






Figure 20. Colonies of pink-pigm ented methanol oxidizers 
on mineral sa lts  methanol agar. M agnification 
10 X.
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(Difco) did not enhance growth or colony s iz e , but seemed to  stim ulate 

pigmentation of the  organism s. In stationary cultures with methanol as 

carbon source a reddish-pink pellic le  w as observed (Fig . 21). A nutri­

tional dependency on y east extract w as not demonstrable; organisms 

have been propagated for almost 3 years on methanol agar slan ts 

without the  addition of any organic nitrogen or ancillary  growth fac to rs .

Biochemical and phvsioloftical characte ristics

The biochem ical and various other te s ts  carried out w ith the pink- 

pigmented organisms are indicated in Table 15.

All the  pink-pigm ented organisms studied were ca ta la se  positive 

and oxidase negative. Fat, tyrosine and urea were not hydrolyzed after 

3 w eeks.

Deoxyribonucleic acid was not attacked  by any of the organism s, 

and ce llu lose  w as not decomposed by any of the strains after 6 weeks 

of incubation.

G elatin  and case in  were not hydrolyzed. Litmus milk w as 

slightly alkaline after 3 weeks but no rennet curd w as formed nor did 

peptonization occur.

S tarch w as not hydrolyzed by any of the s tra in s .

No growth occurred in  the mineral sa lts  medium with paraffin as 

sole carbon source during a 6 weeks period of incubation.

All s tra in s grew w ell on oxalate agar prepared according to the 

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



Figure 21. Reddish-pink pellic les  of pink-pigmented
methanol oxidizers in  mineral sa lts  methanol 
medium under stationary incubation.





Table 15. Biochemical reactions of pink-pigmented methanol ox id izers .

Test AS-P PBG-P Me DOR JT RUMEN SEW S T xy V KAL VX P. rub. AMI

C asein
Tyrosine
Starch
G elatin
h 2s
Indol
Acetoin
n o 3 + + + • + + + + + + + + + + + +
C ellulose
DNase
U rease
C atalase + + + + + + + + + + + + + + +
Lipase - - - - - - - - - - - - - - -

Oxidase
Growth in  

Methanol 10% + + + + + + + + + + + + + + +

NaCl 1% + + + + + + + + + + + + + + +
2% —

+ ind icates growth or positive reaction; no v isib le  growth or negative reaction .
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indicated  fry a clearing of the medium in  th e  vicinity  of the Inoculum 

and a change of color of the indicator (phenol red) from light yellow to 

red (Fig. 22).

N itrate w as reduced to n itrite  during seven days of incubation.

The te s ts  for indole production, methyl red reaction , and < - 

the formation of acetylm ethylacrbinol were negative after one week of 

incubation. No hydrogen sulfide w as produced after incubation in 

peptone-iron agar for 10 days.

No acid  or gas w as produced from g lucose , sucrose , la c to se , 

arab inose, m altose, xy lose , g lycero l, sorb ito l, mannitol, inosito l 

and inu lin .

The growth of a ll strains was inhibited by 2 per cent but not by 

1 per cent concentration of N aCl.

All the  strains grew in mineral sa lts  broth with 10 per cent 

methanol but growth w as delayed in concentrations of methanol higher 

than  1 per cen t.

None of the strains consumed m ethane, e thane, n-propane or 

n -b u tan e .

The resu lts  of te s ts  w ith various other carbon sources are shown 

in  Table 16. All the stra ins showed abundant growth in  mineral sa lts  

broth w ith methanol or glycerol as th e  sole source of carbon. 

Protaminobacter ruber grew moderately in  formate, w hile a ll the  other 

strains grew profusely with th is  su b stra te . It w as a characte ris tic  of



Figure 22. Pink-pigmerited m ethanol-oxidizing bacteria  
on mineral sa lts  agar p la tes  w ith sodium 
oxalate  as so le  carbon source. Upper row, 
left to  right; V. ex torauens. P. ruber. P. AMI; 
lower row , le ft to  right; JP* methanica (strain 
KAL), strain  PBG-P, P . m ethanica (strain  JT).
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Table 16. Growth of pink-pigmented methanol oxidizers on various carbon su b stra tes .

