a mixed cul- 

As 

Once these contaninating 

The first attempts at isolation involved streaking enrichment culttnr-es 

from take sediment containing bottles onto agar plates and incubating #hem in 

an anaerobic envi ronwnt. It was recognized early that GasPak generators 

wotild not be good enough to allow growth of methane producers. 

incubator in which the atmsphere WBS evacuated with a \*acutirn pump and filled 

with f4 :CO (95:s) three t i w s  was tried as zn anaerobic container. After 

incubation, many colonies appeared; however, it was difficult to deternine if 

Pin anaerobic 

2 2  
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any of these were producing mtlsme since i 

atmosphere in the incubator for mthane. 

was irqmsfble to analyze the 

This problem was solved by mdifying an anaerobic jar. A plexiglass lid 
was cut for the jar and fitted with a rubber gasket so that it would be air- 

tight. This lid had 

pers were fitted. 

needle and purged to remove oxygen, Agar plates streaked with methanogenic 

cultures were placed in this jar. Saqles of the atmosphere in the jar were 

withdrawn from time to tire and tested for methane. Methane was present but 

holes drilled in it into which red rubber serm stop- 

The jar could then be filled with H :C02 (80:20) via a 
2 

it was unknown which cofmy on which plate was producing this methane. The 

only way to determine this was to systeematically pick every isolated colony 

and inoculate it in a bottle where the rethane generated by those organism 

could be trapped for analysis. nhis proved to be unsuccessful. 

It was believed that this failure was due to the organisms in these 

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

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

to do th-is. 

picking colonies in it. 

but when a methylene blue indicatar turned blue, it was concluded that there 

At this point a glove bag was obtained with the intention of 

?.t first tihis glove b a ~  was filled with N .CO (95:s) 2’ 2 

was tGo much oxygen in t!?e gas tank. 

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

oxygen could get through this trap and it proved unworkable in several ways. 

The whole idea of using thhs glove bag was itbandoned. 

To eliminate this a trap of pyrogallol 

Considerable 

At this point the deve’lopmnt of rigorous anaerobic techniques was mder- 

taken. Some guidance was available in the literature but there is a vast 

difference between readjng about smetthing and actually doing it. Thus what L 

i 

i 
would seem to be the siw’iest and m s t  straicj~t-forward technique and/or 

I 
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manipulation o~ten required hoursI days, or weeks for mastery. ~ventlaa~~y 

this process Ted to the m&o& described in the fbPaterials and HetRods section. 

The .grmth of anaerobes involves b o  main concerns. The first is to 

obtain a suitsbly reduced medium and an oxygen-free environment. 

is ta riintain these conditions during the grotqtk of the organisms. 

The second 

The first method tried to obtain reduced conditions was boiling the 

medium. 

(as judged by msazurin indicator). 

drive off oxygen before dispensing in tubes. 

mately 30 minutes of boiling with a chimey under a stream of oqqen-free 

Holdeman and Moore (16) indicate that boiling alone will reduce media 

Bryant (4) and Hungate (22).5oil media to 

In actual practice after approxi- 

carbon dioxide as suggested by Moore (302, the resazurin in the nutrient broth 

mdittni indicated a reduced condition. 

maintain this condition during dispensing of the IT )e d -  ium. 

Unfortunately it was not possibk to 

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

Smjth (42) suggested that gmbsth of Escherichia _I_ coli would lower the redox 

potential of -a medium enough to allow methane producers to grow. E. 
cultures did reduce the mdium as judged b y  the redox indicator. The problem 

then became to kill the E. coli without oxidizing the medium. 
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. 

difficult to know whether it had becope contaminated or whether the cells seen 

were just dead E. u. 

There were some 

Thus when a culture was examined microscopically it was 

The mthoc! which was finally settled upon was reducing the medium chem- 

ically. The cysteine-sulfide reducing agent described by Bryant and Robinson 

(7) has proved very reliable. Not only is the problem of the dead cells g o w  

but the reducing agent has s o w  capacity to remove traces of oxygen introduced 
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into tt\e tube during transfer or salripSSing. This latter characteristic is a 

distinct advarrtage aver reductSon by biological means. 

The second major caneern in the cultivat5r.m of anaerobes is maintaining 

reduced and oxygen-free conditions. In large part this is a matter of care 

in transfer and sampling but it is also necesswy to have an appreoriate cu1- 

tuw vessel. In relation to this it shsuld be pointed out that red rubber 

stoppers are permable to oxygen and cause reoxidation of tbe medium. This 

fact was pointed out by Hungate (20) but is rarely mentioned in the anaerobic 

literature. Most articles on methods OH techiques do, hastever, call for the 

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

indicates that although it is not rentiened, mast people working with strict 

anaer&es discriminate against red rdbber stoppers. 

Attempts at Differentiation of Methanogenic Colonies 

Methanogenic bacteria are generally fomd in habitats where t h e w  is a 

great variety of different organisms. 33iis is a contributing factor to the 

difficuhty of the isolation process. h e  is frequently faced with the situa- 

tion of a bottle clr tube which has metkme in the atmsphere and a variety of 

organisms growing on the agar surface. Obviously the methane was produced by 

organism growing in that culture. But which colo~y or which part of the zone 

of confluent growth contains the rethanogcraic organisms? One is faced with 

the prospect of picking each co!o.ty and placing it in either broth or agar and 

waiting to see if methane is generated. Tits is a very t i w  consuming and 

difficult process. 

from contaminants on the agar surface, tke task would be easier. 

apprcaches were tried at solving this pt-$!fem. 

to be successful, 

If there viere sore way lo differentiate these organisms 

Two 

Unfortunately nei they proved 
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YethrnPiBEjenic organism produce a pmd~rct, methane, which is a ~ a .  If 

this gas coulfl be trapped 3ia the form of a Q ~ S  bs&,bte, it would Be a ~~ts~mfmt 

way to pinpoint the colcmy of interest. At the time that this WG under con- 

sideration, no mthani? producing Cu’ltums were avaitabfe. As a test Entem- 

bacter aerogmes was cultivated in a femritation medium containfng glucsse so 

ahat consickrable mounts of carbon dioxide would be generate$. 

It was hoped that the carbon dioxide pmduced by each colony would bs 

caught m d  trapped in the agsr. To acco.wlish this a dilution series was m d e  

in agar tubes which were then rolled in an ice bath so L,at the agar sciidified 

as it thin layer along the sides of the %isbe. 

incubation but all colonies wee not associated with gas bubbles. Alfa the 

gas bubbles mved around in the tube so that a bubble might be over one colony 

at one tips and over mother colony .ialf an hour later. It was concluded that 

this would not be a good way to differwttiate methanogenic organisrrs from 

other types of bacteria. 

Som bubbles were &served afkr 

Cheeseman et al. (9) reported that nethanogenic bacteria contain a corn- 

pound which fluoresces w h w  excited by ultraviolet light. 

perhaps it might be possible to detect metbanogenic colonies by taking advan- 

tage of this property. 

that it is possible to identify methanogenic cclonics in this way. 

do this they used an anaerobic charher within a glove box. 

Et was thought that 

In fact Edwards and McBridt? (731 have recently reported 

IrI order to 

Since this requires specialized and expensive equipment an attempt w= 

mads to design a system which would eliminate these problems. 

light can pass throri5,h plexiglass so a culture ckasbslbrr of this material was 

ccmstructed. After some initial problem 

Ultraviolet 

This is illustrated in Figare 1. 

getting an airtight seal on the chamber, methancgenlc cultures were grmw in 

this chmber. Unfortunately it was m i  possible to sw ffuorescm~e of the 

70 

3 



i 1113 

I 

[-1 
, -..1 

i: 
:[ . 

colonies in these &a&ers. 

A hand-held Ut! light did not provide enough illuminztion to really see 

any fluorescence from the colonies on the +,dr surface. A more pwerful liY 

lamp gave so much illmination that any fluowscecce from the csionies was 

washed out. 

yet grove to be a mems of differentiating methanogenic colcsnies. 

-- Characterization of Isolate 

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

A methane praitrcing organism was isolated from s e d i m t  obtdined from 

Lake Zrie. Sicce this was accomplished by carrying out, a series of dilutions, 

it is probable that this organism was the most numerous methanogenic organism 

in the sediwnt at that tim. 

this organism was ultimately obtained. 

organism present in n d e r s  lower than this isolate w o ~ T d  have t.eer? recavered 

by the ;solaticn process. Once the appearance uf this crgmism was knwn, it 

It was a lom5 dilution cf s&inrt>t fmz which 
It is unlikely that a rnethanogwic 

could be recognized in virtually all tubes in the direct Tine to this isolate. 

Also at the end of the pmcess many tubes which had large amunts of mthane 

were examined microseorically even if they were not in a dSZuticn series which 

led to this isolate. In all cases this organism was precent. 

There are only a limited nunber of species of rnethmopnic organisms 

which are divided into foar main group; on the basis of ~~rpha'logy. 

contrast microscopy of this organism showed that it is definitely of the 

baci'llus type. 

often occurs in long chains. 

Phxc: 

It is a Song, tk,in, frequently curved or twisted rod which 

Elorphologically it is similar to Methanobacterium 

M.O.Y. Gsyant (5) 

considers M.0.H. to be a variant of fi. formicicurn which is ~nable to use for- 
mate as a substrate for growth and cietticne production. 

