








Figure 20. Colonies of pink-pigmented methanol oxidizers
on mineral salts methanol agar. Magnification
10 X.
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(Difco) did not enhance growth or colony size, but seemed to stimulate

pigmentation of the organisms. ~In'stationary cultures-vﬂth methanol as

carbon source a reddish-pink pellicle was observed (Eig’. 21). A nutri-
tional dependency on yeast extract was not demonstrable; organisms
have been propagated for almost 3 years on methanol agar slants

without the addition of any organic nitrogen or ancillary growth.factors.

Biochemical and physiological characteristics

The biochemicai and various other tests carried out with the pink~
pigmented organisms are indicated in Table 15.

All the pink-pigmented organisms studied were catalase positive
and oxidase negative. Fat, tyrosine and urea were not hydrolyzed after
3 weeks.,

Deoxyribonucleic acid was not attacked by any of the organisms,
and cellulose was not decomposed by any of the strains after 6 weeks
of incubation.,

Gelatin and casein were not hydrolyzed. Litmus milk was
slightly alkaline after 3 weeks but no rennet curd was formed nor did
peptonization occur.

Starch was not hydrolyzed by any of the strains.

No growth occurred in the mineral salts medium with paraffin as
sole carbon source during a 6 weeks period of 1ncubation.

All strains grew well on oxalate agar prepared according to the

method of Bhat and Barker (1948). Growth of the organisms was



Figure 21. Reddish-pink pellicles of pink-pigmented
methanol oxidizers in mineral salts methanol
medium under_ stationary incubation.
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Table 15. Biochemical reactions .of pink=-pigmentéd methanol oxidizers. S

Test . AS-P PBG-P Mc DOR JT RUMEN SEW S T U V KAL VX P.rub. AMI
Casein - - - - - - - - - - - - - - -
Tyrosine - - - - - - - = e e - e - - -
Starch - - - - - - - = e e e e - - -
Gelatin - - - - - - - - e e e e - - -
H,S - - - - - - - e e e e e - - -
Indol - - - - - - - - = e = - - - -
Acetoin - - - - - - - = = e e e - - -
NOj3 + + +  + + + + + + + + + + + +
Cellulose - - - - - - - e e e e m - - -
DNase - - - - - - - e e e e e - - -
Urease - - - - - - - - - - - - - - -
Catalase + + + + + + + + + + + o+ o+ + +
Lipase - - - - - - - -~ - - -~ - - -
Oxidase - - - - - - - e e e e e - - -
Growth in

Methanol 10%. + + + + o+ o+ + + ¢+

NaCl ® o+ + + + .+ + + + o+ o+

% - - - - - - - - - - - - - - -

+ indicates growth or positive reaction; -, no visible growth or negative reaction.

06
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‘indicated by a clearing of the méd.lum in the'vicinuy of thg inoculum
and a change of color of the indicator (phenol red) from light yellow to
red (Fig. 22). |

Nitrate was reduced to nitrite during seven days of incubation.

The tests for indole production, methyl red reaction, and . -
the ﬁom:atipn of a‘cetylmethylacr'binol were negative after one week of
1ncub‘ation.. No hydrogen sulfide was produced after mcub‘ation in
peptone-iron agar for ;0 days.

No acid or gas waé produced from glucose, sucrose', lactose,
arabinose, maltose, xylosé, glycerol, sorbitol, mannitol, inositol
and inulin.

The growth of all strains was inhibited by 2 per cent bﬁt not by
1 per cent concentration of NaCl.

All the strains grew in mineral salts broth with 10 per cent
methanol but growth was delayed in concentrations of methanol higher
than 1 per cent.

None of the strains consumed methane, ethane, n-propane or

n-butane,
The results of tests with various other carbon sources are shown
in Table 16. All the strains showed abundant growth in mineral salts

broth with methanol or glycerol as the sole source of carbon.

