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Methane production by Methanothrix soehngenii VNBF grown on acetate (50 mM) as the sole carbon and
energy source was influenced by the addition of Fe, trace elements, and pesticides. The addition of Fe and trace
elements significantly enhanced the rate of CH,4 production. The addition of pesticides in the early growth phase
caused complete inhibition. However, less inhibition was noted when pesticides were added during early
exponential growth phase. Addition to culture tubes of Co, Ni, or Mo at 2 pM produced 64, 41, or 17%,
respectively, more CH,4 than that produced in tubes lacking the corresponding trace element. A concentration
of more than 5 pM of these trace elements in the medium resulted in decreased CH, production, presumably

because of toxic effects.

Acetate is the major precursor of CH4 production in
anaerobic digesters (22), and its utilization may be the
rate-limiting step in the anaerobic degradation of organic
matter (33). Therefore, understanding the factors affecting
the methanogenic activity of aceticlastic methanogens is
important. There have been a few reports on the stimulation
of methanogenesis from acetate by the addition of Fe and
trace metals to pure and acetate-enriched cultures of
aceticlastic methanogens (8, 20, 23, 24, 27, 28, 32). Studies
by Scherer and Sahm (27) have shown that the growth of
Methanosarcina barkeri was dependent on Co and Mo.
Addition of Ni and Se stimulated growth, but addition of iron
salts neither stimulated nor inhibited growth or gas produc-
tion of Methanosarcina barkeri (27, 28). Patel (25) showed
that the presence or absence of Fe, Se, or Ni in the growth
medium of Methanothrix concilii made no difference in
methane production and concluded that, perhaps, trace
amounts of these nutrients present as contaminants may be
sufficient for the growth of the methanogen. Similar studies
with Methanococcoides methylutens (30) showed a require-
ment for Fe, Ni, and Co for growth on trimethylamine.

Several pesticides are being used in crop protection, and
considerable quantities of pesticides may enter sewage and
may also be found in excreta of humans and animals. It is
known that pesticides may persist for a long time in the
environment, polluting the ecosphere (18, 19). Anaerobic
microorganisms have been implicated in the disappearance
of pesticides from anoxic environments. Studies have shown
that DDT (dichlorodiphenyltrichloroethane), y-BHC (ben-
zene hexachloride), and other persistent chlorinated pesti-
cides can be degraded more rapidly in anaerobic ecosystems
iuch as sewage sludge, lake sediments, and flooded soils (1,

8, 31).

I have previously reported the isolation and characteriza-
tion of a fast-growing aceticlastic methanogen, Methanothrix
soehngenii VNBF, from a biogas digester (5). In this paper,
I discuss the effects of Fe, trace metals, and pesticides on the
growth of and CH, production by M. soehngenii VNBF.

t Dedicated to the memory of the late V. N. Vasantharajan, under
whose guidance this work was done.

 Present address: Department of Crop and Soil Sciences, Mich-
igan State University, East Lansing, MI 48824.
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The methanogen was grown and maintained on prere-
duced enriched methanogenic medium (PREM medium), the
composition of which was essentially that described by Van
den Berg et al. (33), except for a few modifications. All
cations added as sulfates were added as their respective
chlorides on an equimolar basis. PREM medium contained
the following (in milligrams per liter of distilled water):
NH4HCO; (3,000), K,HPO, (450), KH,PO, (450), NH,CI
(180), MgCl, - 6H,0 (170), CaCl, - 2H,0 (120), NaCl (900),
FeCl; - 6H,0 (20), MnCl, - SH,O (6), CoCl, - 6H,0 (1),
ZnCl, (0.08), CuCl; - 2H,O (0.08), H3;BO; (0.1),
Na,MoQ, - 2H,0 (0.1), pyridoxine hydrochloride (0.1), thi-
amine hydrochloride (0.05), riboflavin (0.05), nicotinic acid
(0.05), biotin (0.05), folic acid (0.02), cobalamin (0.005), and
para-aminobenzoic acid (0.05). The medium was supple-
mented with 4,100 mg of CH;COONa (50 mM) and 0.1%
yeast extract. Cysteine hydrochloride and Na,S - H,O
(0.03% each) and resazurin (2 mg/liter; an oxidation-
reduction indicator) were added. The pH of the medium was
adjusted to 7.0. All experiments were performed by dispens-
ing 10-ml samples of PREM medium into 25-ml culture
tubes. The tubes were flushed with deoxygenated N, and
closed with a rubber stopper. The effect of Fe?* was studied
by omitting the cation from the medium and supplementing it
at various concentrations. The culture grown in iron-
depleted medium served as an inoculum. Similarly, the
PREM medium used for the experiments with trace elements
was prepared with deionized double-distilled water and was
devoid of the trace element whose effect was being studied.
A 5-day-old culture grown in the medium lacking the test
trace metal served as the inoculum (5%, vol/vol) and was
incubated at 35°C.