It is probable t!at these 2yanisms are the s a w  s,pecies. 
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the medium might be lcwered with formate presm't and with an atmosphere af 

100% C02. At the end of the incubation t're pH was checked. nese results are! 
also presented in Table 1. Tfae pH was appmximtely the! sam for all ttibes. 

* 

In additfm to substrates utitired for m t h a ~ e  generation, another feature 

wed to diffemntfste species; f s  tmpmture optl m .  The results of the 

tmpxature studies are presented in Table 2, It is qui& clear that the 

optimum temperature for e t h a n e  generat.rtion by #ha Isolate is in the range 

313-37 c. 

Effect of Hydrc+$~n Concerrtration op1 !-&thane Fmdifction 

The first e~pe~it~it: was conducted in an attempt to detewina whether the 

addition of hydrsger would be a stintr1t.s to methane productton by B natural 

papulation. A mixture of water and redimnt tzken from a s m l l  lake was used 
as the inocultn. This mixfxre wcrtild be all orgzn<sms n o m l l y  present in 



NB, No Additions 
18OZ C& 

L 

N5 + Fomate 
100% co2 

NS, No Additions 
H*:C02 (&B:ZOj 

Ffnal pN 

7.1 
7.11 
6.9 

6.8 
6.85 
6.8 

6.95 
7.0 
6.9 

Hethane produced aftsr 2 and 24 days of incubatiw at 37 C. ne mdi~q is 
nutrient broth wd9m (NBf with and without added fonrate. The atrasphem 
above the cultwe was eithe~ 7W1 carbn dioxick or hydrogen: 
(80:20). There were three replicateas for each set of conditions. The rela- 
tive units for mthane are related ta peak height and arm? the s a w  for all 
neasurewnts. 

czrbm dioxide 

TASE 11-2. Effect of Incubation Temperature on &thane Producticsn 

Tempe ra t u m  C Day 2 b y  15 

4 22.6 22.6 

15 38.4 25.2 

23 28.0 2C.6 

30 43.6 405.9 

37 54.3 ~ - 304.2 

45 50.7 32.8 

Lake Erie isolate after 2 and 15 ch3-s of incubetien. Average nmetkme 
generatiC3-l expressed in m t e s .  



either to methane in the a+msphere cmtaainatfng #E syringe or mre probably 

hydrosen used stimu'tated methane production over the endwpmus levels. 

this short period ~f time it would seem Mat any aasflunt of hydrogen is to SORE 

ex tent s t i mu 1 story. 

In 

The situation at two weeks is s m m h a t  cmfusing. All hydrogen bottles 

had much m r e  methane than the endogenous control and &?e skri?e control. 

Both cmtrols rerained at essentially the 24 hozr level of methane. 

for methane in Figure 16 are 100.3 tines greater than *hare in Figure 9 so tt 

can easily be seen that during this two week period there were very great 

The units 

increases in the arrrawlt of methane in nearly ell bottles. There are, haiqever, 

large discrepancies in the amunt of methme produced ir: battles w1t.h the s m  

amount of hydrogen. This msly be due to the fact that the inocufm for these 

bottles was a slu~ry af sediwnt and wdter. It w u l d  be easy to get an uneven 

distribution of orgmisns5 In such a sittiation. The ammt of mthane produced 

was used in these battles, it was the facultatiw organism which 1 ~ e r e d  the 

mdox liatentirtl to e p~tnt; where the mthanogmic organism could survive. 
v 
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bottle indicates that in no case was the potential for mthane production 

realized. 

large a m m i  uf mthme. But this was still mly half of the  ethane which 

would have tsem possible i.f all available hydrogen had been converted to 

methane. Two factal~, however, prevent one from forming m y  firm conclusions 

tk~e: bottle which had approximately 2% hydrogen produced a very 

in this regard. 

duced was being oxidjred. 

First there is a possibility that s o w  of the methane pro- 

These were mixed cultures and methane-oxidizing 

bacteria were certainly present in the system. Also it was discovered after 

the conclusjm of the e x p w i m n t  that the red rubber stoppers used to close 

the bottles were not an effective barrier to hydrogen. Thus thew is a good 

possibilit3 that SQW of the hydrogen added to the bottles was usravaitable to 

the methane producers due to leakage. 

To better contra1 the variables, a second experiwnt was set up using a 

pure cul tu= of bkthanobacterim ruminantiurn. The hydrogen concentrations 

used varied from O-lQO% with 0.11 increwnts in the range 0-1%; 1% increments 

in the range 1-10:; and appmximtely 5% increments in the range 10-11%0%. 

The lowest ammt of hybragen added to an$ tube was IO PI. k i n g  Henry's 

law to calculate the solubility of a gas in a liquid, atis itmounts to a hydrc- 

gen concentration af 0.785 X to-' molar. 

I x 10-6 m~ar catcutcttsd r;.~ Hungate et al. (23). A: this concentpation less 

than hslf of the rate lirnitirq cnryme for the conversion of hydrogen to 

mthane should be saturated. 

This is close to the Kn! y;alw of 

If  this Km value is correcr,, the methanogenic 

organism should be able to convert even this Fw level sf a ded hydmgen to 

mthsne. Encreasing amunts of hydrogen above this 'leiail shosld cause an 

increase in the rate of methitfie generation, - 



I ,  
i 

If the orgmfss convert all 10 1 of the hydt-cgm to methane, the yield 

of methane would be approximately 2.70~1. 'Ehfs figure is based on a value czf 

3.7 mles hydrogen needed fobr ea& mole methane generated (37). This amount ~f 

=thane should be reljably detected baith the gas chromatographic methods used. 

Thus this experiment could thecmtically give information about the effect 

of increasing hydrogen concentratitien OR the rate of rethane production. On the 

basjs of the infomation available methane production should increase with 

increasing hydrogen cmccentratians up ta a point at which the hydrogen would be 

saturating and s c m  other variable, probably nmbers of methane producers, 

would 1 imi t the reaction. 

Aftcr cne week of incubation the anmint of methane in all tubes was small 

The results of ttre samples taken on day 12 are pre- and essentially the sam. 

sented in Figure 11. Many of the points in the 0-10: renge are not plotted 

since there were many thes and all were essentially the same. 

be an increase in =thane in the range 40-60'% hydrogen. 

some doubt about +he validity of these resulb due to the lag period which v3as 

much longer than noma1 and may indicote that there was a problem either with 

There seem to 

There was, however, 

the cells in the inoculum or wi'l the medium. 

repeated. 

In any c a w  the experiment was 

The set up aP the second experiment W E S  essentially the same as the first. 

The resutts of the sampling done at 48 hours 6f incubation am presented in 

Figure 12. Rany points in the 0-IGV, range sm not plotted since there Here 

many tubes and al? were cssso-i~tially the sa1=. 

produced at about the 30% level of hydrogen. 

24 hour and 72 hour simpling. Ccmntrary to the original expectation, all the 

tubes with less than 2055 hydrogen had ~ b m t  L%e same ampunt of wthane at 23 

There is an increase in methane 

Teis trend was also seen at the 

hours and this situatim did not change very m c h  upon 72 hours of incubation. 
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The methane prodcced at these lai levels of hydrogen was not very different: 

from controls with no added hydrogen. 

smller than would be expected if all the hydrogen added had been utilized for 

methane production. 

Also the amount of methane was much 

On the basis of these results a t!ird experimnt was set up in which hydro- 

gcn concentration varied over a narrower range of 27.5-881. The res.~lts 

obtained after 90 hours of incubation are presented in Figure 13. 

increase in amount of mthane generated with increasing cmccentratims of 

hydrogen. These cultures  we^ also checked at 20 hours and 36 hours with a e  

same results. The amunt of methane in each culture increzsed with time but 

there was no apparent relationship befxeen methane production and 5yQroger1 con- 

centration. 

methane produced approach that theoretically possible with the amount of hydro- 

gen provided. 

obtained in the previous experimnt. 

would expect a rise in methane production sowwhere in the range of hydrogen 

concert trati oris provided. 

T:?ere is no 

It should also he pointed out that in no case did the zwmt of 

The results of this experinmt then seem to contradict those 

On the basis of that experiment m e  

With regard to the original question of response of the cultures to low 

avounts of hydrogen, at least scme tentative conclusions can be made. 

tile results of these cxperimnts disagwe with those of Crerkawski et al. (12). 

Hydrogen does not appear to have been converted LO methane as fast as it could 

First, 

diffuse into the media. 

difference in the amcunt of methane produced at differt'nt hydrager; ceficentra- 

tions. 

for the conversion of hydix3~n to wthsie, there should have been an increase 

in the rate of methanogenesis (and therefore tl,e amount of methane Generated 

in a giden tire) in the rang? af hydrogen concentrations O.l-lO%. 

If this were the case, thew should have been sone 

Also, if Htrnljate et at. (23) were rioht in their caftulaticn 3f the Km 

C.n the 
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100 tims the Km. 

There is owe major titffemnce betman the experirents reported here and 

those done previously which ~ a y  bear CFSI the difFeAng results obtained. The 

work done by Czerkawski et a7. (E) and Husigatt and c o ~ o r k e ~ ” ~  (21, 23) was 

with rumen contents which have a very large population of methanogenic bacteria. 
Smith and Hungate (44) have rp.@pw&d cowits as high zs 2 X tO 8 methanogenic 

bacteria per ml of r m n  contents. The results obtaiaed here must be inter- 

preted in light of the fac‘i; that the nmbers in these cultuws were much lower. 