Protaminobacter ruber grew moderately in formate, while all the other

strains grew profusely with this substrate. It was a characteristic of



Figure 22. Pink-pigmented methanol-oxidizing bacteria
~on mineral salts agar plates with sodium
oxalate as sole carbon source. Upper row,
left to right; V, extorquens, P. ruber, P, AMI1;
lower row, left to right; P, methanica (strain
KAL), strain PBG-P, P. methanica (strain JT).
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Table 16. Growth of pink-pigmented methanol oxidizers on various carbon substrates.

Substrate

AS-P PBG-P

Mc

DOR ]T

RUMEN SEW

F

P. rub.

AM1

n-Hexane
n-Heptane
n-Octane
Benzene
Toluene
Paraffin
Methanol
Ethanol
Propanol
Butanol
Formate
Acetate
Propionate
Butyrate
Lactate
Succinate
Citrate
Fumarate
Glycerol
Sorbitol
Mannitol
Inositol
Glucose
Galactose

+
|||||I+++|||+.++++I||+|||

+
Illlli+++lll+1ll++ll+

+
lllll¢+++lll|1l+++ll+lll

+++|||-‘-¢|++I||+Ill

<+
+

lly||1+|+||++¢+++,¢ll+l++

+
|||||I+|+|||+¢++++ll+||l

Illlli+l+lll+¢+++¢ll+lll

IIIIII+I+II++I+++IlI+II|

lllll¢+lt+lll+1+++¢ll+lll

||r||¢+|+|'||+1+++1||+|||

lllll.¢+l+ll++1l+‘i’1ll+lll

IIIIII+l+III+II++III+III

+ ;
lllll1+++lll+++++¢ll+lll

|||||¢+++|'|||++||I||+|||

tv||||I+++|||+I+++I||+|||
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Table 16 (Continued)

Substrate AS-P PBG-P Mc DOR JT RUMEN SEW § T U V KAL VX P. prub. AMI

Mannose - - - - -
Fructose
Sucrose
Lactose
Maltose
Ribose
Sorbose
Xylose
Glycine
Alanine
Valine
Leucine
Aspartic acid
Asparagine
Methionine
Cysteine
Methylamine

+
[}
]
1
1
+
+
+

1+ 4+
1+ 4+
T
A
[ I I |
t + +
I+ 4+ 0
1+ 4+

1+ 1+
1
T+ 1+
i
[
a||++'||ln||+|nn¢n
+||++||||||+|||¢|

lllllllllll'f‘lllil

+||IIIIIIII+IIIII
+||+++++|||+|||I|
i
)
‘

|
|
+
|
|
+
+
+

++ indicates good growth; +, slight growth; -, no growth,
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all the strains that growth was delayed in a solution containing peptone
in a concentration below 0.5 per cent as only carbon source. Higher
concentrations of peptone allowed good growth. . All the strains grew
moderately well with benzene as sole carbon source.,

Ail the strains grew with peptone, ammonium salts, nitrate,
alanine, asparagine, aspartic acid or leucine as nitrogen source.
Other organic nitrogen compounds afforded growth of some strains
(Table 17). It is of interest to note that Pseudomonas methanica of
Dworkin and Foster (1956) did not grow when asparagine was supplied

as the only nitrogen source.

Studies with antibiotics

In procedures for the isolation of methane oxidizers it was noted
that the pink-pigmenteo organisms invariably appeared as contaminants.
The effect of various antibiotics on the growth of the pink-pigmented
bacteria was determined in the hope that the antibiotics would prevent
their growth in methane enrichment cultures. If successful, this would

greatly simplify the 1s_olation of Methanomonas methanooxidans. The

results of these tests are given in Table 18. All concentrations of
streptomycin, bacitracin end chloramphenicol were ineffective in
inhibiting the growth of the organisms. There seemed to be some
inhibition with streptomycin in all concentrations used during the first
4 days of incubation, but resistant organisms always developed after

this time and abundant growth was observed after 14 days. The



Table 17. Availability of various nitrogen sources for grthh of methanol oxidizers.

