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Bacteria classified in the family Methylomonadaceae

must derive their carbon from one-carbon compounds. They

are characterized by the possession of internal membranes

of two types. Type I membranes are layered and fill the

middle of the cells while type II membranes form concentric

layers around the periphery of the cells. Also, there are

two metabolic pathways by which the methylobacteria assimi-

late one-carbon compounds. Further evidence of this

dichotomy was sought by DNA-DNA saturation hybridization

of DNAs from both types of methylobacteria. Very low DNA-

DNA homology was seen between types I and II or within the

types. It was not possible, therefore, to correlate the

degree of genetic relatedness with either the nature of

the internal membranes or the pathway of carbon assimilation.
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CHAPTER I

INTRODUCTION

Obligate methane oxidizing bacteria (methylotrophs),

which utilize exclusively one-carbon organic compounds

(methane and methanol) as their source of carbon and energy,

are ubiquitous, being found in most natural locations where

methane gas is produced, such as decaying freshwater vegeta-

tion, rice paddies, swamps and in soil exposed to petroleum

gas leaks. Many other types of bacteria are known to oxidize

methane; however, these are capable of utilizing a variety

of hydrocarbons and carbohydrates. Thus, the methylotrophs

are unique in that methane or methanol is indispensable for

growth. In fact, many of them are inhibited by organic

substances as are found in nutrient agar or yeast extract,

even in the presence of methane (3). However, the methane-

oxidizers are heterotrophic and possess complex internal

membranes. All species examined produce poly- -hydroxy-

butyrate and many produce resting stages (either exospores

or cysts) which resist drying.

The methane-oxidizers are classified in Part 7 of

Bergey's Manual of Determinative Bacteriology (1) as Gram-

negative, aerobic rods and cocci in Family IV (Methylo-

monadaceae). The family is comprised of two genera:

1
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Methylomonas and Methylococcus. Members of the genus

Methylomonas are described as "single straight, curved or

branched rods, but not helical" (1). Bacteria of the genus

Methylococcus are spherical and usually occur in pairs.

A provisional classification, proposed by Whittenbury,

et al. (31), separates this family into five groups:

Methylosinus, Methylocystis, Methylococcus, Methylobacter,

and Methylomonas. Whittenbury's classification has gained

such widespread acceptance among the scientists working with

methane oxidizers, that the "groups" and "subgroups" are now

referred to as genera and species. Whittenbury's classifi-

cation is based on morphology, membrane type, and nature of

the resting stage. Methylosinus and Methylocystis include

vibrioid-shaped organisms, while Methylomonas, Methylococcus

and Methylobacter include rods, cocci and pleomorphic forms,

respectively. The membrane types are described later in this

thesis. The five genera can be defined morphologically:

Methylococcus. Type I membrane system, coccoid and

produce a capsule.

Methylobacter. Type I membrane system, pleomorphic,

produce slime, capsules and cysts.

Methylomonas. Type I membrane system, rod shaped and

some are motile by means of polar flagella.

Methylocystis. Type II membrane system, rod or vibrioid

and produce cysts.
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Methylosinus. Type II membrane system, rod or pear-

shaped, and produce exospores.

The above classification of Whittenbury, et al. is the one

adopted for the purpose of this thesis.

History

The first studies on the utilization of hydrocarbons

by microorganisms were those of Sohngen (1906) (3) and

Kaserer (1906) (4). Their studies were mainly concerned

with bacteria that oxidize higher hydrocarbons such as paraf-

fins, cyclic hydrocarbons and kerosene. Sohngen did, how-

ever, isolate a methane-utilizing bacteria that he named

Bacillus methanica (now Methylomonas methanica). Some in-

vestigators (20, 22, 23, 29) proposed using methane-oxidizing

bacteria (as well as other hydrocarbon-oxidizing bacteria)

for petroleum prospecting. They rationalized that gaseous

hydrocarbons, being more mobile than the higher hydrocarbons,

seep upward through geologic formations and stimulate the

proliferation of hydrocarbon-oxidizing microbes in the upper

few meters of soil. However, since methane is a common

product of anaerobic degradation of organic carbonaceous

matter in nature, the specificity of methane-oxidizing bac-

teria as indicators of adjacent petroleum and gas deposits

is compromised (4). After Sohngen (30), Zobell (10) for a

while was the primary researcherof methane oxidizers. His

work centered on the isolation of these organisms from
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marine sediments and other habitats. By 1956, only a

limited amount of information was available on methylotrophs.

Dworkin and Foster (6) illustrated this scarcity of infor-

mation with their statement that ". . . Methanomonas

methanica. . . . isolated from aquatic plant material by

Sohngen in 1906 and named by him Bacillus methanica, is the

organism classically associated with methane utiliza-

tion. . . . Curiously enough, the only description available

is that furnished 50 years ago by Sohngen." At the time of

Dworkin and Foster's publication, the mechanism of methane

utilization was unknown. Their studies were mainly concerned

with description and classification of methane utilizing

bacteria; however, they did find that methane oxidizers could

use other one-carbon compounds, such as methanol, formate

and methylamine.

Leadbetter and Foster (19) suggested that the metabolism

of methane oxidizers was heterotrophic. Johnson and Quayle

(11) found that methylotrophs grown in an atmosphere of

methane, air and [1 4C] carbon dioxide did not incorporate

radioactive carbon from the carbon dioxide. Thus, they

concluded that the metabolism of this methane oxidizer is

heterotrophic rather than autotrophic.

Membranes

All methylotrophs possess complex intracytoplasmic

membrane systems which are unusual in bacteria, being found
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in some obligate lithotrophs and phototrophs. No other

heterotrophs are known to possess such complex membrane

systems (3). Proctor, Norris and Ribbons (24) found two

types of membrane arrangement in methane-oxidizing isolates

from the soil. Davies and Whittenbury (3) examined repre-

sentative strains from their five groups (Methylosinus,

Methylocystis, Methylomonas, Methylococcus and Methylobacter)

and could differentiate them by their membrane systems.