Becsuse of theso unc@rtajnJk Phe question of hydrogen utilization by wthano- 

genic bacteria was approached in a totally different way. 

Hydrogen Depletion Experiments 

In flask cultures which were m n i i x m d  for methane over a period of t i m  

it was possible to tell when methane production had leveled off. The amunt 

of methane present at this time was determined by gas chromatography. Using 

this value one can obtain an estimate of the amount of hydrogen consumed. li 
was also possible to measure hydrogen depletion hy pressurn changes inside the 

flask. Since 3.7 roles of hydrosen are consumed far every mole of methane 

generated (37), the pressure inside the flask drops during the growth of a 

culture. 

Table 3. 

The results of those masurments and calculations are presented in 

At the tine of inoculation each flask had a gzr volume of 160 ml. This 
was filled with 80% hydmssn which would give a value of 5.12 mmoles hydrogen 

or 12E! rnl hydrogen (3t 3 awi). In actual practice when the flasks were purged 

with hydrogen: carbon dioxide, tke exit needle was withdrawn first. This 
caused the flasks to have a sl-r’ght positive 
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, , . .  

MS1 1.26 4.65 31 -5 116.5 

t4s2 1.51 5.59 37.7 139.7 

MR1 1.08 4.0c 27.0 100.0 

ME 1.05 3-88 26.3 97.6 .56 .33 

MR3 1.15 4.25 28.7 106.4 .52 .30 

MR4 1.05 3-88 26.3 97.0 .56 .33 

MR5 1.46 5.40 36.5 135.0 .38 .30 

MOH 1.31 4.85 32.7 121.2 .45 .40 

Shake flask cultures with 100 ml m e d i m  and 168 ml gas. 
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f!asks probably cmtainzd s o m h a t  mom hydrogen than the abo 

cate. 

(if not all) of the hydrogen available was convet%ed to rethme. 

in the table f o ~  v o l m  methane produced and hydrogen c o w e w d  ai-2 calculated 

on the basfs of 1 am pressure. 
available :n the flask causing the cv-essure to drop. There is a reasonable 

agreewqt betwesra the p m 5 s u ~  actually measured and that calculated. 

It c w  be seen fm Tab12 3 that in most cases a very large percent 

The values 

In reality the gases expand io fill a71 160 ml 

Wher, stationary phase is reached, the amount of =thane presmt in the 

flasks is appmximately the s a m  for the three species of methane producers. 

Furthemre, this w t n t  of =thane accounts for essentially all of the hydro- 

gen initially present in the flask. This suggests t b t  tbe cells stop pro- 

ducicg methane because of hydrogen depletion. 

To test this hypothesis, flasks of E. ruininantiurn were incjculated and 
plactd cn a r;hz\ker. 

graph (Figu:e 14). 

for flask C begins to level off and that approximately the S a m  amount of 

mthctne is present in flcsk A. The amount of Ethane present at 155 hours 

represents the consmpt<m of essentially all the hydrogen in the flasks. At 

166 hours the hydrogen in the flasks was replenished. 

The methane was monitored over tine with a gas chrcTato- 

It cen be seen that at absut 140 imws the methane curve 

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

again monitored cver tim. 

gas escaped f r m  flask A resulting in E drop in total methine at hour 169. 

Unfortunately during the addi t i w  of hydrogen, sme 

As cart be seen in Figure 14 there is a rapid increase in the arnount of 

This is to be expectea :onsidering the fzct that a methane in ooth flasks. 

large population of methanogenic oqarisrns is present :n 50th flasks. 

also be seen that =thane is being produced logarithniicslly m c e  again. 

It ~ a l  
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Since there are so many cells present in the flask at this time, the 

hydrogen is consumd very rapidly. As can be seen from Figure 14, after 120 

hours of grmtk the organism in flask C had produced a total of 1.17 m l e s  

of methane. 

0.90 m l e s  of mthane. 

producing methane have done so because of hydrogen depletion and that if hydro- 

Thirty hours after the addftion of hydrogen culture C had produced 

It would thus appear that cultures which have stopped 

gen is replenished, these cells are capable of rapidly converting it into 

methane. 

There still remained, hwever. several questions about hydrogen utiliza- 

tion. How many times would the cells c o n s m  the hydrogen given to them? 

Could the cells really use all the available hydrogen as data from Table 3 

would suggest? Is there sore level at which methane would become inhibitory? 

In aT: attempt to answer these questions, the 

of 5. runinantium was continued. The flasks were 

added had been depleted. At this point the amount 

determined by chrcnnatography and hydrogen : -carbon 

of 1 atnosphere (as judged by the pressure gauge). 

xperiment with the flasks 

ncubated until the hydrogen 

of methane in the flask was . 

dioxide was added to s. level 

This process was repeated several times and the results are presented in 

Tables 4 and 5. The moles H and moles CH present in the flask were cal- 
2 4 

culated on the basis of the volume occupied by these gases. 

of pressure a m a l e  of gas occupies 25.45 ~1 at 37 C and 24.46 ml et 25 C. 

At one atmosphere 

The flasks were incubated at 37 C and measured at room temperature so an inter- 

mediate value of 25 ml/mole was chosen for the calculations pre,ented here. 

In fact the difference between there values is slight. 

moles available in a flask containing 80% hydrogen, the value is 5.03 if 

25.45 m l i m l e  is used and 5.23 if 24.46 ml/mole is used. The value obtained 

using 25 ml/rmole is 5.12 mles. 

In calculating the 

The methane theoretically generated from 
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Day 

0 

7 

7 

9 

9 

10 

10 

12 

12 

15 

15 

17 

17 

19 

19 

21 

21 

23 

T ~ B L E  11-4. Hydrogen Depletion by 5%. ruminantiurn Gram 
in Shake Flask CultuPe--Flask A 

m1 es 
H2 

5.12 

-- 
3.82 

-- 
3.72 

-- 
2 2 3  

-- 
1.82 

-- 
1.45 
-- 
1.25 

-- 
.83 

-- 
.64 

-- 

%cH4 

25.3 

35.8 

48.3 

57.6 

63.2 

68.4 

83.8 

85.7 

88.1 

mol @S 
cH4 

1.98 
(1.62) 

2 .GO 

3.09 

3.68 

4.04 

4.38 

6.36 

5.48 

5 .f;4 

1.98 

.98 

.49 

.59 

.36 

.34 

.98 

.I2 

.16 

Symbo1 (--) indicates a hydrogen level below the limit of the chromatogrzph. 
Values for percent hydrosen and riles hydrogen represent what was added to 
the flask on that day. 
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Day 

0 

7 

7 

9 

9 

10 

10 

12 

12 

15 

15 

17 

17 

19 

19 

21 

21 

23 

*HZ 

80 

-- 
56.9 

-- 
44.3 
-- 
3c.4 
-- 
Hydrogen 

-- 
24.16 

-- 
16.2 

-- 
15.6 

-- 
lo 
-- 

ml cs 
cb(4 

%cH4 

28.9 1.85 

46.1 2.95 

53.4 3.42 

No Accurate Data 

65.2 4.17 

72.6 4.65 

83.8 5 -36 

86.6 5.54 

88.1 5.64 

Change 
in aQ4 

1.85 

1.10 

.. 47 

.75 

.48 

.71 

.18 

.lo 

Symbol (--I indicates 5 hydrogen level below the limit of the chi-ornatograph. 
Values for percent hydrogen and m l e s  hydrogen represent what was added to 
the flask on that day. 
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any given a&mt of hyydmga=i was calculated on the basis of 3.8 moles hydrogen 

needed for each mmle methatie. 

consider flask A of E. runinantiun (Table 4). 
day 7 1166 hours) was calculated on the basis of available voluw not filled 

To illustrate the pracedtrre and the results 

The mount of hydrogen added on 

with methane or carbon dioxide. 

dropped b e l w  a level detectable by the chramtograph (0.11%). The m t h L  I 

generated in the interval from day 7 to day 9 was 0.98 m l e s .  This agrees 

very well with tke theoretical value of 1.03 m l e s  calculated from the amount 

of hydrogen (3.82 moles) added on day 7. 

By day 9 the hydrogen in this flask had 

On day 9 hydrogen was once again added to the flask to a level of zero on 

By day 10 the hydrogen was reduced below a detec- 

This was repeated on day 12, 15, 17, 19, and 

the pressure gauge (7 atm). 

table level and was replenished. 

21. The values given for hydrogen added on day 10, 72. 15, and 17 are cal- 

culated from available space not occupied by =thane and carbon dioxide. Each 

time the hydrogen was depleted, the methane was measured to deternine h w  much 

had been generated. 

well with that pf.sdicted if all added hydrogen were metab?lired to methane. 

In general this amount sf methane produced agreed fairly 

Hydrogen #as also added repeatedly to E. rminantium flask C (Table 5). 
As with flask A, some additions of hydrogen were made without quantitating by 

chroaatography the amount of hydrooen ad&ci,. 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. 

M t e r  the hydrogen in the flask had dropped to a level at or below the limit 

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 chromato- 

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

90 



%id2 ml es CH m i e s  %CH4 moles Change 
in CH4 H2 4theoy cH4 

0 80 5.12 1.38 

13 -- -- -- 28.6 1.83 1.83 

13 56.9 3.64 .98 

15 -- -- -- 45.35 2.90 1.07 

15 44.23 2.83 -76 

-- -- -- 61.5 3.94 1.04 16 

Symbol (--I indicates a hydrogen level helm the limit of the chromatograph. 
Values for percent hydrogen and mnoles hydrosen repiresent what was added to 
the flask on that day. 