N sources

AS-P PBG-P Mc DOR JT RUMEN SEW

S

3

U

<

KAL VX

P

:
:

(NH4)25804
NH,4C1

KNO,

KNO4
Glycine
Valine
Alanine
Asparagine
Aspartic acid
Phenylalanine
Leucine
Methionine
Cysteine
Cystine -
Hippurate
Uric acid
Methylamine
Urea

t 4+ 1+ 4+ F+++ 0+t

y + 4+

I R I 2 I L A

1+ + 2

I I A i Sk SR I

+ 0+ 4+

1+ + 0

R R R LR
REEEEEEE N

+ 1+ 4+

F 1+ o+ +

T ST 2k i 0 R R

+ 1+ + +

t+ v ++++++ 0+ + +

R I I A R A

+ 1+ +
+ 1+ +

L d+++F+F+ 0+ +

I+ 4+ ++++++ 1 +++

+ 1+ + 1

T T T T TR T I A A R

+ 1+ +

L+ ++++4++ 0+ ++

U N I R e e I B B e

+ 1+ +

REREEEEEEEREEE

0+ o+

R R

+ 1+ +

+, growth;

-, no growth
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Table 18. The effect of various antibiotics on the growth of methanol oxidizers .

Streptomycin Growth* Chloramphenicol Growth Aureomycin Growth Bacitracin Growth

pg/ml Jg/ml pg/ml units/ ml
80 + 100 o+ 100 - 19.25: +H
40 + 50 + 50 - 15.40 +H
32 + 40 4 40 - 11.55 H+
24 + 30 + 30 - 7.70 +++
16 + 20 + 20 < 3.85 FH+
8 + 10 o+ 10 .- 3.08 CHH
6.4 + 8 “++ 8 - 2.31 S
4.8 + 6 ¥+ 6 - 1.54 ++
3.2 + 4 P 4 + 0.77 -

1.6 + : 2

1
+

*Results recorded 5 days after incubation.

L6
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organisms were more sensitive to the action of Aureomycin; no growth
occurred in 10 days with 6 pg/ml of this antibiotic. However, after
longer incubation growth occurred in all concentrations of the antibiotic

below 20 ug/ml. Concentrations of Aureomycin greater than 20 pg/ml

completely inhibited the organisms even after 1hcubation for 4 weeks.
Tests were also carried out with antibiotic sensitivity discs

on minefal salts agar plates with cultures spread over the agar surface.

Of the antibiotics tested, only streptomycin (10 'ug), Aureomycin (5 }Jg)

and tetracycline (5 pg) inhibited the growth of the organisms (Fig. 23).
According to this experiment it can be concluded that attenipts

to facilitate the isolation of the methane-oxidizing bécteria by in-

hibiting the growth of the pink-pigmented methanol oxidizers with

various antibiotics were without sucdess. The two species are

either sensitive to the same antibiotics or the methanol oxidizers

develop resistant strains which invariably outgrow the slow growing

methane oxidizers.

Seroldgical studies

The serological studies indicated that the strains of pink-
pigmented methanol oxidizers are not antigenically homogeneous

(Table 19). However, Vibrio extorquens was agglutinated at low titer

with antiserum prepared agéinst strain AS-P, and Protaminobacter ruber

was agglutinated by antisera for strain PBG-P and strain S. There was

no agglutination when any of the pink-pigmented methanol oxidizers



Figure 23. The effect of sensitivity discs on the growth
of the pink-pigmented methanol oxidizers on
mineral salts agar. Shown in photograph are:
streptomycin, 10 ug; tetracycline, 5 pg;
bacitracin, 2 units; penicillin, 10 units.
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Table .19. Serological relationships among pink~pigmented methanol

100

oxidizers.

Antigens Antiserum

Strain AS-P PBG-P S T  KAL
AS-P 640 - - - -
PBG-P - 5120 - - -
Mc - - 320 - -
S - - 5120 - 80
T - - - 5120 80
KAL - ~ 320 - 1280
VX 160 - - - -
P. rub, - 20 1280 - -

"AM1
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were tested in antiserum for Methanomonas methanooxidans strains

Brown, PBG, RUM and SOIL.