Membranes of type I are in rod-coccoid organisms; and type

II membranes are in the vibrioid organisms. Type I membranes

are layered and fill the middle of the cells (Fig. 1), while

type II membranes are characteristically arranged in con-

centric layers around the periphery of the cell (Fig. 2).

These membranes are of the classical three-unit structure,

and are similar in size to plasma and intracytoplasmic mem-

branes seen in other bacteria (27). Evidence has been ob-

tained by electron microscopy "indicating that the membrane

vesicles arose from invaginations of the cytoplasmic mem-

brane (3)."

According to Smith and Ribbons (27) "the occurrence of

extensive intracytoplasmic membranes in bacteria is limited

to those species that are able to utilize some specialized

energy sources.1 " These membranes have been shown to play

a role in the energy transfer processes of these bacteria

(28). Davies and Whittenbury (3) suggested that the electrons
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Figure 1. A diagram of the type I membrane system.

Figure 2. A diagram of the type II membrane system.
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released from the oxidation of methane would be at too high

a potential to reduce nicotinamide adenine dinucleotide (NAD).

The oxidation of these electrons at some later point in elec-

tron transport would result in less ATP production. However,

the large surface area presented by these membranes would

enable a very high rate of respiration, thereby compensating

for the lower phosphorylation.

Metabolism

The mechanism of methane utilization by bacteria in

the family Methylomonadaceae has been extensively studied.

Using [1 4C]methanol and [1 4 C]formate, it has been found that

serine is the first intermediate showing radioactivity

(17). As a result, a scheme was proposed for the formation

of C3 and C4 compounds by (1) the hydroxymethylation of

glycine to give serine, and (2) the carboxylation of a C3

derivative of serine to give a C4 dicarboxylic acid such as

oxaloacetic acid or malate (17). Subsequent research re-

vealed the presence in these bacteria of the enzymes necessary

for the proposed pathway (8, 25).

Tetrahydrofolate (FH 4 ) was found to be the coenzyme

responsible for the addition of a "one-carbon unit" (derived

from formaldehyde or formate) to glycine resulting in the

formation of serine (17). The C addition is dependent on

ATP, glycine and NADPH and involves the following reactions:
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formate + ATP + FH -- N1 0 -formyl FH + H20 + ADP

N10-formyl FH4 + H++---+N5,10-methenyl FH4 + H2 0

510 +4 5,10N,-methenyl FH + NADPH + H++--N,-methylene

FH4 + NADP+

N5 ,1 0 -methylene FH + glycine+ -- FH 4 + serine

The hydroxylation of pyruvate by serine results in the

formation of hydroxypyruvate and alanine (Fig. 3). In a

coupled reaction, hydroxypyruvate is then reduced to glycerate

with the oxidation of NADH. Phosphorylation of glycerate by

ATP results in the formation of 3-phosphoglycerate which is

then converted to phosphoenolpyruvate (PEP). The last steps

in this pathway are the formation of oxaloacetic acid (OAA)

from PEP and the formation of malate from OAA.

Wagner and Levitch (30) recently reported the serine

pathway to be cyclic. Glyoxylate is produced from malate

at the expense of ATP:

malate + ATP + CoA4-*acetyl CoA + glyoxylate + ADP

Glycine can then be regenerated from glyoxylate and the by-

product acetyl CoA enters the tricarboxylic acid (TCA) cycle.

Serine can be reformed also by a pathway containing

phosphorylated intermediates (8).

D-3-phosphoglycerate + NAD +--3-phosphohydroxy-
pyruvate + NADH2

3-phosphohydroxypyruvate + L-glutamate -o .
o-L-phosphoserine + a-oxoglutarate
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o-L-phosphoserine + H20 +--.--serine + P.

Several years after the serine pathway was found, a

completely separate pathway for C1 assimilation was dis-

covered by Kemp and Quayle (13). Preliminary studies using

[ 4C]methane and [ 4C]methanol revealed the earliest labelled

intermediates to be glucose and fructose phosphates. No

ribulose diphosphate carboxylase could be detected in cell-

free extracts, indicating that carbon is not incorporated

by the ribulose diphosphate cycle of carbon dioxide fixation.

Kemp and Quayle (13) concluded that some pathway must exist

that results in the direct incorporation of C1 units into

sugar phosphates. They incubated crude extracts of Pseu-

domonas methanica with ribose-5-phosphate and [14Cimethanol

or [14C]formaldehyde. The products most rapidly labelled

were chromatographically identified as allulose and fructose.

Based on these results, the assimilatory step was proposed

to be (13):

CHO CH2OH

I IHHCHO C+

HCOH HCOH

CH20-PO3H2 HCOH

formaldehyde ribose CH23-PO3H2
5-phosphate allulose-6-phosphate
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This type of reaction (acyloin condensation) is catalyzed

by enzymes requiring thiamine pyrophosphate (TPP). Allulose-

6-phosphate epimerizes to fructose-6-phosphate. On the

basis of their findings, Kemp and Quayle (14) suggested that

"the net incorporation of C1 units by this organism might

follow a modified pentose phosphate cycle." Using [ 1C]metha-

nol, a hexose labelling pattern was determined which led to

the construction of a ribose phosphate cycle of formaldehyde

fixation (Fig. 4).

An examination of a large number of methane oxidizers

was undertaken by Lawrence and Quayle (18) to determine if

this dichotomy of carbon assimilation was absolute and

widespread. Their study was based on "the distribtuion of

two key enzymes, each of which appears to be specifically

involved in one of the assimilation pathways, namely hydroxy-

pyruvate reductase (serine pathway) and hexose phosphate

synthetase (ribose phosphate cycle)" (18). Their results

clearly showed two groups of methylotrophs, one synthesizing

hydroxypyruvate reductase and the other forming hexose

phosphate synthetase.