T,%E 11-7. Hydrosen Depletion by M.O.H. Grown in Shake Flask Culture 

mo 1 :?S Change 
%CH4 ' CH4 in CH4 

rrmol es CH mnoles 
%*2 "2 4theory h Y  

0 83 5.12 1.38 

-- -- -- 26.9 1.72 1.72 13 

13 55.5 3.55 .96 

15 -- -- -- 43.8 2.80 1 .os 
15 45.7 2.92 .79 

-- -- -- 62.8 4.02 1.21 16 

Syrt?bol (--) indicates a hydrogen level below the limit of the chromatograph. 
Salues for percent hydrsgen and mmoles hydrcgen represent what was added tu 
the flask on that day. 
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<- I 
i 

5 55.5 3.55 .96 

8 

8 45.5 2.91 .78 

47.3 3.03 1.43 -- -- -.. 

51.8 3.32 .29 -- -- -- 1 1  

11 39.2 2.51 .68 

16 

16 29.8 1.90 .51 

20 

20 24.0 1.54 .42 

22 

64.3 4.12 .80 -- -- -- 

71.8 4.60 .48 -- -- -- 
.- 

80.1 5.12 .53 -- -- -- 
Symbol (--) indicates a hydrogen level below the 'limit of the chromatograph. 
Values for percent hydrogen 2nd moles hydrogen represent what was added to 
the flask on that day. 
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I 

25.5 

0 80 5.12 1.38 

5 

5 55,5 3.55 .96 

-- -- -- 

-- -- -- a 
a 51.7 3.31 .89 

-- ' 47.5 -- -- 1 1  

1.63 

45.45 2.91 

3.04 

1.63 

1.28 

-13 

11 42.2 2.70 .67 

16 -- 47.9 3.06 -02 -- -- 
Symbol (--I indicates i? hydrogen level below the limit of the chrornatogrzph. 
Values for percent hydrogen and m.a!es hydrogen represent what was added tc 
the flask on that day. 
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~ a a i F  11-10. Hydrogen Depletian by E. hmgatii Gram in Shake flask Culture 

0 80 5.12 1.38 

28.9 1.85 1.85 -- -- 7 -- 
7 62.3 3.99 1.8% 

46.5 2.98 1.13 -- -- 10 ..- 

10 47.1 3.01 .81 

53.8 3.44 .46 -- -- 13 -- 
13 38 2.43 .66 
15 -- 
15 30.6 1.96 .53 

65.7 4.16 .72 -- -- 

74.5 4.77 .61 -- 16 -- -- 
16 24.5 7.57 .42 

78.0 4.99 .22 -- 18 -- -- 
Synbol (--) indicates a hydrogen leve7 belud the limit of the chromatograph. 
Values for percent hydrogen and m o l e s  hydrogen represent what was added to 
the flask on that dqy. 
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Day 

0 

7 

7 

10 

10 

13 

13 

75 

15 

16 

16 

1C 

1.38 
-- 
1 .IO 
-- 

%eMq 

30.4 

43.3 

57.3 

68.3 

74.9 

80 .O 

m1 es 
w4 ' 

1.94 

2.77 

3.67 

4.37 

4.79 

5.12 

Change 
ill Ck4 

1.94 

.83 

.90 

.70 

.42 

.33 

Syihol (--I indicates a hydrogen level below the limit of the chromatograph. 
Values for percent hydrogen and moles hydrogen represent what was added to 
the flask on that day. 
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hydrogen had been added. Bs described previcpusly methane was also monitored 

and the amount prodraced in the intervals between hydrogen additio~s was cal- 

culated, 

It can be seen that in a17 cases the amunt of mthans prcduad a g w s  

rather well with the a m m t  calculated fro% the k n m  amount of hydrogen added. 

Also this data clearly show that the mthanogenic organisms can repeatedly 

uti-dize any hydragen which is made avrsilab?e to them. Hydrogen bias added to 

cultures as mtxh as nine tires 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 litEthanoger;ic organisms have a tremendous 

affinity for their substrate, hydrosn. This is especially impressive when one 

considers that the pressure in the flasks was in most cases consfderably less 

than 1 atm. 

the greatest because there was not very much rethane in the flask. Assuming a 

presswe 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 dissolved hydrogen concentration of 2.36 nmoles per ?OQ nl. 

should be remembered that the Km value calculated by Hugate and ccworkers 

At the time of the first hydrogen depletion the pressure change is 

It 

(23) was 100 nmoles per 100 ml . 

A final conclusion which can be drawn from these experirents is that 

there does not appear to be any inhibition as a result of the accumulation of 

methane up to the level of 88% methane iz the atmosphere which wds :he highest 

level reached in these studies. 

that methane is not a very soluble gas in aqueous systems. 

tion of 80% methane in the gas phase and a total pressure of 1 atrn, the amount 

of methane dissolved in 100 ml would be 0.0315 m l e s  or 2.29 ml. The one i l l  

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

With regard to this it should be pointed out 

With a concentra- 
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the amount of volum occupied by hydrogen viiist &crcasc ai my given pressure. 

From the studies an the relationship betcraw initial hjdrogen smcefitra- 

tion and methaze production there appeared to be a relationship betwen numbers 

of methanogenic bacteria and the amount of mthase produced. In an attempt to 

determine just how close this relationship was, an experimnt was p e r f o m d  in 

which ten-fold dilutions were made of a cuiture of fl. ruminantiurn. 

The results of this experiment are presented in Table 12. In most cases 

there is a substantial increase in the amount of irethane in the interval 48 to 

72 hours which indicates that during this period the cells remained viable and 

were respiring. There also seems to be a direct relationship between the num- 

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

period of zime. 

aniount of methane is plotted asairtst the negative log 

originai culture. 

This is illustrated in Figure 15 in which the log of the 10 
of the dilution of the 10 

Ths data for this graph were taken from the 48 hour samplinq. 

The fact that there was a direct relationship between cell nmber and 

quantity of methane is not too surprisin? since methane is the end prodtict of 

the respiration of these cells. The question of how much mthane cocld be 

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

gate of Methane Production 

The purF9s.e of this set of experiments was to determine the rate of 

methane production for pure cultures of wethanogenic organisms. 

the literature shows that no investigate?? has attempted to calculate a rate sf 

methane production for. a given number of cells. 

only available data suggest a rate of 6 X 

cell for M.O.H. 

A review of 

As discussed previously, the 

)moles nethsne per h o m  per 
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TAN-E 11-12. Relationship Between Plumber of Hethanegenic Cells 
and &@unt of Hethane Produced 

Negative Log Di 9 uti on 

2 

Relative h u n t  of Methane 
48 hr 72 hr 

68,000 250 ,GOD 

3 2,200 4,200 

4 140 260 

5 

6 

7 

63 300 

14 

14 

28 

34 

8 9 22 

9 12 38 

-- ruminantiurn test tube cultures incubated at 37 C. M. 
amount of methane represent peak height and are the same units in all cases. 

Units for relative 
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FIGURE 11-15. Methane Production vs Dilution of M. runinantium--48 hours 
Units for relative amount of methane represent pezk height. 
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The mthod used here to determine rate of methanogenesis per cell per 

unit tim utilizes dt direct count to determine cell R W K ~ W S  and chromatographic 

analysis to determine the amount of mthane. The quantity of methane in a 

culture at any given time depends on two variables: tire and cell nurtaer. 

The number 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 mthafiogenic organisms thew is a period of 

time during tdh'ch both the cell nuiher and the amount OS m?t;rdne in the cul- 

ture are increasing exponentially. This means that not only are cell R U R ~ W  

and methane increasing over tim but they are increasing at a constantly 

increasing rate. When the logarithm of the measurements of methane and cells 

are plotted against time, a straight line results. 

portion of the graph one can estimate the ammt of methane generated per unit 

time and also the number of cells present at the beginning and end of the time 

peri od. 

From this straight-line 

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 

$ells from the equation of the line. 

readirlgs directly from the graph which might introduce error. 

This eliminates the necessity to take 

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. ihe slope of this graph will be methane per time per cell. 

The experiment and the analysis of data were done for a total of 20 flask 

culture of the four methanogenlc organisms. 

be presented for one flas'; culture of each organism. 

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

experimental measurements for these flasks are presented in Tables 13-16. 

The data and their analyses will 

The data presented for 

The actual 

The 

h 
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Ti me 
hrs . 
4 

14 

18 

ao.5 

22-5 

24 

27 

28.5 

39.5 

43 

48 

49 

69.5 

71.5 

TABLE 11-13. Actual HeasuRmnts of Cells and iWl%hane-- - PI. rtrrn.inarmtSw2 

Total CH4 Log CH4 
firno1 es 

Total Cells Log Total 
Cell s 

1.4 -146 9.5 107 7.978 

14 , 1.146 2.1 x 108 8.322 

20 1.301 

1.2 109 9.079 

82 1.914 

1.4 lo9 9.130 

231 2.364 

5.9 x 109 9.770 

1.96 x 10'' 10.293 

1.73 x IO1' 10.238 

642 2 808 

628 2.798 

1309 3.117 

2.64 x 1Ol0 10.422 
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Ti me 
hrs. 