Discussion of the pink-pigmented methanol-oxidizing bacterta. .
All the pink-pigmented methanol oxidizers were readily isolated
on conventional peptone agar, though growth was slow. In peptone
broth at concentrations below C.5 per cent, growth was gfeatly
delayed. This is in agreement with the findings of Bassalik (1913)

who reported the slow growth of Bacillus extorquens on ordinary

nutrient agar and gelatin. Den Dooren de Jong (1927) replorted that
one of the characteristics of his pink-pigmented organisms was the
slow growth on peptone agar. Harrington and Kallio ‘(1960) reported
that their organisms did not utilize peptone as the only carbon source.
Of the few compounds tested by these investiggtors, only methanol

was utilized as carbon source. Since their organism was similar

-in morphological and cultural characteristics to Pseudomonas

methanica of Dworkin and Foster (1956), they called their organism
P. methanica, although it was not able to utilize methane. The
organism 'of Johnson and Temple (1962) was reporteci as being able
to utilize methane and methanol, but no other conventional carbon
source. The organism used in time present study, designated JT,
was isolated from the mixed culture obtained from Mr. Johnson;

it does not utilize methane.
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The pink-pigmented methanol-dxidizing bacteria included in
this investigation comprised a group of organisms similar in morpho-
logical, cultural angi physiological characteristics. All were Gram-
negative, motile; non-sporeforming rods. Cells of all the strains
contained poly-B-hydroxybutytic acid. This is in agreemgnt with the
findings by Kallio and nHarrington (1960) and Peel and Quayle (1961)
for their cultures.

Growth of these bacteria in liquid media under stationary con-
dit‘:i.ons usually resulted in the formation of a pink pellicle; under
shake conditions the media sometimes showed pink flocculent growth,
but at other times the growth was homogeneous. Why the growth was
not always the same in appearance is not known, but may be related
to conditions WMCh influence slime production by the organisms.
owrkin and Foster (1956) concluded that cultures containing a large
enough amount of slime assumed a turbid, viscous character, while
those forming only enough slime to coat the cells resulted in cl_umped
‘or agglutinated groyvth.

It is interesting to note that all the strains tested utilized
oxalate, glycerol, methanol , formate and fumarate, as did the Gram-
negative, pink-pigmented organism described by Bassalik (1913),
wﬁich was isolated on a calcium oxalate medium. The similarity of
the pink-pigmented srganisms is revealed also in their resistance to

antibiotics.
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Serological studies indicated that there are some antigenic rela-
tionships among the pink-pigmented methanol oxidizers. Not all the
strainé, however, were found to be antigenically related. With regard

- to these differences it should be considered that antigenic differences

among members of a species often occur, as in Escherichia coli.

To be distinguished from the methanol oxidizers employed in
this study, which do not utilize methéne, but merely grow in the favor-
able environment created by the oxidation of methane, is the bacterium
described by Dworkin and Foster (1956) and Leadbetter and Foster

(1958, 1960) as pink-pigmented and methane dependent. This organi'sm

has not been encountered during these studies. Also the Pseudomonas
methanica of Dworkin and Foster, which oxidizes methane, should not

be confused with Pseudomonas methanica of Harrington and Kallio (1960),

which is a typical pink-pigmented methanol‘oxidizer,' as shown in this
investigation.

The largé number of pink-pigmented bacteria isolated from methane
oxidizing enrichment éultures by Brown (1958) and Holmes (1962) were
no doubt methanol oxidizers, though they were not tested on this sub~-
strate. Brown (1958) observed that contaminants readily grew in large"
numbers on the by-products formed during the oxidation of methane;
Probably some of these contaminants were methanol oxidizers.

The pink-pigmented methanol oxidizers included in this study,

and Pseudomonas PRL-W4 of Kaneda and Roxburgh (1959) are sufficiently



104
alike to be considered one species. The first published description
of an organism of this group was apparently that of Bacillus extorquens
by Bassalik (1913). This species was placed in the genus Pseudomonas
Migula by Janota (1950), and in the genus Vibrio Muller b;/ Bhat and T

Barker (1948). According to Bergey's Manual of Determinative

Bacteriology (Breed, Murray and Smith, 1957) the borderline between
the genera Pseudomonas and Vibrio is not sharp, since curved rods
sometimes occur in species which are normally straight rods. Ihe pink-~-
pigmented methanol oxidizers are not clearly vibrios, though some curved
rods are observed. The movement of motile cells in a culture was vibrio-
like in some cases but not in all. Although these organisms are not

typically vibrios, it is suggested they be considered strains of Vibrio

extorquens Bassalik (Breed, Murray and Smith, 1957).



