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ABSTRACT

STUDIES ON THE PLASMID-CODING OF NODULATION
AND NITROGEN FIXATION GENES IN TWO
STRAINS OF RHIZOBIUM TRIFOLII

By

Alan H. Christensen

Large plasmids coding for genes essential for the Rhizobium
trifolii-clover symbiosis have been identified. Transfer of pJBSJI, a

R. leguminosarum plasmid coding for pea nodulation (nod) and the nitro-

genase (nif) structural genes, into R. trifolii strain T37 generated
transconjugants containing a variety of plasmid profiles formed from
the recombination of pJB5JI and pRtT37a. The symbiotic properties
exhibited on both hosts and the plasmid profiles were stably maintained
even after reisolation from root nodules. Approximately 30% of the
transconjugants, which contained a "hybrid" plasmid corresponding in
size to pJB5JI, formed effective (nitrogen-fixing) nodules on peas but
were unable to nodulate clover. This suggests that the R. trifolii nod
genes had been deleted. Hybridization analysis indicated that the R.
trifolii nif genes, which are located on pRtT37a, had also been
deleted. Another 40% of the transconjugants harbored "hybrid" plasmids
of various molecular weights. These strains contained the R. trifolii
nif genes and formed effective nodules on clover. However, these

strains lacked the R. leguminosarum nif genes and formed ineffective
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nodules on peas. This suggests that the R. trifolii nif genes were

unable to complement the deleted R. leguminosarum nif genes in pea

nodules. The remaining 30% of the transconjugants contained both sets
of symbiotic genes and formed effective nodules on both peas and
clover. Results from the analysis of the strain T37 (pJBS5JI)
transconjugants indicated that genes essential for clover nodulation
and nitrogen fixation are encoded on pRtT37a. The linkage of nif and
nod genes on a plasmid in R. trifolii strain 0403 was demonstrated.
Analysis of plasmid DNA from a spontaneous non-nodulating mutant of
strain 0403 indicated that about 70 Mdal of DNA had been deleted from
pRt0403a, the smallest plasmid in this strain. This non-nodulating
mutant was able to attach to clover root hairs, but could not induce
the formation of infection threads, suggesting that genes essential for
infection thread formation had been lost. Southern hybridization
analysis indicated that the R. trifolii nif genes which are encoded on
pRt0403a, had been deleted. Thus, the nif genes and genes essential
for nodulation are linked on a 70 Mdal region of pRt0403a DNA.
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INTRODUCTION

Scientists throughout the world are confronted with the task of
increasing agricultural productivity to feed an expanding world popula-
tion. Past increases in food production can be attributed primarily to
the greater use of mechanization, improved crop species, and chemicals,
such as herbicides, pesticides, and nitrogenous fertilizer. In fact,
the majority of the increases in productivity of cereal crops over the
last twenty years have resulted from increased applications of nitro-
genous fertilizer (77,182).

The production of nitrogenous fertilizer, however, is an energy
intensive process. The synthesis of ammonia from dinitrogen is carried
out under high pressure and temperature by the Haber-Bosch process.
This industrial process requires a vast input of energy, usually from
natural gas. Currently 6% of the seven trillion cubic feet of natural
gas consumed by industrial processes in the United States is used for
the production of nitrogenous fertilizer (1). The natural gas used for
feedstock and fuel for ammonia synthesis is estimated to account for
83% of the production cost by 1985 (1). For this reason, the cost of
nitrogenous fertilizer is closely correlated with the cost and avail-
ability of natural gas. The supply of natural gas is not inexhaust-
ible, however, and is subject to possible interruptions due to the
current partial dependence upon foreign sources. These disadvantages

of industrially produced nitrogenous fertilizer (i.e., high cost,



unstable energy supply) have aroused great interest in the search for
alternative technologies.

Some prokaryotic organisms can convert dinitrogen to ammonia for
growth. This process, termed biological nitrogen fixation, occurs in a
diverse group of prokaryotes. Some bacteria, such as Azotobacter, fix
dinitrogen under aerobic conditions, while others (e.g., Klebsiella and

Clostridium) fix dinitrogen anaerobically. Another genus of bacteria,

Rhizobium, normally fixes dinitrogen only in a species-specific symbio-
tic association with leguminous plants, such as clover, soybeans, and
peas. The symbiosis is beneficial to the plant in that all of the
nitrogen required for plant growth can be supplied by the Rhizobium.
In return, the host plant provides the bacteria with all of their
nutrient requirements. Thus, the energy-intensive production and
application of nitrogenous fertilizer for plant growth is obviated.