9.5 

to 
22.5 

23 

27.5 

28 

33.5 

34.5 

47 

47.5 

53 

54 

59 

59.5 

72.5 

75 

TABLE 11-54. Actual kasuremnts of Cells and Methane-- - H. barkeri 

Total CH4 Log cH4 Total Cells Log Total 
pmles Cell s 

3.4 .526 

3.00 x 107 7.477 

10.4 1.021 

8.00 x lo7 7.903 

14.6 1.164 

1.40 x 108 8.146 

22.3 1.350 

5.60 x lo8 8.748 

83 1.920 

7.60 x lo8 8.881 

140 2.146 

I .94 109 9.288 

258 2.412 

9.182 9 1.52 x 70 

486 2.687 

4.96 109 9.696 



n 
Tim 
hrs. 

Log CH4 Total Cells Log Total 
cells 

48 . 2.6 .408 

5.50 107 7.740 f! 98.5 

72 14 1.146 

72 -5 1.60 x lo8 8.204 t' 80 21 1.320 

3.25 x 108 8.512 80.5 

34.5 83.5 1.922 

3.35 x lo8 8.525 95.5 

104.5 164 2.215 E 105 7.00 x lo8 8.845 

119.5 445 2.648 

7.52 x lo9 9.182 ti 125.5 
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Ti me 
hrs. 

39 

50 

62.5 

63 

73.5 

74 

85.5 

86 

96.5 

97 

109.5 

110.5 

Total CHq Log Mq moles. 

1.8 .258 

8.7 .937 

42.5 1.196 

40 1 .&I2 

110 2.041 

356 2.551 

Total Cells Log Total 
k1lS 

1.45 x lo8 8.161 

3.00 x 108 8.477 

2.95 x lo8 8.470 

a 8.875 7.50 x 10 

1.35 lo9 9.130 

3.52 109 9.546 
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graphs 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 linear regwssion analy- 

sis was done for all graphs to determine the equation of the strafgblt line por- 

tion of each of the cirves. The form of this 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 t i m  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. 

since these values are going to be combined and must be directly comparable. 

It should be noted that the equation of the line gives the log methane and log 

cells. The antilogs or actual concentration of methane and cells are used for 

the remaining calculations. 

it is important to use the same interval for both graphs 

By sobtracting each value for mthane from that 

following it, it is possible to calculate the hourly increase in methane. 

cell count at the beginning of each hour is obtained directly from the graph 

or the equation of the line on the graph. 

The 

Ail that remains is to plot the rate of methane generation versus the cell 

count. This has been done twice for each culture as shown in Figures 24-27. 

In the first case the number of cells present at the beginning of the hour is 

considered to have produced the methane. 

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

In the second case it is the cells 

mthane. 

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 

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

M rum 

M bark 

M.O.H. 

M hung 

TABLE 11-17. ~ u m a r y  of S10pes and Intercepts fop Methane 
and cE71 Curves-All Cultures 

Rate of Increase Y Intercept 
M4 Log &lls/hr Log CW4/hr c@lls 

.0719 .0952 7.5472 -.2537 

.03459 .03578 7.2316 .207 8 

.0?928 .0319 6.8225 -1.1488 

.02240 .03226 6.9849 -1.0775 

M rum = f.1. ruminantiurn 
M bark = M. barkeri 
W.O.H. = M.O.H. - 
M hung = N. hungatii 
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I 15 

16 

17 

18 

19 E. 20 

21 17 
tj 22 

Log CH4 
Total 

moles 

1.1743 

1.2695 

1.3647 

1.4599 

1.5551 

1.6553 

1.7455 

1 .%I07 

Total CH4 
)moles 

14.94 

18.60 

23.16 

28.83 

35.35 

44.70 

55.65 

69.35 

- 
3.66 

4.56 

5.67 

7.07 

8.80 

10.95 

13.65 

Log 
cells 

8.6257 

8.6976 

8.7695 

8.8414 

8.9133 

8.9352 

9.0571 

9.1290 

Cells x 10 

4.22 

4.98 

5.88 

6.94 

8.13 

9.67 

11.40 

13.46 
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TABLE 11-15. kmunt of iikthane and briber- Used to Calct??ate Rate - M. barkeri 

Time Log m4 Total CH A CHq Log Cella 
(hr) Total #moles 4 p o l  es/hr cells x 10 

pnmles 

30 1.2753 18.85 - 8.2694 1.86 

31 1.3111 20.47 1.62 8.3040 2.01 

32 1.3469 22.23 1.76 8.3385 2.18 

33 1 -3827 24.14 1.91 8.3732 2.36 

34 1.4185 26 2 1  2.07 8.4078 2.56 

35 1.4543 28.46 2.25 8.4424 2.77 

36 1.4900 30.91 2.45 8.4770 3 .OO 

37 1.5258 33.56 2.65 8.5115 3.25 

38 1.5616 36.44 2.88 8.5461 3.52 

39 1.5974 39.57 3.13 8.5807 3.81 

40 1.6332 42.97 3.40 8.6153 4.12 

i 
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Ti me Log cH4 
(hr) Tatal 

80 1.4050 

81 1.4359 

82 1.4689 

83 1.5008 

84 1.5327 

85 1.5647 

86 1.5966 

pmoles 

87 1.6285 

88 1.6604 

Total cFf4 
pm3 1 es 

25.41 

27.35 

29.44 

31.68 

34.10 

36.70 

39.50 

42.51 

45.76 

A CHq 
poles/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 

8.3998 

8.5191 

cells x 10 

2.32 

2.42 

2.53 

2.65 

2.77 

2.89 

3.02 

3.16 

3.30 



TABLE XI-21. Amount of kt31~ane and Cell Number Used to Calculate - M. hungatii 

Log Gel 18 
Cell s x 10 

8.6647 4.62 

Am4 Tim Log m4 Total 
( h d  Total pml es m l e s / h r  

Am01 es 
Tt e 75 1.3423 21.99 - 

23 -69 1.70 8.6871 4.86 

1.4068 25.52 1.83 8.7095 5.12 

76 1.3745 

77 

78 1.4391 

79 1 A713 

80 

81 1.5359 

82 

27.48 1.96 8.7319 5.39 

29.60 2.12 8.7543 5.68 

1.5036 31 .a% 2 28 8.7767 5.98 

34.34 2.46 8.7991 6.30 

1.5681 36.99 2.65 8.8215 6.63 

39.85 2.85 8.8439 6.98 83 1.6004 
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i li 

I 

i p- 
i IG 

sented in Table 22. 

effect of any sampling e~ror. However, it is important to detem$ne the effect 

of errors in the original masummnts of rethane and cells. 

In an attempt to do this an analysis of the flask of E. ruminaantim 
described previous1 y was undertaken. 

around the least squares line (Figures 28 and 29). 

A 95% confidence be? t was generated 

If the man of the popula- 

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

sampled 952 of the samples ?ti:ll lie within this confidence belt. 

Rete of Methane Generation for Lake Erie Isolate 

Ir- 
L. 

I 

I 

Although the organism isolated frm Lake Erie resembled M.O.H. in every 

other respect, it grew very slowly, especially in liquid medium. The experi- 

mgnt on rate determinatfon was 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 sat2 level of methane generation and cell number reached by other 

species in a matter of hours. 

different method of analysis was used to arrive at the rate of methane genera- 

tion for these cells. 

i 
I 

1 L- 
{- 

, 
Because of these considerations a sowwhat 

t 
> [ --  
i- i 1 

A flask culture of this organism w3ich had been growing for approximately 
! I -  1 
i. 

l 

1. 

L 

one month had pr9duced considerable rethane and reached sufficient  ass thitf; e 
the cell clumps could be SGPTI. This flask wss purged with HZ:C02 (W:20) for 

i -  5 minutes and placed on a rotary shaker at 37 C for 30 minutes. 

purged for another 5 minutes with H2:C02 (6O:ZO). 

It was then 

This was done ta remove 



Culture 

M bark 
1.1 
1.2 
1.3 
2.1 
2.2 
2.3 

avg 

M rum 
1.1 
1.2 
1.3 
2.1 
2.2 
2.3 

avg 

M.O.H. 
1 .l 
1.2 
1.3 
2.1 
2.2 
2.3 

avg 

M hung 
1 
2 

avg 

TAEtE 11-22. Rates of kthane Productim for A11 Flasks 

IRC. 
Cells 

1 og/h r 

.OZM 
-0219 
.0286 
-0346 
.0259 
.0399 

-0291 

-0216 
-0431 
.0458 
-0930 
-0725 
.a71 9 

.05m 

-0086 
A164 
.Ol 43 
-0193 
.0269 
-02 85 

.Of90 

.0224 

.0294 

-0259 

Inc. 
M 

I og9hr 

.0238 

.a265 

.(I269 

.0358 

.0375 

.0382 

.O314 

.@778 

.(I562 

.0957 

.0963 

.09 74 

.0952 

-0864 

.(I300 

.0253 

.(I262 

.03i9 

.0313 

.0350 

.0299 

.0323 

.a329 

.0326 

pl es/Rr/i 58 
Range 

1.2537-1.3258 
.6847- .7204 
.9419-1 .GO58 
.8429- .9129 
.9540-1.0129 
.7760- .8Wo8 