SUMMARY

The morphological‘,' cultural, physiological and immunological
- ———characteristics of methane=oxidizing bacteria isolated from coal mine
water, rumen of a fistglated cow and oil field soll were compared with
an isolaté of Methanomonas methanooxidans of Brown and Strawinski .-.
The investigatioﬁ aléo included the identification of piAnk-.pigmented
bacteria constantly found in the enrichment cultures of methane-
ox:ldizing bacteria.

" Initial enrichments were carried out in S8hngen units to confirm
the presence of .methane-oxidizing bacteria by consumption of methane.
Isolations were made on mineral salts e;gar plates under methane,
employing surface-streaked plates and the dilution to extinction pro—l

cedure.

Methane-oxidizing isolates are apparently identical in mc_>rpho-

logicai and physiological characteristics with Methanomonas methano-
oxidans Brown and Strawinski. They are Gra{m-negatiVe-, 'mqnotrichously
flagellated, non-sporeforming rods. Cells are highly vacuolated and
some are much enlarged at one end, causing the other end to appear as
a bud-like projection suggestive of the genus nghomicrobium. Another

striking feature is the common occurrence of rosettes similar to those

observed in Agrobacterium, Phyllobacterium, Chromobacterium and

Rhizobium.
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The organisms developed only minute colonies under the most
favorable conditions. On mineral salts agar under methane, the

colonies were about 0.05 to 0.1 mm in diameter after 3 weeks of

incubation. There was no discernable pigmentation of the colonies.

All the strains utilized methane as the sole carbon source; ethane,
propane and butane were not utilized. Methanol was the only carbon
source other than methane which permitted growth of the cultures.

Nitrogen requirements were satisfied by either nitrates R
ammor;ium salts, peptone or certain amino acids.

Methanol, sodium chloride, calcium chloride and certain dyes
enhanced the growth of the organisms in the mineral salts media of
Brown (1958) and Jayasuriya (1953) with methane as chief carbon source.

Serologically, strains PBG and RUM were related to strain Brown;
the strain isolated from soil did not reveal any anfigenic relationship
with other strains.

- Pink-pigmented bacteria observed in methane enrichment cul-
tures were readily isolated on conventional peptone agar and on
mineral salts agar. In peptone broth at concentrations below 0.5 |
per cent growth was greatly delayed.

All the pink-pigmented isolates ke Gram-negative, polar-~
flagellated, non-sporefprming rods. Cells of all the strains contain
poly-B-hydroxybutyric acid.

All the strains produced coral pink to red colonies; pigmentation

was greater in the presence of methanol and increased with prolonged

o —— e e e
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incubation. On mineral salts methanol agar, colonies were small
(about 0.2 mm after 5 days), circular, entire and butyrou's. There

was no dependency for any growth factor. All the strains were

catalase positive, reduced nitrate to nitrite, grew in 10 per cent
methanol and in the presence of 1 per cent sodium chloride. All the
isolates grew on oxalate agar andv in mineral salts broth with either
methanol, glycerol, formate, fumarate, succinate, or benzene.
Methane, ethane, propane and butane were not utilized by any orf
the strains. Some of the strains utilized fructose as sole carbon
source, ribose supported growth of others. Glucose was‘ not utilized
by any of the strains. Other carbon sources were attacked by some
strains.

Some antigenic relationships were found among the pink-
pigmented methanol oxidizers; no serological relationship was
detected between strains of the pink-pigmented organisms and the
methane-oxidizing bacteria.

The pink-pigmented methanol oxidizers isolated in this study,

and the previously described organisms, Pseudomonas AM1, P.

methanica (strain KAL), Protaminobacter ruber den Dooren de Jong,

are closely related and are sufficiently like Vibrio extorquens

(Bassalik) Bhat and Barker (1948) to be considered strains of that

species.
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