This dichotomy was supported by Davey, Whittenbury

and Wilkinson (2) who showed that those methylotrophs using

the ribose phosphate cycle lacked the TCA cycle enzyme a-

keto-glutarate dehydrogenase, while the bacteria using the

serine pathway possessed all the TCA cycle enzymes.
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Purpose

While the physiology, morphology and phylogeny of the

methylotrophs has been extensively investigated, molecular

studies of the deoxyribonucleic acid (DNA) of the Methyl-

onomadaceae are conspicuously absent from published litera-

ture. The only information available concerning the DNA of

these bacteria is the G+C mole% ratio of two type strains

listed in Bergey's Manual of Determinative Bacteriology

(62.5 mole % in M. capsulatus and 52.1 mole % in M. methanica).

(1)

A popular experimental tool in revealing genetic re-

latedness is molecular hybridization of DNA. The theory

of this technique is that single strands recovered from

DNA, upon breaking the hydrogen bonds by moderate heat and/or

alkaline treatment, under proper conditions will reanneal

(or hybridize) to their original complementary double

stranded helix (5). This is useful in that single strands

from two different DNA's will combine or hybridize along

their complementary areas, the extent of hybridization being

a measure of the relatedness of the two types of DNA.

It would be particularly interesting to compare the

DNA of various species of Methylomonadaceae because of the

natural dichotomy observed in the methylotrophs. The sub-

division of these bacteria by their internal membrane type

corresponds exactly with their subdivision based on the
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carbon-assimilating pathway. Thus, those methylotrophs

possessing type I membranes use the ribose phosphate cycle

of formaldehyde fixation, while the type II bacteria employ

the serine pathway (2, 18). These differences are great

enough to suggest that the two groups of organisms may have

evolved quite separately as methane utilizers (2, 18), Of

course, these differences should be reflected by the sequence

of the DNA produced by these bacteria. However, if only a

small portion of the bacterial DNA codes for these differences

then the dichotomy may not be evinced by hybridization

studies. It was the purpose of this investigation to further

elucidate the relationship between the type I and type II

Methylomonadaceae by molecular hybridization of DNA from

representative strains of bacteria of each type.



CHAPTER II

MATERIALS AND METHODS

The type I methane oxidizers studied, Methylococcus

capsulatus and Methylomonas methanica (S1), as well as the

type II oxidizers, Methylocystis parvus (btBP) and Methylo-

sinus trichosporium (OB3b), were kindly provided by R. Whitten-

bury, Dept. of General Microbiology, University of Edinburgh,

Scotland. DNA for control purposes was isolated from a

thymidine phosphorylase-minus mutant of Escherichia coli

B/r (ATCC 12407) that was provided by Jessie T. Kwoh, Univ.

of Texas at Dallas.

Growth Conditions

The methylotrophs were routinely grown on the mineral

salts medium developed by Leadbetter and Foster (1) (Table I).

Plates and 250 ml flasks containing 25-50 ml of inoculated

medium were placed in a large desiccator. The air in the

desiccator was 50 percent evacuated with a vacuum pump, re-

placed with methane and the container incubated at 300 for

3-4 days. Larger volumes of culture medium (50-300 ml)

were placed in a one- or two-liter vacuum flask. The side

arm was plugged with glass wool and the flask was auto-

claved at 1210 for 20 minutes. The flask was inoculated

with a 1% volume of a 3-day-old liquid culture and plugged

15
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TABLE I

MINERAL SALTS MEDIUM*

Compound Amount

NaNO3. .. .. .. .. .. .. . .

MgSO 4 7H2O - -

FeSO4 -7H20 . .

Na 2HPO- -

NaH 2PO...0

Cu (as CuSO -5H20).

B (as H3 B03 )o -.---

Mn (as MnSO -5H20).-

Zn (as ZnS04-7H20).

Mo (as MoO 3 ). -.---

KC1 *..........-.

CaCl2. .. .. .. .. .. .. . .

Distilled H20 - - -

2.0 g

0.2 g

0.001 g

0.21 g

0.09 g

5.0 ug

10.0 ug

10.0 ug

70.0 ug

10.0 ug

0.04 g

0.015 g

0 - - - * - - - . . . . 0 . 1iliter

*Final pH 6.8

- -

- -

- -

- -

. .

- -

- -

- -

- -

- -

. .

- -
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with a sterile stopper. The side arm was fitted with a

one-foot length of polyethylene tubing and a pinch clamp

was added as a means of controlling flow. The flask was

partially evacuated, refilled with methane via the attached

0tubing and incubated at 30 with agitation on a shaker for

3-4 days.

Stock cultures were kept on mineral agar slants in tubes

plugged with polyethylene sponge stoppers. The stocks were

transferred each month on the same medium in duplicate and

grown for 3-4 days in a desiccator, then re-gassed and stored

at room temperature.

Escherichia coli B/r was grown in 50 ml of Robert's (25)

C-1 medium (Table II) plus 0.5% casamino acids in a 250 ml

flask. A 1% volume inoculum was taken from an overnight

culture of cells also grown in Robert's C-1 medium. The

freshly inoculated flask was placed in a 370 waterbath shaker

for four hours.