2.3831 -2.5O64 
.7769- .Et33 
1.0845-1.2054 
1.1402-1.4332 
.9536-1.1271 
1.1771-1.3915 

2.871 3-2.9288 
2.3027-2.391 8 
2.1907-2.2667 
1.4791-1.5461 
1.2301-1.31390 
1.5537-1.6581 

.5485- .5775 

.5100- .5572 

i 

i 

Qlls 
Avg 

i 

1.2897 
.7025 
.9738 
.8779 
.9834 
.$I34 

.9401 

2.4447 
.8179 

1.1449 
1.2763 
I. 0403 
1.2843 

1.3348 
- 

2.9000 
2.3472 
2.2287 
7.5126 
1.2695 
1.6054 

1.9772 

-5630 
.5336 

.5483 

M bark = M. barkeri, M rum = E. ruminantiurn, M.O.H. = M.O.H., H hung = E. hungatii. 
Culture s!ries 7 for each species inoculated with same inoculun. 
Culture series 2 .with a different inoculum. 
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L methane in the gas as we11 as the liqwid phase of the culture. It was then 

replaced in the incubator and mnitareed for methane and cel? 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. It can LI 
be seen t h t  there is a slow but steady increase in both mthane and cell nuw 

ber. Rate of methane generation vs cell number is plotted in Figure 30. 

can be seen that as the cell number. increases, the rate of methane production 

increases. A linear regression analysis was done for these paints. The "best- 

fit" line has a slope of 1.0686 &moles methane per hour per lo8 cells. This 

rate is somewhat lower t h v  that of the cultures of M.O.H. 

ever, well within the range of rates of methanogenesis calculated for all cells 

1 
1-i 

1 ;  I-! 

It 

I : 
It is still, how- 

11 
i '  (Table 22). 
1 

I L 

127 



Change ChiXGC? Rat2 Cell Number Ti mu CH 
Time CH4 q$/hr x 108 hr pm4es 

- - - 4 4.01 - 
18 18.02 14 

24 
1%.01 1 .00 2.5 

28.65 6 10.63 1.77 - 
53.54 2.82 5.25 

105.43 4.26 4.30 

93.38 4.15 6.35 

148 6.04 6.75 

573 11.23 11.85 

43 82.19 19 

68 188.62 25 

90.5 282 22.5 

115 430 24.5 

166 1003 51 

. .. 
! !  

I 
128 



n 
k c 

0) 
r( 
0 

2 

5. 
U 

E.4 
0 

I2 

10 

a 

6 

4 

2 

. 

2 4 6 a 10 12 

CELLS X lo8 

FIGURE 11-30. Rate of &ethane Generation vs Cell Nuher--Lake Erie Isolate 

129 



1 
! 

j 
I 

I j 

i 
j 

1 
! 
i 

I 
i 
i 

1 

i 

) 1 
! 
i 
i 

1 

1 I 

I 
I 
i 

1 
i I 
j 

j 
I 
I 

1 

i 
i 

I 

I 

1 

'i 

COtCCLUS. IONS 

Perhaps before beginning a discussion of this work it would be well to 

sumarize the -importance of methane production. The generation of =thane is 

the final step in the aniaembic degradation of orgenic matter. A m ~ g  the pro- 

ducts of heterotrophic metabolism of organics are acetate, ~ a r b ~ n  dioxide, and 

hydrogen. These are turned into methane and cells by the rreehanogenic species. 

Since methane gas is poorly soluble, its formation has the effect of mmving 

carbon from the system. 

by removing hydrogm and thus displacing the equilibrium in favor of degrada- 

tion of the organic ratter. 

Methane generation also "pulls" the chain of mcictions 

There are three main environmnts in which this process takes place. A 

truly impressive amount of methane is generated in the rumn of a large COM 

which may produce 200 liters of mthane per day (45). Plan has taken advantage 

of the anaerobic digestion process in sewage treatment plants which contain 

huge femmtation vats. 

often used to provide heat and/or power for the plants. 

bottom of ponds and lakes is the last environmnt in which methane generation 

is important. 

that methane femntation was responsible for the stabilization of algal 

organics. 

cycling of carbon. 

These produce large amounts of methane which are 

The sedinnt at the 

Foree and McCarty (15) working with laboratory cultures reported 

kthane generation is therefore vital in this ecosystem for the 

One accomplishwnt of this study was the isolation of a methanogenic 

organism from Lake Erie. 

Methanobacterium f.1.O.H. which is in turn probably a variant of Ethanobacterium 

formicicum (5). 

This organism is morphologically very siailar to 

Both the existence of methane in aquatic systems and the potential for 

methane generaticn are well documnted (2, 3, 18, 25, 27, 36. 46). In spite 
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of this, mst pure cultures have been isolated fmi either ~ m n  cmtents or 

sewage systems (14, 23, 32, 42, 43, 44). One exception to th-fs fs ii report by 

Prins et al. (34) of the isolation of an organism thy identified as bkthaoo- 

bacterium M.O.H. frm a md sample taken from a small sweet water pad. It is 

to be expected that k%e szme organisms which generate =thane in the rumen and 

in sewage systems are present. in aquatic environments. However, mre organisms 

need to be identifjed -in lake system in order to strengthen this hypothesis. 

As discussed previously, work with methanogenic organism has been retarded 

by the extreme difficu7ty encountered with pure culture work. 

are eight well characterized species of methane producing organism (5). The 

nutritional requirerrrtnts of two of these organjsm have been recently reviewed 

by Bryant et al. (8) and are rather well understood. Investigators at the 

University of Illinois have undertaken an intensive study of the biochemistry 

of the teminal steps in the methanogenic process. 

recently stntmarized by b7fe (49). These physiolzgical studies are, of course, 

valuable but sow of the more elementary questions about rate of generation of 

methane and hydrogen uptake also needed to be answered. 

At present there 

This work has been most 

Perhaps the mcst unexpected result. of tiiis study was the great similarity 

in the metabolism of the species studied. 

gical types of methane producing organisms. 

suggested to Zeikus and Bowen (51) that the ability to produce rethane is the 

end point of great e\?cluiionary divergence. 

These represent all four mrpholo- 

A11 are quite different which has 

There are, hoiever, reports in the literatwe which suggest that irethane 

producers although murphologically dissimilar have a very similar metabolism. 

Prins et al. (34) have demnstrated that chlorinated methane analogs ichibited 

methane production in both ;ir. ruminantiurn and FI.0.H. 
doubt as to the exact mchanism of inhibition by the chlorowthanes but it 

There is presently s o m  

131 



seem to competitively inhibit a methyl transfer reaction (49). 

it is instructive to note that two very different species are inhibited by the 

s me cowotinds. 

At any rate 

i' 
i 
I 
i 

producers is in a recent article (48) 

and M.O.H. contain F420, an important 

these organisms . 
Results of this study strengthen 

hother piece of evidence for the similarity of the physiology of methane [ 

demnstrating that both E. ruminantiurn 
? cofactor in the hydrogmase system of 

the concept of metabolic similarity. All 

speci,es tested had a tremendous affinity for hydrogen, the main energy source 

for methanogenesis. Also when 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 demonstrate the affinity of these cells 

for their substrate. 

of the hydrosen from a flask, causing the pressure to drop to 0.5 atmospheres 

The cells were able to repeatedly remove essentially all 

or lower in the process. 

nature would ever be faced with the levels of hydrogen presented in th2se 

depletion experiments. 

decomposition of organic matter. 

the heterotrophic organisms present in the same envirorimnts 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. 

It is unlikely that any methanogenic organism in 

Hydrogen arises in nature as the result of anaerobic 

As such it is being continually generated by 

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

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

that methane producers use it as fast as it is produced. This h-s been 
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demnstrated by methane inhibition experiments in the rumen (1) and in swage 

systems (47). hother reason why hydrogen does not accumulcte is thar: those 

organisms which produce hyi-ogen m y  produce it in mush 1Gwer levels if it is 

not being Imdiately consumed for methanogenesis. 

by Red@ et al. (35) and mr-@ recently bj Sckeifinger et al. (40). 
This has been demonstrated 

These consideraticns suggest that monitoring levels of methane prc-duction 

in an aquatic ecosystem might be a way to gauge the water quality. 

organics are added to a wzter colum the process of decomposition begirs. 

of the products of this is hydrogen gas. Any hydrogen produced in this fashion 

would be rapidly turned into methane. Hkthane is a poorly soluble gas which is 

only attacked biologically in the presence of oxygen. 

that methane will remain in the water above the sediment or bubble up f r m  the 

sediment to be detected. 

wculd be transformed into methane which would serve as the indicator. 

liminary unpublished data from Lake Erie reinforce this concept. There seems 

to be higher levels of dissolved methane and higher production rates in areas 

of the lake near heavily populated areas where higher levels 2f organics would 

be found. 

GIhen 

One 

It is therefow ;ikely 

The idea is that increased levels of organic carbon 

Pre- 

Tiile assumption behind this is that the methanogenic bacter;a are alwsys 

present in sufficient numbers to assimilate all hydrogen and that hydrogen is 

rarely present in excess. 

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 aquatic systems. In this study 

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

production over endogenous levels. 

Mork with both the rumea (1) and sewage system (47) 
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Rates of methane production h m e  been obtained far several cell types. 

~hese range from 0.53 to 2.9 fim~es pep hour peg. 108 cells.  kt high and IOW 

values were obtained with a flask of W.O.H. and E. kungaitii respectively. 

overall average for a11 four species is 1.2fimles per hour per 108 cells. 