The extension of biological nitrogen fixation to important food
crops, such as the cereals, corn, wheat, and rice, is therefore an
obvious, albeit, long-range goal. A prerequisite for the extension of
symbiotic nitrogen fixation to other crops would be a better under-
standing of the genetic and biochemical events involved in the estab-
lishment and maintenance of the Rhizobium - legume symbiosis.

The establishment of the symbiosis involves the specific recogni-
tion between the species of Rhizobium and the host legume root (6,43,
44). This recognition is proposed to be mediated by the interaction
between host plant lectins and specific residues in the Rhizobium cell
wall polysaccharide (16,20,48,74,207). After attachment to the root
hair, the Rhizobium invade the root hair via a structure called the

infection thread (43,44).






Tumor-like growths, termed nodules, develop on the legume root at
some of the infection sites (43,44). Within the nodule, bacteria are
released from the infection threads into membrane vesicles in the nod-
ule cell cytoplasm. The bacteria then differentiate into bacteroids,
the form in which biological nitrogen fixation occurs.

At the time this research was initiated, several reports indicated
that genes essential for nodulation (nod) and nitrogen fixation (nif)
might be located on plasmid DNA in strains of Rhizobium. Culturing
Rhizobium under certain growth conditions or in certain soils resulted
in a loss of nodulation ability (59,175,187). Treatment of strains of
Rhizobium with plasmid “curing" agents, such as intercalating dyes or
SDS, also resulted in the loss of nodulation ability (59,85,216).
Dunican and Tierney (60) observed conjugal transfer of nif genes from
B;_trifo]ii to a nif” strain of K. aerogenes, and suggested that this
was plasmid mediated. Although all of these studies suggested that
plasmids might be involved in the formation of the symbiosis, there was
no direct evidence for the presence of plasmid DNA in Rhizobium.

To address this problem, experiments were designed to determine
whether plasmids were present in Rhizobium and, if so, whether the nif
genes and/or nod genes were plasmid-encoded.

In Chapter I, preliminary experiments are described for the detec-
tion, isolation, and characterization of plasmid DNA in strains of
Rhizobjum. Plasmid "curing" experiments were carried out, and isolates
from the treated cultures were examined for the loss of symbiotic prop-
erties and of a specific plasmid.

In Chapter II, the identification of a plasmid (pRtT37a) in R.

trifolii strain T37 which encodes the nif structural genes and genes



essential for clover nodulation is reported. This was accomplished by
the characterization of plasmids resulting from the interaction between

pJB5JI, a R. leguminosarum plasmid, and pRtT37a, and by direct hybridi-

zation of a heterologous nif probe to a Southern filter of pRtT37a
DNA.

In Chapter III, the characterization of a non-nodulating mutant of
R. trifolii strain 0403 which resulted from the spontaneous deletion of
plasmid DNA is described. The nif and nod genes were localized to a

specific plasmid (pRt0403a) in R. trifolii strain 0403.



LITERATURE REVIEW

Biological Nitrogen Fixation. The process whereby dinitrogen is

enzymatically converted to ammonia is termed biological nitrogen fixa-
tion. This process occurs only in prokaryotic organisms, both free-
living and symbiotic nitrogen-fixing bacteria. The genetics and bio-
chemistry of nitrogen fixation have been extensively studied in the
free-living organisms (25,26,131). However, the genetic and biochemi-
cal events involved in the establishment and maintenance of an effec-
tive (nitrogen-fixing) symbiosis between Rhizobium and leguminous
plants are only now being elucidated.

Rhizobia are aerobic, gram-negative, rod-shaped (0.5 to 0.9 x 1.2
to 3.0 um) soil bacteria which proliferate in the rhizosphere of poten-
tial host plants (2,43,44,173). Rhizobia are capable of forming a
species-specific symbiosis with legumes, some of which are agronomical-
ly important. The specificity of the symbiotic association is the
basis for the classification of Rhizobium. Seven species of Rhizobium
and their host plants are listed in Table 1.