Substrate AS-P PBG-P Me DOR JT RUMEN SEW S U V KAL VX P. rub. AMI

n-Hexane
n-Heptane
n-O ctane
Benzene
Toluene
Paraffin
Methanol
Ethanol
Propanol
Butanol
Formate
Acetate
Propionate
Butyrate
Lactate
Succinate
C itrate
Fumarate
Glycerol
Sorbitol
Mannitol
Inositol
G lucose
G alactose

- - - - +
+

- - - - - - - - - -

+ + + + + + + + + + + + + + +

++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++• ++ ++
+ + + + + + + + + + + + + . - +
+ - + + + + + + + + + + + - +
+ - - - + + + + + + - - + + +

++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ + ++
+ +

-
-+ +

+
+ +

I 
+ 

+ + + +
+

+ +
-

+

+ + + + + + + + + + + + + + +
+ + + + - - - - -  ' - - - + + +
+ + + + + + + + + + + + + + +

•H- ++ ++ ++ -H- -H- -H- ++ ++ ++ ++ ++ ++ ++ ++
•*

<£>
CO



Table 16 (Continued)

Substrate AS-P PBG-P Me DOR JT RUMEN SEW S T u V KAL vx P. rub. AMI

Mannose .
Fructose + - - - ++ ++ ++ ++ -H- ++ ++ ++ + + +
Sucrose - - - - - - - - - - - - - - -
Lactose
M altose
Ribose + + + + + + + - + + + + + - +
Sorbose
Xylose + - +
Glycine - - - - - - - - - - - _ . . • •
Alanine - - - - - - - - + - - + - - -
Valine - - - + - - - - / - - + - - -
Leucine - - -• - - - - r- - - + - - -
Aspartic acid + + + + + + + + T+ - - + + ' + +
Asparagine + + + + + + + + - - - + + + +
Methionine -

C ysteine
Methylamine +

"

+ +
" "

+ . + + + +

++ ind icates good growth; + , slight growth; no .growth.
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all the  stra ins that growth w as delayed in  a solution containing peptone 

in a concentration below 0 .5  per cent a s  only carbon source. Higher 

concentrations of peptone allowed good growth. All the stra ins grew

moderately w ell w ith benzene as sole carbon so u rce .____

All the strains grew w ith peptone, ammonium s a l t s , n itra te , 

alan ine , asparag ine, aspartic  acid or leucine a s  nitrogen source.

Other organic nitrogen compounds afforded growth of some strains 

(Table 17). It is  of in te rest to  note tha t Pseudomonas methanica of 

Dworkin and Foster (1956) did not grow when asparagine w as supplied 

as the only nitrogen source.

Studies w ith antib io tics

In procedures for the iso lation  of methane oxidizers i t  w as noted 

tha t the pink-pigm ented organisms invariably appeared as contam inants. 

The effect of various an tib io tics on the  growth of the pink-pigmented 

bacteria  w as determined in  the  hope tha t the an tib io tics would prevent 

the ir growth in methane enrichment cu ltu res. If su ccessfu l, th is  would 

greatly simplify the  iso la tion  of Methanomonas m ethanooxidans. The 

resu lts  of th ese  te s ts  are given in  Table 18. All concentrations of 

streptom ycin, bacitracin  and chloramphenicol w ere ineffective in 

inhibiting th e  growth of the organism s. There seemed to be some 

inhibition w ith streptomycin in  a ll concentrations used during the  first 

4 days of incubation, but resis tan t organism s always developed after 

th is  time and abundant growth w as observed after 14 d ays. The



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

N sources AS-P PBG-P Me DOR JT RUMEN SEW S T U V KAL VX P . rub. AMI

(n h 4)2s o 4 + + + + + + + + + + + + + + +
n h 4c i + + + + + + + + + + + + + + +
n h 4n o 3 + + + + + + + + + + + + +. + +
k n o 2
KNO3 + + + + + + + + + + + + + + +
Glycine + + + + + + + + + + + + + + ' +
Valine + + + + + + + + + + + + + + +
Alanine + + + + + + • + + + + + +
Asparagine + + + + + + + + + + + + + + +
Aspartic acid + + + + • + + + + + + + + + + +
Phenylalanine - ■ - - - - - - + + + . + -