This should be considered the m a x i m  rste of methanogenesis since it was 

obtained from log phase cells in the presence of exce5s hydrogen. 

The 

If methane is generated at a rate of 1.2 jmmles per hotir per lo8 cells, 

then the rate of hydrogen uptake should be approximately 4 . 4 p l e s  per hour 
8 per 10 cells. 

for other cells using hydrogen as an energy source. 

genomonas facilis are ?7.8, 25, and 28.8ymles per hour per lo9 cells (28, 38, 

It is interesting +& c m a w  this rate with rates published 

Uptake values for Hydro- 

39). A value for Hydrogenomonas ruhlandii is 5.6 pmles H per hour per 10 9 2 
cells (33). 

with oxygen in the atmosphere. 

These values were obtained it? manometric studies with resting cells 

A sulfate reducing species was reported to con- 
sum hydrogen at the rate of 4 pmles per hour per 10 9 cells using sulfate as 

the terminal electron acceptor (10). 

metric techniques- 

weight of cells and were converted to ceil nun-ber using lo9 cells per mg. 

Thfs value was also obtained witb mano- 

All of these values were reported on the basis of mg dry 

The value obtained for the methamgenic species is somewhat higher than 

It must be kept in mind that the values for the other cells using hydrogen. 

the rates for the other cells types were obtained from resting cell techniques 

while that for the methanogenic species Has derived from growing cells. 

theless the values for rate of utilization of hydrogen for all three cells are 

reasonably close together. 

Never- 

This is especially interesting when one considers that these two species 

are very different from each other znd 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 1iaHjftbg step in methane  ene em ti on. These data 

lead to speculation that 3t mtgfit be associated with the hydrogen utilization 

side of the picture. 
8 Using the average rate of 1.2 gtrrales CM per hour per 10 cells  ne cm 

calculate the potential for methane production if the nu&er of mthmogenic 
4 

bacteria is knom. FOP” exawle klyaev (2) has reported finding 2.5 x IO3 to 
5 2.5 x 10 methane producing cells per ml in the mud of several Russian lakes. 

The maximal rat? af m t h w e  pmdract’tion should than be 0.03-3.0 nmoles per hour 

per ml sediment. 

The convese of this line of reasoning also allows for some speculation. 

If hydrogen is pmsent in excess, then the rate of methane generation should 

be determined by cell nmbers. 

over time it would be possible to nake an estimate of the nunber of methane 

producers present. 

per ml sediment as the naxim~m rate of wthane generation in Lakn b’dndota sedi- 

ment. 

at 10 C. 

number of methanogenic organisms in that mud sample should be 7 x 10 bacteria 

per ml sediment. 

ture was rather low and the atzIlosphere was helium rather than hydrosen. Both 

of these facts would tend to depress the rate of nethare generation. 

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 likely that they could effectively compete for the hydrogen even if many 

other cells of different types were present which would be the case in s sedi- 

If one measured the rate of methane production 

For example Fbcgregor and Keeney (25) obtained 400 nmoles 

They incubated the sedinent for 48 hours under at atmosphere of helium 

The mfnimm This is a rate of 3.3 nmoles per ml sediment per hour. 
5 

The numbers nay in fact be higher than this since the tempera- 

To 

ment sample. It is also encouraging to note that in this study the rate 

obtained for the Lake Erie isolate was very close to that obtained for the 
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known pure cultures even ihough its grwth rate was EU& slwar. So it woirld 

not even be necessary for the cells in a sedirrmt smple to be grwing rapidly 

fur a reasonably accurate rate to be obtained. 

In coilcltision there are several implications of this study which need to 

be reviewed and discussed. 

show quite clearly that methank producing organism are able to utllize essen- 

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

the accumulation of methane does not appear to be inhibitory. 

First of all the studies on hydrogen utilization 

These two facts, 

in addition to the rate statements, might be important considerations in the 

design of anaerobic digesters for the Furpose of the gseration of methane for 

comnerci a1 purposes. 

The possibility of using inethane generation as an indicator of water 

quality has already been discussed as has the use of rates of production to 

determine numbers and numbers to est’inate eotential rate. 

Methane generation is of major importmce in anaerobic sewage treatment 

and is also important in stabilization of organics and carbon cycling in the 

aquatic environment. 

these fields with respect to the design of models. 

These results could therefore be useful to people in both 

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 a m  the isolation of more methansgenic species 

f;-om aquatic environments and investigation iqto the rate limiting step 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 establish the abiligy to estimate one from the other in mixed 

culture situations . 
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SECTION XI1 

The biochemistry of methane production and bacterial methanogenesis has 

been the focus of several studies while other studies have exarndned bacterial 

methanogenesis in natural environmnts. 

methanogenic species in aquatic sediments have not been investigated. 

The distribution and population of 

Various mthods for the enumeration of methane bacteria in the natural 

environmnt have been reported but these mthods have been dependent on Most 

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

these procedures provide valuable data concerning the total approximate nuher 

of mthanogens, these methods cannot differentiate the Genera of mthane 

bacteria present. Also considering the fastidious nature of these strict 

anaerobes, difficulties may be incurred during sampling and/or subsequent 

handling during inoculation into the appropriate media. Thus an accurate 

mthod is needed which can determine the actual number and type of methano- 

gens present in an untreated sample. 

antibody (FA) iechnique. 

The rnethod of choice is the fluorescent 

The purpose of this survey was to determine the rate of methane evolution 

from the sediments of selected sampling sites in Cleveland Harbor and to deter- 

mine the distribution of several known genera of methanogenic bacteria in the 

harbor sediments. To supplement this data, hethane production potentials were 

estimated from a series of -- in vitro experiments, =md the sensitivity of the FA 

technique h3s increased by organic and inorganic enrichment of the sediment 

samples. 
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kthane evolution rates were moait~r~d by a spcially constructed 

inverted sheet mtal (18 sa.) cone giving a surfece area of 0.5m2 and asso- 

ciated gas trap. The gas trap consisted of an appropriately modified 100 ml 

plastic graduate cylinder stoppered with 86 neoprene stopper into which the 

top half of a Htrngate anaerobic test tube was inserted. 

of stations in Cleveland Harbor the cone war lmered on a steel cable to 

approximately 0.5 m above the harbor sediments. 

an appropriate period of time after which the cone was retrieved and the volume 

of total gases evolved was measured. 

At a limited number 

Evo!ved S a s s  collected for 

The gaseous sanples were transferred to 

Hungate anaerobic frost tubes which had been previously helium purged and 

evacuated. The samples were anallzed on location with a Carle model 8000 

Basic Gas Chromatograph (silica gel colurrm 60/80 mesh, 105OC, helium carrier 

gas) or were transported to the laboratory and were analyzed with a Varian 2746 

flame ionization gas chromatograph (Porapak Q 1OOp120 mesh, 105%, nitrogen 

carrier gas). 

inteqratfng recorder model 252. 

The methane peaks were quantitated by a Linear Instrurnents 

Methane production potentials were evaluated by obtaining a sedimnt 

sample (Ponar sediment sampler), a small quantity (5-10 cc) of which was placed 

into s. 30 cc stcppered serum bottle. The subsamples were incubated at ambient 

temperatures for 5 days and then refrigerated until analyzed for methane as 

previ ous 1 y des cri bed. 

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

(2) - 
Il.o.K., Methanosarkina barkeri, and ilethanospirillum hungatii were grown in 

Pure cultures of Methanobacterium ruminantiurn, Methanobacterium strain - 

organic medium. 

cells,ht in sterile saline. 

Cells were harvested, washed in saline and resuspended to 10 9 

142 



i 
, , '. "...~ ...,.. ,.. ,_ . I  . . . . . , ,  .. . . _. . . .. . . . . . ... . . . .  . - , ,  

: u  i 

7- I L i  , 

i D  

__-. . 

Antibodies were produced in -3 kg white NM Zealand rabbits by intra- 

venous injection according to schedule reported by Schmidt -- et 37. (2). 

final tube agglutination of all species was in excess of 1:?Ow9. 

The 

Blood smples were obtained by cardiac puncture and were centrifuged to 

harvest the serum. The serum was fractionated by amonium sulfate pwcipita- 

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

The protein was determined by the biunet method and the f i n d  solution was 
-- 

adjusted to 1% protein with phosphate buffer. 

was conjugated to fluorescein isothiocyanate (FITC) . 
at 4OC overnight. 

phate buffer at 4OC. 

aliquots were stored at -2OOC. 

The resulting pmtein solution 

Conjugatian was performed 

Unreacted F I X  was removed by exhaustive dialysis in phos- 

The final FITC conjugate was filtered sterilized and 2 ml 

Specificity of the conjugate was evaluated by staining a variety of 

bacterial species (Table 1). 

Slide Preparati ORS 

The sediment smples to be analyzed were prepared as a slurry. A 0.05 ml 

suspension of this sample was heat fixed to a glass microscope stick and a 

sufficient v o l m  of 1:1.5 rhodamine conjugated bovine serum albumin (Rh-ESA) 

(Microbiological Associates) was applied as a counter stain. 

pernitt..d to dry completely at 37OC, after which free Rh-BSA was removed by 

washing in 0.01 M phosphate buffer (pH 7.2). 

!0.05 rnl volume) and the slide was incubated in a mist chamber fer 1 hour at 

37OC. 

washing as bsfore in phosphate buffer. 