The establishment of the Rhizobium-legume symbiosis involves a
complex series of steps (see 6,43 and 44 for reviews). Initially, the
host plant must recognize the correct species of Rhizobium among the
many soil bacteria. This recognition and attachment step has been sug-
gested to be mediated by plant lectins, proteins which bind specific

carbohydrate moieties (16,20,48,74,114,207). Rhizobium induces curling
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and deformation of root hairs of its host plant, and also the develop-
ment of a tubular structure, termed the infection thread (6,27,43,44,
212). Rhizobia are carried with the infection thread as it elongates
toward the root cortex. Plant cells in the root cortex are stimulated
to divide and enlarge, thus producing the nodule. When the infection
thread reaches the root cortex, the bacteria are released from the
infection thread into membrane vesicles (44). The bacteria then dif-
ferentiate into bacteroids, the symbiotic form which carries out bio-
logical nitrogen fixation (114). These steps will be discussed in more
depth in the next sections.

Lectin Recognition Hypothesis. One aspect of the Rhizobium -

legume symbiosis is the specificity whereby a particular legume is nod-
ulated only by a certain species of Rhizobium. The legume must, in
some fashion, recognize the correct microsymbiont (Rhizobium species)
in the soil microflora, and permit its entry to the exclusion of other,
possibly harmful, microorganisms.

Recently, plant lectins (phytolectins, phytohemaglutinins) have
been proposed to play an important role in the recognition and binding
between Rhizobium and the host root (16,20,48,74,207). Lectins are a
group of proteins, found in both plants and animals, which have the
capability of binding carbohydrates and carbohydrate-containing mole-
cules in a highly specific fashion (for review, see 115). In most spe-
cies of plants, the highest concentrations of lectins are found in the
seed, although lectins may also be present to a lesser extent in the
roots, stems and leaves (194).

The physiological role lectins play in the plant is not entirely

clear at present. One propbsed role for plant lectins in legumes is



the mediation of the selective interaction between legume roots and the
Rhizobium cell wall during the initial stages of the infection (20,48,
74). Hamblin and Kent (74) reported that phytohemagglutinin (PHA) from
seeds of Phaseolus could agglutinate R. phaseoli cells. Production of
PHA by mature roots of Phaseolus was also observed. The binding of R.
phaseoli cells to sites on the roots suitable for infection was sug-
gested to be mediated by PHA.

A specific interaction between FITC-conjugated soybean lectin and
all but three of twenty-five strains of R. japonicum has also been
reported (20). The lectin did not bind to 23 heterologous strains of
Rhizobium which do not nodulate soybeans. Subsequent studies in
another laboratory have achieved similar results (16).

Wolpert and Albersheim (207) and Kamberger (103) have reported a
specific interaction between legume lectins and isolated cell surface
polysaccharides from several Rhizobium strains. Lectins isolated from
seeds of a legume apparently bind to the polysaccharide from the spe-
cific strain of Rhizobium capable of nodulating the host legume. No
interaction was observed between Rhizobium polysaccharides and lectins
from non-host plants.

Dazzo and Hubbell (48) have proposed a simple model for the basis
of host specificity. The clover lectin, trifoliin, is proposed to form

~a cross-bridge between R. trifolii and clover root hairs. The binding
of the lectin occurs to cross-reactive antigenic sites on the bacteria
and the clover root hair (48). These antigenic sites appear to be

localized to the tips of clover root hairs (46), and have a transient

appearance on the cell surface of R. trifolii (49,96).



Some results obtained cast doubt upon the role of lectins in the
infection process. Some strains of R. japonicum formed effective nod-
ules on soybeans, but were unable to bind soybean lectin (128). This
may reflect a transient appearance of the lectin receptor on the cell
surface of R. japonicum as has been reported for R. trifolii (49, 96).

Wong (208) has observed that binding of the legume lectin to a
Rhizobium strain does not necessarily mean that the strain will nodu-
late the legume. Concanavalin A, the jack bean lectin, bound to all
Rhizobium strains tested, although only one strain could nodulate jack
beans (208). Lack of binding of host legume lectin to some Rhizobium
strains which nodulate lentils, peas, and broad beans was also observed
(208). This may again be due to the transient nature of the lectin
receptor (16,49,96).