I - -

Leucine + + + + + + + + . + + + + + + +
Methionine - - + - - - - - - - - -  . ■ - - -

C ysteine +
Cystine - - - - + + + - - - - - - - -

Hippurate + + + + + + + + + + + + + + +
Uric acid + + + + + + + + + + + + + + +
Methylamine
Urea + + + + + + , + + + + + + +

+ , growth; no growth

CO
cn



Table 18. The effect of various antib io tics on the growth of methanol o x id izers .

Streptomycin
/ig /m l

Growth* Chloramphenicol
/ig /m l

Growth Aureomycin
/ig /m l

Growth BacitraOin 
u n its /  ml

Growth

80 + 100 + 100 - 19.25 . +++

40 + 50 + 50 - 15.40 +++

32 + 40 + 40 - 11.55 +++

24 + 30 + 30 7.70 +++

16 + 20 •H- 20 - 3.85 -H-+

8 + 10 -H- 10 - 3.08 +++

6.4 + 8 ++ 8 - 2.31 +++

4 .8 + 6 ++ 6 - 1.54 +++

3.2 + 4 ++ 4 + 0.77 +++

1 .6 + 2 ++ 2 +

♦Results recorded 5 days after incubation.
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organisms were more sensitive to  the action of Aureomycin; no growth

occurred in  10 days w ith 6 jig /m l of th is  an tib io tic . However, after

longer incubation growth occurred in  a ll concentrations of the antibiotic

below 20 jag/m l. Concentrations of Aureomycin greater than 20 fig/ml

completely inhibited the organisms even after incubation for 4 w eeks.

Tests were a lso  carried out with antib iotic sensitiv ity  d iscs

on mineral sa lts  agar p la tes w ith cultures spread over the agar surface.
«

Of the antib io tics te s te d , only streptomycin (10 pg) ,  Aureomycin (5pq)  

and te tracycline (5 pg) inhibited the growth of the organisms (Fig. 23).

According to  th is  experiment it  can be concluded tha t attempts 

to fac ilita te  the iso la tion  of the  m ethane-oxidizing bacteria  by in ­

hibiting the growth of the pink-pigmented methanol oxidizers with 

various antib io tics were without su c ce ss . The two species are 

either sensitive  to the same antib iotics or the methanol oxidizers 

develop resis tan t strains which invariably outgrow the slow growing 

methane ox id izers.

Serological studies

The serological studies indicated tha t the stra ins of pink- 

pigmented methanol oxidizers are not antigenically  homogeneous 

(Table 19). However. Vibrio extorauens w as agglutinated at low tite r  

w ith antiserum  prepared against strain  AS-P, and Protaminobacter ruber 

w as agglutinated by an tisera  for strain  PBG-P and strain  S . There was 

no agglutination when any of the pink-pigm ented methanol oxidizers



Figure 23. The effect of sensitiv ity  d iscs on the growth 
of the pink-pigmented methanol oxidizers on 
mineral sa lts  agar. Shown in  photograph are: 
streptom ycin, 10 jag; te tracy c lin e , 5 /ig; 

bac itrac in , 2 units; pen icillin , 10 u n its .
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Table 19. Serological relationships among pink-pigmented methanol 
ox id izers.

Antigens  Anti serum___________________

Strain______________AS-P PBG-P_______S_________ T_______KAL

AS-P 640. -

PBG-P -  5120 -  -  -

Me 320

S -  -  5120 -  80

T -  5120 80

KAL -  320 -  1280

VX 160

P. rub. -  20 1280

AMI -  -  -  -
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were te s ted  in  antiserum for Methanomonas methanooxidans strains 

Brown, PBG, RUM and SOIL.