Labelling Conditions

The DNA of the methane oxidizers was labelled with

[32 P]phosphate (New England Nuclear, carrier-free). A 250-

ml Erlenmeyer flask containing 50 ml of low phosphate medium

(Table III) was inoculated with a small amount (sterile loop-

ful) of growth from a 4-day slant and incubated in a desic-

cator under methane and air for four days at 300.
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TABLE II

ROBERT'S C-1 MEDIUM*

Solution Compound Amount

A glucose 4.0 g
distilled H2 0 50.0 ml

B Na2 SO4  11.8 g

distilled H20 100.0 ml

C MgCl2  8.5 g

distilled H20 100.0 ml

D NH4Cl 2.0 g

Naf2HPO 6.0 g

KH2PO4 3.0 g

NaCl 3.0 g
distilled H20 950.0 ml

*Each solution is autoclaved separately. After the
solutions have cooled to room temperature, one milliliter
of solutions B and C and all of solution A are mixed with
solution D. Final pH 7.0.
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TABLE III

LOW PHOSPHATE MEDIUM*

Compound

0.25 g/ml NaCl .

0.1 M Na2so4--

0.1 M KH2PO4 ---

1.0 M MgSO4  - -

1.0 M CaCl2 *

0.1 M FeCl3 .0

NaNO3. .. .. .. . .. .. ..

Cu (as CuSO45H20)

B (as H3B0 3) - -

Mn (as MnSO 4 5H 2 0)

Zn (as ZnSO4 7H 20)

Mo (as MoO3 ) 0.- -

KC1...........-....

CaCl 2 -a

*Final pH-6-8.

Amount

2.0 ml

1.6 ml

3.4 ml

1.0 ml

1.4 ml

0.3 ml

2.0 g

5.0 ug

10.0 ug

10.0 ug

70.0 ug

10.0 ug

0.04 g

- - - - . .0.015 g
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Five milliliters from the seed flask were inoculated into

50 ml sterile low phosphate medium contained in a one-liter

flask. [32P] phosphate was added to achieve a level of

10 uCi/ml and a specific activity of 31.25 Ci/M. The vacuum

flasks were filled with methane as described previously.

Thirty ml Robert's C-1 minimal medium (Table II) con-

taining 0.5% Casamino acids and 0.05 mCi [3H] thymidine

(56 Ci/mM) in a 250 ml flask were inoculated with 0.15 ml of

an overnight culture (same medium without [3H] thymidine)

of E. coli and incubated at 370C in a waterbath shaker for

four hours.

DNA Purification

32 3
Cells from either [3P-] or [3H]-labelled cultures were

centrifuged at 10,000 RPM in a SS-34 rotor at 4 C for one

hour. The supernatant was decanted and the packed cells

were resuspended and incubated in 3 ml of a spheroplast-

forming solution (2 mg lysozyme/ml TES buffer*) at room temp-

erature for 30 minutes. The suspension of methylotroph cells

was frozen (-200C) and thawed twice (not necessary with E.

coli). Final lysis of the cells was achieved by the drop-

wise addition of a 25% aqueous sodium dodecyl sulfate solu-

tion (SDS) (final concentration 6% for the methylotrophs,

2% for E. coli). The SDS suspension was gently mixed and

*TES buffer: aqueous solution of 0.05 M NaCl, 0.05 M
Tris-base and 0.005 M ethylene diaminetetraacetic acid,

adjusted to pH 8.0 with lN HCl.
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incubated at room temperature until lysis was complete

(generally 30 min) as revealed by a clearing with increased

viscosity. If the lysate was extremely viscous, its DNA

was sheared by forcing the preparation three or four times

through a 23-gauge, one-inch needle. In order to separate

the nucleic acids from the cell debris, the lysate was ex-

tracted three times with redistilled phenol saturated with

TES buffer. Extraction was begun by adding a volume of

buffer-saturated phenol equal to the volume of the lysate and

mixing the phases. The phases were separated by centrifuga-

tion at 5,000 rpm in a SS-34 rotor for five minutes at 40C.

The aqueous layer, containing the nucleic acids (protein re-

mained at the interface), was removed and re-extracted with

phenol two more times until very little protein was observed

at the water-phenol interface. The aqueous layer from the

last extraction was placed in dialysis tubing and dialyzed

against several changes of 0.lx standard saline citrate (SSC)*

to remove any remaining phenol. In order to hydrolyze any

contaminating ribonucleic acid, ribonuclease (Worthington

RNase, 50 pg/ml, final concentration) was added to the dialy-

sate and the mixture incubated at room temperature for 30

minutes. The solution was then extracted once with phenol

to remove the RNase and re-dialyzed. The purified DNA was

stored at 40C until used (generally within 30 days).

*SSC: aqueous solution of 0.15 M NaCl and 0.015 M Na
citrate, adjusted to pH 7.0.
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The approximate concentration of DNA was determined by

measuring absorbance at 260 nm in a spectrophotometer (1.0

O.D. unit equals 40 yig/ml). Also, absorbance at 280 nm was

measured in order to determine the amount of protein con-

tamination. For the hybridizations, an acceptable 260/280

absorbance ratio was set at 1.8/1 or higher. (A lower ratio

would indicate too high a level of protein, thereby necessi-

tating further extraction and dialysis.)

Calf thymus DNA (Miles Laboratories) dissolved in dis-

tilled water at appropriate concentrations was used as a

standard as well as a control in the hybridization experi-

ments.

DNA-DNA Hybridization

First, it was necessary to prepare unlabelled, single-

stranded, high-molecular weight DNA for immobilization onto

nitrocellulose filters (Schleicher and Schuell, BA-85,

0.45 u, 24 mm). The DNA was prepared by incubating equal

volumes of DNA stock solution and 1 N NaOH for at least 3

minutes at room temperature. Then 10 x standard saline

citrate (SSC) and water were added to bring the solution to

final volume (5 ml/filter) and a final strength of SSC of

6 x.

Example:

The DNA stock solution = 200 ug/ml.; the number
filters needed = 10; 5 ug DNA/filter is desired; thus,
5 ug x 10 filters = 50 ug DNA needed. Add 0.25 ml
stock DNA solution to 0.25 ml 1 N NaOH and incubate
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the mixture for 3 minutes. For each of 10 filters
to receive 5 ug DNA in 5 ml., the total volume must
be 50 ml. Since the final concentration must be
6 x SSC, 30 ml (50 x 0.6) of 10 x SSC must be
diluted with 19.5 ml of distilled water (allowing for
the volume of the DNA solution and 1 N NaOH).