Growth was monitored by measuring optical density at 540
nm with a Spectronic-20 colorimeter (Bausch & Lomb, Inc.,
Rochester, N.Y.). Growth curves obtained by measuring
optical density at 540 nm were identical in shape to curves of
CH, production. The amount of CH, in the headspace was
determined by gas chromatography. Gas samples were re-
moved from the headspaces of culture tubes with an airtight
100-pl-capacity microsyringe (Top Syringe Company, Bom-
bay, India) and injected into the gas chromatograph (model
RL04; Toshiniwal, Bombay, India). Methane gas was sepa-
rated in a steel column (150 by 0.3 cm) packed with Porapak-
R and measured with a flame ionization detector. The
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column, injection port, and detector temperatures were 100,
120, and 110°C, respectively. The flow rates of both N,
(carrier) and H, gases were 40 ml/min.

The effect of Fe, particularly at lower concentrations, on
the growth of M. soehngenii VNBF was examined. The
addition of Fe stimulated CH, production significantly (Ta-
ble 1). Almost all the added acetate (50 mM) was converted
to CH, at concentrations of FeSO, as low as 0.1 mM within
12 days of incubation. In cultures without added iron,
methane production was around 50% of the total expected
CH, yield. Furthermore, turbidity (Ass) increased with
increased amounts of added FeSOj,.

The results clearly showed that the minimum amount of
Fe needed for the complete conversion of acetate to CH,
was 0.1 mM, and addition of Fe at a concentration as low as
0.01 mM caused a significant increase in CH4 production
compared with the control. It has been shown with an
anaerobic digester and acetate enrichment cultures (8, 13,
32) that the addition of Fe stimulates the conversion of
acetate to CH, gas. Iron is an important micronutrient for
many microorganisms and is essential for various enzymatic
systems. Studies have suggested that factor F4,, becomes
degraded 10 times faster in Methanobacterium thermo-
autotrophicum cells grown under conditions of Fe deficiency
(29). This finding suggested the presence of an iron-
containing enzyme, probably superoxide dismutase, which
can protect factor F4, from degradation by oxygen (14). Iron
may also be required in the synthesis of various iron-sulfur
proteins by methanogens. Cytochromes have been detected
only in methylotrophic and acetotrophic methanogens (9, 12,
15-17).

The effects of Co, Ni, and Mo on CH,4 production by M.
soehngenii VNBF were studied (Fig. 1). The results indi-
cated that the addition of Co, Ni, or Mo at a concentration of
2 pM markedly stimulated CH4 production and resulted in
the complete conversion of the added acetate to CH,. Tubes
depleted of Co, Ni, or Mo produced 36, 59, or 83%,
respectively, of the total CH,; produced at the optimal
concentration (~2 uM) of the corresponding trace element at
the end of the growth phase. It is clear that molybdate
increased CH,4 production by only 20% at the end of the
growth period (Fig. 1C). However, its effect was more
pronounced in younger cultures. The addition of higher
concentrations (>5 uM) of Co or Mo resulted in decreased
CH, production, possibly because of toxic effects (Fig. 1A
and C). However, no inhibition was noted for Ni even at
concentrations of up to 10 uM (Fig. 1B).