(37OC), covered with coverslip and imersion oil and vieFed wjth a Zeiss Uni- 

versal microscope adapted with an ultraviolet (UV) epiiluminator, 

The F;I.I-BSA was 

The specific FA stain was applied 

After completing the incubation, the unreactive FA was rerived by 

The resulting slide was air dried 
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Bacillus mgaterium (27) 

Bacillus mgaterium (125) ATCC 79213 

Bacillus subtilis (27) 

Clostridium pastewfanurn (441) ATCC 6013 

Escherichia coli (395) 
Methylococcus capslrfatus (452) ATCC 19069 

Pseudmonas denitrifi cans (564) 

Rhodospiri 1 lun rubrurn (828) 

Thiobacillus novellus (407) 

Fkthanobacter2m strain F.1.a.H. 

fJethanobacterium rurninanti urn 

Methanosarcina barkeri 

Methanospiril1urn hungatii 

M.0.R. M.R. J.F. 

* Staining was evaluated as +4 for strong reaction observed when hornlogous 
(-1 indicated no apparent cross reaction antigen &rid mtibody were used. 

when -ampared to hcmologous antigen-antibody reaction. 
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To increase the sensjtiyity of tha’s FA technique both organic and inor- 
ganic m d i a  were used for enrichment prccedums. Sterile enrichment media was 

inoculated with the appropriat@ sediment, purged with H2:CQ2 (8O:ZQ) and 

incubated with shaking at 37’C for 3 weeks. 

tures were checked for methane production, of which, significant quantities 

were observed in all enrichment cultures, organic and inorganic. 

cultures were used directly for preparing heat-fixed smears and were processed 

by methods cited previous’y. 

The resulting, turbid broth CUI- 

These broth 
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RESULTS 

The methane production potentizls (Table 2) indicate that v e m  active 

methanogenesis is occtrrrhg in the entire Clevelaiid Harbor region. The most 

actiwe sedimnts were those collected at station 1 which is in the Cuyahoga 

Rtver proper. Stations 3 and 4 which are located at the junction of the 

Cuyahaga and the harbor and at a short distsince east of the river input also 

demonstrate an extremly active methanogenic population. 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) monitored at statfons 2 and 4. 

These evolution rates demonstrate the methanogenesis -_I in situ are essentially 

identical at the two stations. 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 witb the excep- 

tion of station 8 which is fine sand. 

Even though there was a reasurable gradient of mthnogenesis occurring in 

the harbor region, the data indicated that an active methanogenic population 

was ,"rz;ssnt. 

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

- 14. ruminantium and Methanobacterium strain H.0.H. were observed in untreated 

sediment samples (Table 3). E. ruminantiurn was demonstrated to be present only 
in the Cuyahoga River at station 1. 

9.8 - 108 cells per gram of dry sediment. 
documwted at tHo locales, stations 6 and 8, at population densities of 5.1 and 

1.1 - lo6 cells per grsm of dry sediment respectively. 
organism at the intermediate station 7 was surprising. 

The resident population was determined as 

I4ethanobacteritml strain M.0.H. was 

The lack of this 
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TABLE 111-2. &thane EvAution and Production Potentials 

Station Number Eva1 uti ona Production Potentials b 

1 16.8 

,6 

7 

8 

27.0 

24.0 

5.5 

0.23 

3.0 

7.0 

10.4 

1.6 

3 -Q 
1.4 

N DC 

a Evolution rates wer mg methane per m2 per PDur 

b Production potentials are recorded as lom2 mg per gram of dry sediment per day i 
1.2 

I -  L.. 
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. ,  . .,_ . . ~ . . . . , . ., . ^  . .  

4 0 0 

0 0 0 

6 5.: 0 +e 
0 0 +e 

8 1.1 0 7 0 ~ ~  0 +e 

5 

7 

a Natural population reported as number of cells per gram of dry sediment 

Cell number designates ruminantim 

Cell number designates Hethanobacterium strain M.o.H. 

Indicates pmsence of Hethanospiri llum hunsatii strain JF 

e Indicates presence of Fkthanobacteri urn strain H-0.H. 
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Since there were 5 sthtiofis for which EO wthanogettic populations were 

observed and since there was measurable mtkanogenesiz occurring at these 

stations, it was apparent that our FA system was not sensitive enough or else 

a natural resident mthanagenic population, undetectable by our specific FA, 

was responsible f5r this methane generation, 

It was impossible to evaluate the presence of a natural resident popula- 

tion with our specific FA, but it was possible to increase the sensitivity of 

our FA methods by resorting to various enrichment procedures (Table 3). The 

results indicate that our original FA techniques did lack sufficient sensitivity 

to detect some of the methanogens present. The organic eririchment procedures 

i demcmstrated that E. hungatii strain JF was present in the original sediment 
but was in such low numbers that a concentration or enrichment procedure was 

needed to evaluate its presence. Surprisingly E. ruminantiurn and I'lethano- 

bacterium strain M.0.H. were not observed in the organic mdia. 

enrichment resulted ir. a completely different population. 

Inorganic 

The E. hungatii 
documented in the organic enrichment media at stations 1-4 did not appear in 

the inarganic salt media, hereas Methanobacterium strain M.0.H. did prevail 

at stations 6-8. 

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

population of Methanobacterium strain f4.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 sedirint sample. 
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DISCUSSXOM 

The d a b  indicate tmmndous methanogenesis is occurrjng in Cleveland 

Harbor and the Cuyahoga River sedimnts. Maximum evolution rates sf 27.0 rrg 

CH4/d/hr and ppoCg?tc:%i~n potentials of 36.8*'10"2 mg/$ dry weight of sediment/ 
day were recorded. The maximm produccion potential recorded is very similar 

to the raxirnm value of methanogenesis occurring in Lake Mendota sediment 

samples reported by Eeiktis and WenPry (3). 

The gradient of methanogenesis occurring in the harbor sedimGts indicates 

an apparent environmental 01- nutritional diversity within a relati :s:y defined 

locale. 

River to thine lake and harf3or reaions. 

This unknom~ factor may be related to the contribution of the Cuyahoga 

This diversity is also evident in the distribution &served for the 

methanogens. 

were enriched in stations 1-4. E. hungatii could be enriched only in the 
organic medim and was restricted to stations 1-4. 

organic fzctor may limit the growth or distribution of this methanogen. 

sediments at stations 1-4 were fine silt and may have contained simificant 

organic matter. 

Only E. ruminantiurn and c. hungatii were observed naturally or 

This rnpy indicate that an 

The 

The absence of E. ruminantiurn in both enrichment nedia requires further 
investigation. 

there is a possibility that a particular growth factor is required which is 

not found e1:whet-e in the sedirrents or enrichment cultures. 

S-ince, E. ruminantiurn was restricted ta one specific 1oca7e, 

The occurrence of liethanobacterium strain t4.o.H. at stations 6 and 8 in 

natural saiiples 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 E. runinantiurn requires acetate for grwth and as a carban 
source, and that Methanabacterim strain M.0.H. does not require but is 
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formate can serve as s&stmte for E. Ruaagatfi, RE lack of ~ ~ ~ ~ a ~ ~ ~ ~ c ~ ~ ~ i ~ ~  

strain M.0.H. .s'n the organic m d i a  and at staticqs 1-5 damstrates that other 

hetemtrophs can easily dominate in oqjannic envit-onments. Zeikus and Winfey 

(3) demonstrated the pmebminmce of a Hethanchactet-iurn species in organically 

rich sedimnts of Lake tkndsta. 

that the Wndota species is similar physiologically to E. ruminantim. 
ever, our data ic being interpreted without knwledge of the organic content, 

microbial metabolites or toxic chennicals vkich may be influencing this harbor 

popu? ati on. 

F m m  *.,e data presented here it would seem 

Wow- 

Unlike the sedimnts of Lake W d o t a ,  the ikthancsarcina species, 11.- 
barkeri, was not observed naturally R W  could it be enriched in our sediment 

samples . 
Station 5 was the only one which supported methanogenesis but which 

demonstrated absence of the specific mthanogens surveyed. 

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

sis is further suppo.rted by the rapid rethane evolution rate which indicates 

the presence of 6 methanogenic population. Similarly, an evolution rate as 

low as 0.23 mg CH4/m2/hr corresponded to at least a methanogenic pcipulation of 

1.1*106 cells/g dry weight; thus the maximm rate observed, 27.0 rng/n?/hr, 

indicates a IO0 fold increase, but at the maximum evolution station, only E. 
hungati i was observed after orgzttnic enrichmnt, further suggesting the 

From this, one can 

presence of an unknown indige- >JS mthanogen(s). 

Even though the k n m  mrhanoqens are capable of grmth on basal salts 

and H2:C0 

enrichment cultures from the vatural environmnt. 

(McBride and Wolfe, 1971) this trait is not always expressed in 2 
The ability of ;blls of 

15? 
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Lhese methanogens to be stimulated by various small chain orgmfc acids appears 

to be a selective factar in determining distributions in the natural system. 

Similarly, Pfethancbacterium strairi M.0.N. seem to be mre cmpetitive 3n l w e r  

organic envi ronmen ts. 

The lack of the know methanogens at som of the active st&ions monitored 

indicates the presence of an indigenous methanogen(s) which nay represent a 

significant if not major member of the total methanogenic papufatlon. 
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