The solution was then neutralized to pH 7.0 with 1 N HCl.

Of course, the volume of lN HCl required, which appproximates

the volume of lN NaOH added earlier, must be anticipated and

allowed for in the final volume.

The filters were numbered with a soft pencil and soaked

in 6 x SSC for 20 minutes. Five milliliters of the denatured

DNA solution were then loaded onto each filter and a gentle

vacuum applied. Each filter was rinsed once with 5 ml 6 x

SSC. The filters were dried at 800C in a vacuum oven for

exactly two hours and then stored over CaCl2 in an evacuated

desiccator. (The filters can be stored this way for several

weeks.)

Labelled DNA was prepared for hybridization by alkaline

and heat treatment. A volume of labelled DNA containing the

desired number of counts per minute (approximately 5 x 103

cpm/filter) was mixed in a small test tube with an equal

volume of 1 N NaOH and incubated at room temperature for

three minutes. (If the volume of DNA containing the neces-

sary cpm was less than 0.2 ml, sufficient distilled water

was added to bring the final volume to 0.2 ml.) The solu-

tion was then heated at 1000 C (in a boiling water bath) for

exactly seven minutes to reduce the average molecular weight
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of the DNA to about 5 x 105 daltons (15) and promptly placed

in an ice bath to stop further fragmentation of the DNA.

Sufficient aqueous formamide (Eastman Kodak) and SSC were

added to result in final concentrations of 50% and 2 x,

respectively. Distilled water was added, if needed, to

achieve the desired final volume.

Example

5
Labelled DNA stock solution = 1.0 x 10 cpm/.l

ml; approximately 5*103 cpm/filter are needed and
the number of filters = 10; so 10x5x103 cpm/filter =

5X104 cpm are required. Add 0.05 ml stock DNA
solution plus 0.15 ml H20 to 0.2 ml 1 N NaOH, incubate
at room temperature for 3 minutes and then at 1000 C
for 7 minutes. The reaction is stopped in an ice
bath. The labelled DNA is to be added in a volume of
0.5 ml/filter. Since there are 10 filters, the total
volume must be 5 ml. A concentration of formamide of
50% is required, so add 2.5 ml 100% formamide. The
final concentration of SSC is to be 2x, so add 1.0 ml
of lOx SSC. At this point, the total volume is 3.9
ml (0.2 ml DNA + 0.2 ml NaOH + 2.5 ml formamide +
1.0 ml lOx SSC). Add 0.9 ml distilled H20 to make
the final volume 4.8 ml. The solution is then neutral-
ized (pH 7.0) with 1 N HCl (approximately 0.2 ml).

The filters containing the unlabelled DNA were placed,

numbered side up, into scintillation vials. One-half ml

of the labelled DNA solution was then added to each vial and

the vial capped tightly. Also, 0.1 ml of the labelled DNA

was added to 2 ml of cold 10% trichloroacetic acid (TCA) in

an ice bath to determine 100% counts. The vials were then

placed in a water bath adjusted to the desired temperature

for the appropriate length of time. The tube containing

the TCA-precipitated DNA was vortexed and the contents
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filtered through a nitrocellulose filter. The filter

was dried and placed in a scintillation vial to be counted

together with the hybridization filters.

In preparation for counting radioactive emissions,

the filters were placed in a beaker containing 50 ml/20

filters of 50% formamide-2x SSC and gently stirred for 20

minutes. The formamide solution was then replaced by two

100 ml changes of 3x10-5 M Tris-HCl buffer (pH 9.4) and the

filters dried under a heat lamp for 20 minutes. The

filters were placed in scintillation vials, a 5-ml toluene

"cocktail" was added and the vials were counted in a Beck-

Man LS-230 scintillation counter. (Note: the toluene cock-

tail contained PPO, 8 g; POPOP, 0.4 g; Eastman Kodak toluene,

scintillation grade, 1 1).



CHAPTER III

RESULTS

Growth Curves, Labelling, and DNA Preparation

Methylobacteria DNA was radiolabelled with [P32

phosphate. To achieve a level of radioactivity of

5 x 104 cpm/ug of DNA, as was needed for assessing hybri-

dization, the specific activity of [32 P] phosphate in the

medium had to be adjusted to 31.25 Ci/M. The minimal medium

used to routinely grow the methylobacteria contains a

phosphate buffer system which maintains the pH at approxi-

mately 6.8. Since the required activity of [32P] phosphate

necessitated the elimination of most of the phosphate buffer-

ing capacity, it was thought that some alternate buffer system

had to be incorporated in the medium. A tris-buffered medium,

commonly used in [32P] labelling, modified by the addition

of certain trace elements and NaNO3 , did not support growth

of the methylobacteria in a gaseous environment of methane

and air. Since organic compounds inhibit or prevent the

growth of methylotrophs, it was decided to attempt to grow

the methylobacteria in an unbuffered, low phosphate medium.

Using customary inoculation and incubation procedures, growth

in the latter medium was very good. Growth of each type of

methylobacteria in low phosphate medium was found to be

26
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comparable to that achieved in the mineral salts medium.

Consequently, the unbuffered, low phosphate medium was

adopted for labelling the methane oxidizers with [3 2P1

phosphate (Figures 5-8).