A number of soybean 1ines which lack lectin in the seeds and in
the roots have been found (151,188). These soybean lines can still be
effectively nodulated. Whether there is a different non-cross reactive
lectin in the roots of these soybeans which would mediate binding of R.
japonicum is not known.

The inconsistent results and gaps in the data make defining a
clear role for lectins in the recognition step of the Rhizobium -
legume symbiosis difficult. Hopefully, further research on this prob-
lem will result in a better understanding of how the recognition
between the host legume and Rhizobium is mediated.

Role of Bacterial Polysaccharides. Cell surface polysaccharides

of Rhizobium are probably important in the establishment of the symbio-
sis, in conjunction with the proposed role for legume lectins (15,16,

20,48,49,120,133,180,207). A number of different cell surface
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polysaccharides have been described for Rhizobium: exopolysaccharides

(EPS), capsular polysaccharides (CPS), lipopolysaccharides (LPS), and
various glucans, including cellulose (6).
Structural analyses of exopolysaccharide (EPS) isolated from R.
tri folii have shown a repeating unit of eight glycosyl residues (6,99,

162 ) . However, 2-deoxyglucose, the specific sugar hapten for the

clowver lectin, was not detected. This suggests that either the EPS was

not the polysaccharide which mediates the specific recognition between

R- T rifolii and clover root hairs, or that the model (48) proposing a

Cros s-bridging role for clover lectin between the plant root hair and a

bacterial polysaccharide is incorrect.
The EPS on which structural analysis was performed was isolated
from cultures in the phase of growth which Dazzo et al reported (49)
lacked the ability to bind clover lectin. However, possible tests for
bio1 ogical activity of the purified EPS such as lectin binding, induc-
tion of root hair curling, etc., were not carried out.
Several polysaccharides from R. trifolii have been reported to
POsS sess biological activity. Dazzo et al. (49) suggested that the
t"‘ansient clover lectin receptor in R. trifolii was a capsular polysac-
char‘ide. Another report by the same workers found that the biological-
ly active polysaccharide of R. trifolii exhibits the characteristics of
1 il:>opol,ysaccharides (47). Thus, the exact nature of the biologically
1=‘-"\ct'.ional polysaccharide of R. trifolii is still questionable.

The exopolysaccharide (EPS) of R. japonicum has been reported to
T@act in a biologically specific manner with soybean lectin (16,196).

Kambergelr' (103) observed an interaction between soybean lectin and R.

iaponicum EPS but not between the lectin and the lipopolysaccharide of



11

R. japonicum. Others, however, have observed interactions between
Rhizobium LPS and the host plant lectin (6,47,103,145,207). The purity
of the LPS used in these studies was questionable, as was the specific-
ity of binding since sugar hapten controls were not employed. Highly
purified LPS has been obtained from several strains of Rhizobium but
has not been tested for biological activity (6). The sugar composition
of the LPS from these Rhizobium strains varied as much between strains
as between species. How the great variability in the composition of
LPS would mediate the specificity of the 1egume-Rhizobium symbiosis is
not clear at present.

Plant Cell Responses. I. Root Hair Curling. The first observable

plant response during the establishment of the symbiosis is root hair
curling or deformation (6,27,43,44). This response can be induced with
heterologous strains of Rhiiobium, but the response is not as great as
observed with homologous strains (44,109).

The compound(s) responsible for the induction of root hair curling
has not yet been elucidated. Sterile filtrates of liquid cultures of
Rhizobium induce the typical root hair deformations, but not to the
same extent as live cells (97,184,211,212). Indole acetic acid (IAA)
has been implicated in the curling phenomenon since IAA can be synthe-
sized by Rhizobium (43,44). However, root hair deformations caused by
IAA are distinctly different than those observed with 1ive Rhizobium
cells (6,43,44).

Hubbell (97) has reported that the curling inducer(s) for clover
root hair curling is present in a crude extracellular polysaccharide
preparation. The curling agent(s) which was dialysable and heat labile

was not characterized further. Solheim and Raa (184) observed two
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fractions of culture filtrate which caused root hair curling. One
fraction was sensitive to nucleases and the other was believed to be a
polysaccharide or protein. Similar results have also been reported by
Yao and Vincent (212).