"Discussion of the pink-pigm ented m ethanol-oxidizing bacteria  . __

All the  pink-pigmented methanol oxidizers were readily iso lated  

on conventional peptone agar, though growth w as slow . In peptone 

broth at concentrations below 0.5 per cen t, growth w as greatly 

delayed. This is  in  agreement with th e  findings of Bassalik (1913) 

who reported the slow growth of Bacillus extorauens on ordinary 

nutrient agar and ge la tin . Den Dooren de Jong (1927) reported that 

one of the characte ristics of h is pink-pigmented organisms w as the 

slow growth on peptone agar. Harrington and Kallio (1960) reported 

tha t the ir organisms did not u tilize  peptone as the only carbon source. 

Of the few compounds te s ted  by th ese  investiga to rs, only methanol 

w as u tilized  as carbon source. Since their organism w as sim ilar 

-in morphological and cultural characte ristic s  to Pseudomonas 

methanica of Dworkin and Foster (1956), they called  their organism 

P.. m ethanica. although it was not able to  u tilize methane. The 

organism of Johnson and Temple (1962) was reported as being able 

to u tilize  methane and m ethanol, but no other conventional carbon 

source. The organism used in  the present study, designated JT, 

w as iso la ted  from the mixed culture obtained from Mr. Johnson; 

it does not u tilize  methane.
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The pink-pigm ented m ethanol-oxidizing bacteria included in  

th is  investigation comprised a group of organisms sim ilar in morpho­

lo g ica l, cultural and physiological ch a rac te ris tic s . All were Gram- 

negative7~m otile^non-s poref orming ro d s . C ells of all the strains 

contained poly-B-hydroxybutyric ac id . This is  in agreement w ith the 

findings by Kallio and Harrington (1960) and Peel and Quayle (1961) 

for their cu ltu res .

Growth of these  bacteria in  liquid media under stationary con­

ditions usually resulted  in the formation of a pink pellic le; under 

shake conditions the media sometimes showed pink flocculent growth, 

but at other tim es the growth w as homogeneous. Why the growth was 

not always the same in appearance is  not known, but may be related 

to  conditions which influence slime production by the organism s. 

Dworkin and Foster (1956) concluded tha t cultures containing a large 

enough amount of slim e assumed a turbid , v iscous character, while 

those forming only enough slime to coat the ce lls  resu lted  in  clumped 

or agglutinated growth.

It is  interesting to note tha t a ll the strains te s ted  u tilized  

oxala te , glycerol, methanol, formate and fumarate, as did the Gram- 

negative, pink-pigmented organism described by Bassalik (1913), 

which was iso la ted  on a calcium oxalate medium. The sim ilarity of 

the pink-pigmented organisms is  revealed also  in their resis tance  to 

an tib io tics .
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Serological studies indicated tha t there are some antigenic re la ­

tionships among the pink-pigm ented methanol ox id izers. Not a ll the 

strains# however# were found to be antigenically  re la ted . W ith regard 

to these differences It should be considered that antigenic differences 

among members of a species often occur# as in Escherichia co ll.

To be distinguished from the methanol oxidizers employed in 

th is  study# which do not u tilize  methane# 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 organism 

has not been encountered during th ese  s tu d ie s . 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 typ ical pink-pigmented methanol oxidizer# as shown in th is 

investiga tion .

The large number of pink-pigm ented bacteria  iso la ted  from methane 

oxidizing enrichment cultures by Brown (1958) and Holmes (1962) were 

no doubt methanol oxidizers# though they were not te s te d  on th is sub­

s tra te . Brown (1958) observed tha t contaminants readily grew in large 

numbers on the by-products formed during the oxidation of methane. 

Probably some of th ese  contaminants were methanol oxid izers.