The [ P] phosphate-labelled DNA of each methane oxidizer

was extracted twice (see Chapter II) with phenol. One-tenth

ml of the extract was treated with trichloroacetic acid

(TCA) in order to precipitate and measure all the nucleic

acid present; another 0.1 ml was hydrolyzed in 0.2 N NaOH,

then treated with TCA to precipitate the DNA. (The sodium

hydroxide hydrolyzes any RNA present.) The results (Table IV

revealed M. methanica to have a high proportion (80%) of

TABLE IV

AMOUNT OF NUCLEIC ACID RECOVERED AFTER PHENOL EXTRACTION

Sof DNA cpm total
cpm of DA nucleic acid DNA

M. parvus 3000 35,000 9

M. trichosporium 6300 22,000 28

M. capsulatus 30000 122,000 25

M. methanica 17000 21,000 80

DNA in the total nucleic acid recovered by phenol extraction.

Methylococcus capsulatus, M. parvus and M. trichosporium,

however, had relatively less DNA in their nucleic acid

extracts.
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Figure 5. Growth curves of M. capsulatus in mineral

salts ( A) and low phosphate (0*) media. Absorbance was

read at 480 nm.

Figure 6. Growth curves of M. trichosporium in mineral
salts (A) and low phosphate (0) media. Absorbance was read
at 480 nm.
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Figure 7. Growth curves of M. arvus_ in mineral salts
(A) and low phosphate (@) media. Absorbance was read at
480 nm.

Figure 8. Growth curves of M. methanica in mineral
salts (A ) and low phosphate (@)~media. Absorbance was
read at 480 nm.
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Parameters of DNA-DNA Hybridization

The hybridization procedure used in this study requires

that single stranded DNA quantitatively bind to nitrocellu-

lose membrane filters and remain bound under the hybridiza-

tion conditions for several days. [3Hl]thymidine-labelled

E. coli B/r DNA was diluted in 6 x SSC (pH 7.0) to give

approximately 10,000 cpm/ 5 ml. Filters containing 10,000

cpm were prepared as previously described in Chapter II.

Two filters were counted in scintillation fluid and the

rest placed into vials containing 0.5 ml of the 2 x SSC-50%

formamide hybridization buffer and incubated in a 410-water

bath. At various time intervals filters were removed, washed,

dried and counted according to the method already described.

The results (Figure 9) show that, over a period of 96 hours,

95% of the DNA was retained on the filters.

Another requirement for hybridization is that denatured

DNA bind with a higher efficiency to homologous strands than

to heterologous strands of DNA. Filters containing 10 ug of

unlabelled E. coli B/r DNA, as well as filters containing

10 ug of calf thymus DNA, were hybridized with [3H]thymidine-

labelled E. coli B/r DNA at 41 according to the procedure

outlined in Chapter II. At various time intervals, filters

of each type were removed, washed, dried and counted in

scintillation fluid. Figure 10 shows that little calf thymus

DNA hybridized to E. coli B/r DNA while the hybridization of
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Figure 9. Retention of DNA by nitrocellulose filters.
Tritium-labelled E. coli DNA was immobilized onto filters
and incubated in the presence of 2 x SSC-50% formamide.
The amount of DNA remaining on the filters was then deter-
mined at successive intervals of time.
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Figure 10. Specificity of DNA hybridization. Tritium-
labelled E. coli DNA was hybridized in 2 x SSC-50% formamide
at 4l to either 10 ug of E. coli DNA (@) or 10 ug of calf
thymus DNA immobilized on filters (U). Samples were removed
at various times and the extent of hybridization determined.
The maximum amount of DNA hybridized was set at 100%.
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homologous E. coli B/r DNA increased linearly with time until

maximum hybridization had occurred.

The kinetics of hybridization depends upon the amount

of DNA both on the filters and in the hybridizing solution

(15). To determine the time required for completion of hy-

bridization, an excess amount of DNA was immobilized on the

filter and reacted with a low concentration of DNA in the

liquid phase. The kinetics of this hybridization (Figure

11) were found to follow an initial rapid rate, followed by

an increasingly slower rate as the maximum hybridization was

approached (approximately 90 hours). Once hybridized, the

DNA does not break apart or come off the filter (15); there-

fore, to be sure that maximum hybridization had taken place,

the filters were generally incubated for several days.

In determining the optimal temperature for hybridization

for M. capsulatus, M. methanica and M. trichosporium, two

series of filters were prepared, one containing 5 ug of un-

labelled DNA from the bacterium and one containing 5 ug of

unlabelled calf thymus DNA. Labelled bacterial DNA was de-

natured and added to each filter as described in Chapter II.

The filters were then incubated at various temperatures,

ranging from 40 to 600, for 24 hours, after which they were

prepared for counting in scintillation fluid in the usual

manner. Figure 12 shows the optimal temperature for hybri-

dization of M. capsulatus to be about 440. Maximum non-

specific hybridization, as indicated by the hybridization of
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Figure 11. Hybridization kinetics. Tritium labelled
E. coli DNA was hybridized in 2 x SSC-50% formamide at
41o to 5 ug of E. coli DNA immobilized on filters (@ ).
Samples were removed at various times to determine the
extent of hybridization. The maximum amount of DNA hybri-
dized was set at 100%.
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Figure 14. Optimal temperature for hybridization of
M. methanica. [32 P]phosphate labelled M. methanica DNA was
hybridized at the indicated temperatures on filters con-
taining 5 ug of either M. methanica DNA (@) or calf thymus
DNA (U). These values represent the initial hybridization
rate for 24 hours. (Results were normalized by setting the
maximum hybridizable counts to 100%.)
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M. capsulatus DNA to calf thymus DNA (Figure 12), occurred

at approximately 300, although this response appeared over

a wide range of temperatures. The optimal temperature for

hybridization of M. trichosporium(Figure 13) was found to

be 300, while non-specific hybridization to calf thymus

remained quite low at all temperatures. Figure 14 indicates

that the optimal hybridization temperature for M. methanica

0was 42 ; maximal non-specific hybridization was found to

occur at 360.