The function of root hair curling in the infection process has not
been well established. While infections generally occur on curled root
hairs, there is no evidence that curling is a prerequisite for infec-
tion. Indeed, several reports have indicated that infection of legume
root hairs by Rhizobium cells can occur on straight root hairs (45,143,
163). The curling of the root hair tip may result in the entrapment of
the Rhizobium cells. This might present a greater opportunity for
infection to occur (134,163).

Bauer recently proposed a speculative mechanism for root hair
curling (6). The root hair cell wall appears to be composed of two
layers (43,44). The outer layer is flexible while the inner layer
which does not extend over the growing tip region is rigid and fibril-
lar (43). Attachment of Rhizobium cells is proposed to result in
localized inhibition of synthesis of the inner rigid layer of the root
hair cell wall. As the root hair continues to elongate, the tip curls
around the Rhizobium attachment site. This eventually results in
envelopment of the attached Rhizobium cells between the root hair cell

walls.

Plant Cell Responses: II. Infection Thread Formation.

The bacteria invade the root hairs and are enclosed in a structure
known as the infection thread. This is a tubular structure which elon-
gates towards the base of the root hair and through preexisting plant

cell walls as it advances into the root cortex (6,43,44). The
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infection thread may branch several times before reaching the root
cortex (43,44).

The infection thread appears to result from an invagination of the
root hair cell plasma membrane and cell wall (133,163). The wall of
the infection thread has been shown in electron microscopic studies to
be contiguous with the root hair cell wall (84,134,169). Histochemical
studies have shown that the infection thread is composed of the same
components as the root hair cell wall (44).

The event(s) which triggers the initiation of the infection thread
is unknown, although mechanical rupture or enzymatic degradation of the
root hair cell wall, or the entrapment of Rhizobium cells by the curled
root hair have been suggested (43,44). In the rare cases where infec-
tions occur in non-curled root hairs, the initiation of infection
threads may occur by attached Rhizobium cells at the point of contact
of two non-curled root hairs (6).

The Rhizobium cells enter the infection thread and swim freely and
multiply within it. As the infection thread branches and elongates
towards the root cortex, Rhizobium cells are carried (or swim) along.
When the infection thread reaches the root cortex, the Rhizobium cells
are released into the cytoplasm of root cortex cells in a membrane
vesicle derived from the infection thread, termed the peribacteroid
envelope (44).

Bacteroid Formation and Nodule Development. As the branching

infection thread elongates into the root, proliferation of root corti-
cal tissue cells occurs (44,114). The branches of the infection thread
penetrate into this meristematic region and the bacteria are released

into the cortical cells (43,44). The bacteria multiply within the
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peribacteroid envelope and begin to differentiate into the symbiotic
form called bacteroids. This differentiation process results in little
morphological changes in R. japonicum and R. "cowpea" bacteroid cells,

whereas, R. leguminosarum and R. trifolii cells form branched and lobed

structures up to forty times larger than the free-living bacterial
cells (114).

New gene products are also expressed in the bacteroids during and
following the differentiation process. The nif gene products, dinitro-
genase and dinitrogenase reductase, are expressed in the bacteroid
state. Dinitrogenase, a soluble iron-molybdenum protein, is a tetramer
(apBp) of two different subunit types (62,131). The enzyme con-
tains a small iron-molybdenum cofactor (FeMo-co) which has been sug-
gested to be the active site for the reduction of dinitrogen to ammonia
(153,180). Dinitrogenase reductase is a non-heme iron protein composed
of two identical subunits (62,131). Dinitrogenase reductase transfers
electrons for reduction of substrate from a flavodoxin and/or ferridox-
in to dinitrogenase during nitrogen fixation (131).

Changes in the cytochrome composition also occur during differen-
tiation of bacteria to bacteroids. Cytochromes a, a3, and o are
expressed in bacteria but not in bacteroids (8). These cytochromes are
replaced in the bacteroids by several new cytochromes, including cyto-
chrome ¢ (552), P-450, and P-420. This change in the composition of
electron transport proteins may reflect the adaptation of the bacteroid
to the low oxygen concentration which exists in the root nodule (8).