The pink-pigmented methanol oxidizers included in th is  study# 

and Pseudomonas PRL-W4 of Kaneda and Roxburgh (1959) are sufficiently
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alike to  be considered one sp e c ie s . The firs t published description 

of an organism of th is  group w as apparently tha t of Bacillus extorquens 

by Bassalik (1913). This species w as placed in the genus Pseudomonas 

Migula by Janota (1950), and in  the genus Vibrio Muller by Bhat and 

Barker (1948). According to  Beroev'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. The pink- 

pigmented methanol oxidizers are not clearly  v ib rio s, though some curved 

rods are observed. The movement of motile ce lls  in a culture was vibrio­

like in  some ca ses  but not in  a l l .  Although th ese  organisms are not 

typically  v ib rios, it is  suggested they be considered strains of Vibrio 

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



SUMMARY

The morphological, cu ltural, physiological and immunological 

- charac te ris tic s  o f  methane-oxidizing bacteria iso la ted  from coal mine 

w ater, rumen of a fistu la ted  cow and oil field so il were compared with 

an iso la te  of Methanomonas methanooxidans of Brown and S traw inski. 

The investigation also  included the identification of pink-pigmented 

bacteria constantly  found in the  enrichment cultures of m ethane- 

oxidizing b ac te ria .

In itia l enrichments were carried out in Sohngen units to confirm 

the presence of methane-oxidizing bacteria  by consumption of methane. 

Iso lations were made on mineral sa lts  agar p la tes under m ethane, 

employing surface-streaked  p la tes and the  dilution to extinction pro­

cedure .

M ethane-oxidizing iso la tes  are apparently identical in morpho­

logical and physiological characte ris tics  with Methanomonas methano­

oxidans Brown and Straw inski. They are Gram -negative , monotrichously 

flage lla ted , non-sporeforming rods. C ells 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 Hvphomicrobium. Another 

striking feature is  the common occurrence of ro se ttes  sim ilar to  those 

observed in Aqrobacterium, Phyllobacterium , Chromobacterium and 

Rhizobium.
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The organisms developed only minute colonies under the most 

favorable conditions. On mineral sa lts  agar under methane, the 

.colonies were about 0.05 to 0 .1  mm in diameter after 3 weeks of 

incubation. There w as no d iscem able pigmentation of the co lon ies.

All the strains u tilized  methane as the sole carbon source; e thane , 

propane and butane were not u tilized . Methanol w as the only carbon 

source other than methane which permitted growth of the cu ltu res .

Nitrogen requirements were sa tisfied  by either n itra te s , 

ammonium s a l t s , peptone or certain  amino a c id s .

M ethanol, sodium chloride, calcium chloride and certain  dyes 

enhanced the growth of the organisms in the mineral sa lts  media of 

Brown (1958) and Jayasuriya (1953) w ith methane as chief carbon source.

Serologically, stra ins PBG and RUM were related  to strain  Brown; 

the strain  iso la ted  from soil did not reveal any antigenic relationship 

with other s tra in s .

Pink-pigmented bacteria  observed in methane enrichment cu l­

tures were readily iso la ted  on conventional peptone agar and on 

mineral sa lts  agar. In peptone broth at concentrations below 0.5 

per cent growth w as greatly delayed.

All the pink-pigm ented iso la tes  | | |e  G ram -negative, polar- 

flage lla ted , non-sporefprming rods. C ells of a ll the strains contain 

poly-B-hydroxybutyric ac id .

All the strains produced coral pink to  red colonies; pigmentation 

w as greater in  the presence of methanol and increased  with prolonged
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incubation. On mineral sa lts  methanol agar, colonies were small 

(about 0.2  mm after 5 d ay s), circu lar, entire and butyrous. There 

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

ca ta lase  p ositive , reduced nitrate to n itrite , grew in  10 per cent 

methanol and in  the presence of 1 per cent sodium chloride. All the 

iso la te s  grew on oxalate agar and in mineral sa lts  broth with either 

methanol, g lycerol, formate, fum arate, succinate , or benzene.
i

M ethane, e th an e , propane and butane were not u tilized  by any of 

the stra in s . Some of the strains utilized fructose as sole carbon 

source, ribose supported growth of o thers. G lucose w as not u tilized 

by any of the s tra in s . Other carbon sources were attacked by some 

s tra in s .

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 

m ethane-oxidizing bacteria .

The pink-pigmented methanol oxidizers iso la ted  in th is  stydy, 

and the previously described organism s. Pseudomonas AMI, 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 

sp ec ies.
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