DNA-DNA Saturation Hybridization

The amount of homology between the DNAs of several

species of methane-oxidizing bacteria was determined by means

of DNA-DNA saturation hybridization. Unlabelled M. capsula-

tus DNA or calf thymus DNA were immobilized on nitrocellulose

filters in the following amounts: 0.625 ug, 1.25 ug, 2.5 ug,

325.0 ug. [3P]-labelled DNA from M. capsulatus, M. methanica,

M. trichosporium and M. parvus was added to each of the fil-

ters in vials containing the hybridization buffer. The vials

were incubated at 44o (optimal temperature for M. capsulatus

hybridization) in a water bath for five days to allow for

maximum hybridization. Figure 15 shows the results of this

hybridization series. Maximum hybridization of M. parvus

DNA to M. capsulatus DNA was found to be approximately 9%

(part A). Similarly, M. methanica and M. trichosporium were

found to have DNAs with a low homology with M. capsulatus,

being only 11% and 12% respectively (parts B and C).
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Figure 15. Saturation hybridization of M. capsulatus
DNA. M. ca sulatus DNA was immobilized on filters in various
amounts. [-'2P]-phosphate-labelled DNA was added to filters
containing the M. capsulatus DNA or calf thymus DNA. After
incubation at 440 for 5 days, the filters were processed in
the usual manner and counted. The calf thymus background
control values were subtracted and the % maximum hybridizable
CPM plotted as a function of the concentration of M. capsula-
tus DNA on the filter. A. Hybridization of M. parvus to
N. capsulatus (0), B. hybridization of M. trichosporium
to M. capsulatus (A) and C. hybridization of M. methanica
to M. capsulatus (f). The values of self-hybridization of
M. capsulatus are included for comparative purposes (0) .
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Figure 16. Saturation hybridization of M. trichosporium
DNA. M. trichosporium DNA was immobilized on filters in
various amounts. [-2P]phosphate DNA was added to the filters
containing the M. trichosporium DNA or calf thymus DNA.After incubation at 30 for 5 days the filters were processed
in the standard manner and counted. The calf thymus back-
ground control values were subtracted. and the % maximum
hybridizable CPM plotted as a function of the concentration of
M. trichosporium DNA on the filter. A. Hybridization of M.
capsulatus to M. trichosporium (A), B. Hybridization of N.parvus to M. trichosporium (U), C. Hybridization of N.
methanica to M. trichosporium (Q). The values of self hybri-
dization of M. trichosporium are included for comparative
purposes (9@).
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In an identical fasion, another hybridization series

was established using unlabelled M. trichosporium DNA and

calf thymus DNA. In this instance, the hybridization temp-

erature was 300 (temperature determined to be optimal for M.

trichosporium hybridization). As with the previous hybri-

dization series, very little homology was observed. Figure

16 shows, at maximum, only 16% homology of M.trichosporium DNA

with that of M. capsulatus (part A); 8% homology with M.

parvus (part B); and about 19% homology with M. methanica.



CHAPTER IV

DISCUSSION

The DNA-DNA saturation hybridization procedure employed

in this study relies on the principal that a large amount of

DNA immobilized onto a filter will bind even small amounts

of homologous DNA added in solution to the filter. Since

the equilibrium strongly favors the binding of DNA in the

liquid-phase to the immobilized DNA, very little DNA in the

liquid phase will hybridize to itself, thus maximizing the

hybridization of all possible homologous sequences of the

labelled DNA with the filterbound DNA. Also, under the con-

ditions employed in this study for immobilizing unlabelled

DNA onto the filters, it was determined that nearly 100%

of the DNA binds to the filter and that over 95% remains

bound during the course of the hybridization reaction (Fig-

ure 9). This avidity of DNA to the filter eliminates the

bias that would result if some nucleotide base sequences

were lost. The addition of formamide and salt to the hybri-

dization solution lowers the optimal temperature of hybri-

dization considerably (7, 21). This is an advantage because

the lower the temperature, the less readily the DNA immobi-

lized on the filter will elute over the long periods of time

48
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required for hybridization. Hybridization at the

temperature required without the presence of formamide

(around 650) results in continual loss of DNA from the

filter (15).

The optimal temperature for the renaturation of homol-

ogous single strands of DNA is dependent on the concentration

of salt and formamide as well as the GC content of the DNA.

In these experiments, the salt and formamide concentrations

were held constant; the variable was the GC content of the

different strains of bacteria tested. The % GC of M. cap-

sulatus and M. methanica have been determined to be 62.5 and

52.1 respectively (1). To this date, however, the GC content

of M. trichosporium has not been determined. Since a goal

of this study was to hybridize the DNA of M. trichosporium

to the DNA of other related species, the optimal temperature

for hybridization was determined empirically by measuring

the initial rates of hybridization of DNA samples as a

function of temperature. The validity of this procedure can

be verified by determining the optimal temperature of DNA-DNA

hybridization of M. capsulatus and M. methanica, the two

Methylobacter species for which the GC content is known.

As can be shown, this information enables one to predict,

indirectly, the GC content of M. trichosporium.

The melting temperature of a natural DNA duplex (Tm

as a function of ionic strength is given by the following

equation (7):
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T = 176 - (2.6 - X ) (36 - 7.04 log [Na +1])(1)

where X = fraction GC content
0

It is also known that the melting temperature of DNA is

reduced by 0.70 for each percentile increment of formamide

(21). Combining these two equations gives the melting

F
temperature in formamide (T ):

m

F + 0Tm = 176 - (2.6 - X0) (36 7.04log [Na ])-(0.7 )(%formanide) (2)

For the standard hybridization conditions of 0.3 M Na+ and

50% formamide, this equation reduces to:

F
T = (39.58) (X0 ) + 38.09 (3)
m

The optimal reannealing temperature is 170 below the melting

temperature (21). Therefore, the optimal reannealing temper-

ature (TR) as a function of GC is:

T R = (39.58) (X ) - 21.09 (4)