The Co dependence of methanogenesis in M. soehngenii
VNBF may be due to the fact that Co is required for the
synthesis of corrinoids (34). Methanogens contain corrinoids
at high concentrations (27), but the complete role of
corrinoids in methanogenesis is still unclear. Recent studies

TABLE 1. Effect of ferrous sulfate on methane production
by and growth of M. soehngenii VNBF

Concn (mM) Asg” Total methane®
0 0.07 265.3 + 12.3
0.01 0.09 361.6 = 6.7
0.05 0.12 435.3 * 20.6
0.08 0.15 450.4 + 18.5
0.10 0.20 552.5 £ 0.3
0.20 0.24 560.0 = 0.0

e After 12 days.
® In micromoles per culture tube, after 12 days. Values are means of three
replicates *+ standard deviations.
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FIG. 1. Effeci of the addition of trace element to PREM medium
devoid of the added metal on CH,4 production by M. soehngenii
VNBF. Total CH, at the end of 9 (O) and 18 (O) days. Values are the
means of three replicates * standard deviations.
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have presented evidence for the role of corrinoids in CHy
formation from acetate by Methanosarcina barkeri (3). In
the present study, the omission of Ni slightly affected the
total conversion of acetate to CH,. However, Ni addition
was stimulatory, as shown by increased CH, formation
during the log phase. This suggests that the low levels of Ni
present in the medium as contaminants may support the
growth of methanogens in tubes lacking this element. Nickel
is an essential growth factor for many methanogens (4, 10,
27, 30) and is known to be associated with the hydrogenase
activity of Methanobacterium thermoautotrophicum (6). It
is a component of factor F,3, which is a prosthetic group of
methyl coenzyme M reductase (2, 4). Nickel is also a
component of the carbon monoxide dehydrogenase in
Methanosarcina barkeri (15). Nickel was shown to be essen-
tial in the growth medium of Methanobacterium bryantii to
prevent rapid cell lysis (10). Acetate was almost completely
converted to CH4 in PREM medium devoid of Mo, but the
addition of Mo enhanced the rate of CH,4 production during
the early growth phase. Additions of Ni and Mo to the
medium may not be necessary because low levels of these
metals in the medium as contaminants may be sufficient for
the growth of M. soehngenii VNBF. The stimulation of CH,4
production by Mo agrees with earlier observations with
Methanosarcina barkeri grown on acetate (27) and with
aceticlastic methanogens from a fixed-film reactor (24),
indicating the requirement for this trace metal in systems
other than the CO, reductase system (27).

Inhibition of CH, production at elevated concentrations of
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trace elements may be due to nonspecific binding of trace
elements with the carrier proteins that are involved in their
uptake and incorporation (11). An excess of a particular
element may saturate the carrier molecules and thereby
restrict the uptake of other essential metal ions. A metal ion
in excess may also replace the essential metal of an enzyme.
This would result in decreased methanogenesis, as was
observed at higher levels of trace elements in this study.
For the experiment on the effect of pesticides, stock
solutions (100x) of various pesticides were prepared in
distilled acetone. Different volumes (10, 50, and 100 pl) of
the stock solutions were directly injected into the culture
tubes (in duplicate) to obtain the desired final concentra-
tions. The tubes were kept uninoculated for 1 day to equil-
ibrate the pesticide with the aqueous medium. To one set of
tubes, additions were made at the time of inoculation (Table
2, experiment 1), while to the other set, pesticides were
added in the early log phase, i.e., 5 days after inoculation
(Table 2, experiment 2). In the latter set, approximately 40
wmol of CH, had already been produced before the addition
of pesticides. Addition of hinosan, fenitrothion, parathion,
methyl parathion, and quinolphos completely inhibited CHy4
formation at the lowest concentration tested (10 ug/ml).
Fenthion, dichlorvos (DDVP), and carbofuran were less
effective (Table 2, experiment 1). However, addition of
pesticides to the actively growing cells (at the end of 5 days)
showed slightly decreased inhibition, and this decrease was
pronounced in the case of fenitrothion and quinolphos.
Conversely, the addition of carbofuran to the 5-day-old

TABLE 2. Effect of pesticides on production of methane from acetate by M. soehngenii VNBF

Methane inhibition® in:

Pesticide® or control Chemical name Amt (ug/ml)
Expt 1¢ Expt 24
No addition — —
Acetone 100 pl — —
Hinosan 0-Ethyl S,S-diphenyl phosphorodithioate 10 93 97.00
50 100 98.05
100 100 ND*
Fenitrothion 0,0-Dimethyl O-4-nitro-m-toly! phosphorothioate 10 89 ND
50 100 44.55
100 100 73.82
Fenthion 0,0-Dimethyl O-[4-(methylthio)-m-tolyl] phosphorothioate 10 36 41.47
50 92 70.74
100 100 83.00
Parathion 0,0-Diethyl O-p-nitrophenyl phosphorothioate 10 100 92.30
50 100 92.30
100 100 ND
Methyl parathion 0-0-Dimethyl O-p-nitrophenyl phosphorothioate 10 100 ND
50 100 95.38
100 100 98.46
Quinolphos 0,0-Diethyl O-2-quinoxalinyl phosphorothioate 10 100 46.1
50 100 69.2
100 100 95.4
Dichlorvos (DDVP) 0,0-Dimethyl 0-(2,2-dichlorovinyl) phosphate 10 57 ND
50 90 84.6
100 100 84.6
Carbofuran 2,3-Dihydro-2,2-dimethyl-7-benzofuranol methylcarbamate 10 22 ND
50 79 95.38
100 92 96.38

a Hi_nosan, fenitrothipn, fenthion, parath.ion, methyl parathion, and quinolphos are organophosphates; dichlorvos is an organochloride; and carbofuran is a
carbamate. Stock solutions were prepared in acetone, and final concentrations of 10, 50, or 100 ng/ml were obtained by injecting 10, 50, or 100 pl, respectively,

of stock solution into each culture tube (10 ml).

) b Calculated .on‘the basi; of methane formed in unamended bottles. —, No inhibition. In experiment 1, 437 umol of methane per culture tube was produced
in 12 days, while in experiment 2, 400 wmol of methane per culture tube was produced between days 6 and 12 of incubation.

¢ Pesticide added at the time of inoculation.
4 Pesticide added S days after inoculation.
¢ ND, Not determined.
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culture resulted in increased inhibition, and the exact reason
for this inhibition is not known.

In general, the concentration-dependent inhibitory effect
was less when pesticides were added to the cells in early
exponential phase. For example, after 5 days of growth,
methanogenic activity was not completely (<100%) inhibited
even at a pesticide concentration of 50 or 100 pwg/ml. The
decreased inhibition by pesticides in actively growing cul-
tures may be because of a larger cell population and a higher
degree of resistance of organisms to such synthetic chemi-
cals. Pesticides influence the density and composition of
microbial populations in natural environments as well as in
pure cultures (18). Methanogenic bacteria constitute an
important class of nontarget organisms likely to be affected
by pesticides. McBride and Wolfe (21) have shown the
inhibition of CH, formation in cell extracts and whole cells of
Methanobacterium sp. strain M - o - H by DDT and its
analogs. Gunsalus and Wolfe (7) have suggested that the
conversion of CH;-S-coenzyme M to CH, is the step sus-
ceptible to pesticide action. In addition, pesticides inhibit
various metabolic and respiratory enzymes in many
nonmethanogens (18, 19). In conclusion, studies of nutri-
tional requirements and the factors affecting methanogenic
activity in pure cultures could help in devising a suitable
medium for obtaining high cell mass and increased methane
production (26). The data could be extended to mixed
culture for enhanced CH,4 production. In view of the rapid
growth of M. soehngenii VNBF and its resistance to pesti-
cides, M. soehngenii VNBF merits attention in the develop-
ment of a microbial consortium for the anaerobic degrada-
tion of the above-mentioned pesticides. However, the
performance of M. soehngenii VNBF under mixed-culture
conditions remains to be tested.

I thank G. Ramananda Rao and P. K. Yadava for helpful
discussions and for commenting on the manuscript and 1. Lali-
thakumari and N. A. Prakash for their help.

I was supported by a fellowship from the Indian Council of
Medical Research, New Delhi.
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