Figure 17 shows a graph of the optimal reannealing temperature

for DNA in 2 x SSC- 50% formamide as a function of the GC

content. The empirically-determined values for M. capsulatus

and M. methanica from this research, as seen inFigure 12 and

14, agree with the predicted values. The value for E. coli,

obtained by Kourilsky (15), also is in good agreement with

the theoretical prediction. The optimal reannealing tempera-

ture for M. trichosporium was determined in our study to be
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Figure 17. Optimal reannealing temperature as a functionof % GC content. The solid line represents a theoretical curvedrawn from the equation TR = 176 - (2.6 - X ) (36 - 7.04 logNa+) - (0.7 x % formamide) where X equals0the fractional GCcontent. The symbols are the optimal reannealing temperaturefor M. capsulatus from Figure 12 (A), for M. methanica
Figure 14 (@) and for E. coli from reference 15 (U). Thevalue for M. trichosporium (A) from Figure 13 was placed onthe theoretical curve. The dashed line represents the pre-dicted % GC content for M. trichosporium.
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300 (Fig. 13) which, when plotted on the graph translates

as a % GC content of about 23%. This result suggests that

there is very little DNA homology between M. trichosporium

and M. capsulatus or M. methanica.

Hybridization at temperatures well below the T of the
m

DNA may result in nonspecific reannealing of the DNA to the

DNA on the filter (21). This effect can be seen in Figure

14, where there is a peak in the nonspecific hybridization

to the calf thymus control DNA at about 350. Although not

observed with DNA from M. trichosporium or M. capsulatus--

possibly because the calf thymus values were very close to

background counts--this effect has been observed by others

(21). Because of non-specific binding, it was critical for

the hybridizations to be conducted at temperatiwes which favor

homologous binding.

In order for DNA-DNA hybridization to serve as a quanti-

tative measure of relatedness between two DNA types, there

must be specific hybridization of homologous strands. It

was clearly demonstrated (Fig. 10) that labelled Escherichia

coli DNA specifically hybridized to homologous DNA strands;

the amount of binding of this DNA to the non-homologous calf

thymus DNA was essentially nil. Figure 11, showing the

kinetics of DNA-DNA hybridization of E. coli B/r DNA reveals

that maximum hybridization occurs well within 90 hours.

These results may be applied to hybridizations between other
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bacterial DNAs, assuming such DNAs comprise unique sequences

(i.e., not repeating sequences as found in eucaryote or-

ganisms). If the DNAs studied had some identical repeating

sequences, the time for maximum hybridization would be

shorter, not longer, than that required for E. coli. Only

if the genome of a bacterial strain is much larger than that

of E. coli would the kinetics of hybridization be altered

significantly. While this is not likely, the reactions

with methane oxidizing bacteria were carried out for 5 days

to ensure maximum hybridization.

The method of DNA-DNA saturation hybridization would

seem to be a valid means of determining the relatedness of

DNAs of the several genera of the Methylomonadaceae. How-

ever, it must be emphasized that this method is not sensitive

enough to detect very small amounts of homology.

The saturation hybridization technique (Fig. 15) revealed

but slight homology between Methylococcus capsulatus DNA and

that of species in three other genera of methane oxidizers

(Methylosinus, Methylocystis and Methylomonas). This finding

was substantiated by a second series of hybridizations between

M. trichosporium DNA and the DNA of these same bacteria

(Fig. 16).

These results are not unexpected; it is common for the

DNA homology between genera in the same family to be low (1).

The homology that does exist between the genera studied may
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be due largely to sequences coding for ribosomal RNA, as has

even been found between other bacteria of different primary

groups, such as E. coli and Proteus mirabilis (8).

Both type I (M. capsulatus) and type II (M. tricho-

sporium) methylobacter DNAs were used for the hybridizations

enabling a comparison between the two principal types of

these bacteria. It was determined that little DNA homology

exists between types I and II (Fig. 15, parts A and B;

Fig. 16, parts A and C). Moreover, very little homology

was found between DNAs of genera within each type. It can

be concluded that DNA-DNA saturation hybridization does not

permit the differentiation of Type I and II members of the

family Methylomonadaceae.



APPENDIX

Calculation of the Optimal Reannealing Temperature as a

Function of the GC Content of Natural DNA

From Frank-Kamenetskii (7) the relationship between

the Tm, GC content, and ionic strength is known to be:

T m( C) = 176 - (2.6 - x0) (36 - 7 .04log Na+

where x0 = fraction GC content

(1)

From McConaughy (21) it is known that 1% formamide

reduces the Tm by 0.70 C. Combining this with equation 1,

one obtains for melting temperature in formamide (Tm):

T f(C) = 176 - (2.6 - x ) (36- 7.04log Na +

- (0.7 x %formamide) (2)

Also from McConaughy (21) it is known that the optimal

reannealing temperature is 170C below the melting temperature.

Combining this with equation 2, one obtains the optimal

reannealing temperature (TR ) as:

T ( C) = 176 - (2.6 - x0) (36 - 7.04log Na+)

- (0.7 x % formamide) - 17 (3)

Since the hybridizations will be carried out at an

ionic strength of 0.31 M and 50% formamide, equation 3 can
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be reduced for these conditions to depend only on the GC

content:

T R' (39.581) (x ) + 21.09 (4)

For E. coli the x0 = 0.5(l); therefore, the optimal

reannealing temperature would be:

TR = (39.581)(.5) + 21.09

= 41

For M. capsulatus the x0= 0.625 (1); therefore, the

optimal reannealing temperature would be:

T = (39.581) (.625) + 21.09

= 46

For M. methanica the x =,0.521(1); therefore, the

optimal reannealing temperature would be:

TR = (39.581)(.521) + 21.09

= 42

It is obvious from this equation that if the optimal

reannealing temperature under these conditions is known,

the %GC content can be inferred.
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