The activity of the heme biosynthetic enzymes increases dramati-

cally during nodule development (132). The heme produced is the
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prosthetic group of leghemoglobin, an oxygen binding protein present at
high concentrations in legume root nodules.

The genetic and biochemical role of the host legume in the symbio-
sis is only now being elucidated. Classical genetic studies have indi-
cated that a number of plant genes are involved in nodule development
and the formation of an effective (nitrogen-fixing) symbiosis (32,92,
140). Apart from leghemoglobin, the identity and function of these
gene products is unknown.

Leghemoglobin is truly a unique protein. The legume host synthe-
sizes the globin apoprotein (28,53) while Rhizobium bacteroids synthe-
size the heme moiety (42,132). Leghemoglobin appears to be located in
the plant cell cytoplasm (199,200) and not inside the peribacteroid
envelope with the Rhizobium bacteroids, as previously reported (9,160).

The function of the leghemoglobin appears to be the regulation of
oxygen tension in the root nodule (3,206). The high concentration of
leghemoglobin in nodules (1 mM in soybean nodules) reduces the concen-
tration of free oxygen to less than 10 nM (3). The dinitrogenase
enzyme complex, which is sensitive to oxygen inactivation, thus remains
active. A high flux of oxygen to the respiring bacteroids is also
maintained by the high concentration of 1eghemoglobin.

Legocki and Verma (112,113) have detected at least 18 to 20 poly-
peptides in addition to leghemoglobin which are specific to soybean
root nodules. These nodule-specific proteins, termed nodulins, are
synthesized by the host plant. Nodulins account for about 10% of the
[3551 methionine-labeled protein synthesized in the host cell cyto-
plasm. The proteins are not detected in uninfected roots, and appear

to be plant gene products necessary for the development and maintenance
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of the root nodule. Most of the nodulins have molecular weights
between 12,000 and 20,000 (113), while one nodulin of unknown function
has a molecular weight of 35,000 (112).

Nodules which develop from inoculation of soybeans with ineffec-
tive (Fix™) strains of R. japonicum generally contain lower levels of
the nodulins (112). Differential expression of nodulins was observed
in nodules of soybeans inoculated with different mutant strains of R.
japonicum. At present, the mechanism by which R. japonicum (and mutant
strains) influence the expression of the host nodulin genes is not
known.

Organization and Requlation of the nif Genes. Genetic analysis of

the nif genes in strains of Rhizobium has been difficult since these
strains normally fix nitrogen only during the symbiosis with the legume
plant. Most of the genetic analyses of the nif genes have been per-
formed on the free-living, nitrogen-fixing bacterium, K. pneumoniae.

The nif operon in K. pneumoniae consists of at least 17 contiguous
genes located on a 24 kb segment of the chromosome (26,160). The nif
genes are arranged into 7 or 8 operons which are transcribed in the
same direction (Figure 1). Many of the nif gene products have been
identified and functions have been assigned for some. These data are
sunmarized in Table 2.

The nif H gene codes for the iron-containing protein, dinitro-
genase reductase (161). The gene product of nif H is processed by the
products of nif M and nif S to yield the active protein (150,159,161).
The a- and g-subunits of dinitrogenase, the FeMo proteins, are coded
for by nif D and nif K, respectively (161). An iron-molybdenum cofac-

tor (FeMo-co) is synthesized and processed by the gene products of nif
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Table 2. K. pneumoniae nif gene products

Gene Molecular Weight Function

J 120,000 electron transport

H 35,000 dinitrogenase reductase subunit
D 56,000 a-subunit of dinitrogenase

K 60,000 g-subunit of dinitrogenase

Y 19 - 24,000 (-)

E 40 - 46,000 FeMo-co processing or insertion
N 50,000 FeMo-co processing or insertion
X 18,000 (-)

U 22 - 28,000 (-)

S 42 - 45,000 processing of nif H gene product
) 38 - 42,000 FeMo-co processing

M 27,000 processing of nif H gene product
F 10 - 22,000 electron transport

L 45 - 55,000 negative regulation

(transcriptional)
A 57 - 66,000 positive regulation
(transcriptional)

B (=) FeMo-co processing or insertion
Q (-) FeMo-co processing or insertion

Data were summarized from Roberts et al. (161) and Puhler and Klipp
(150). (-) indicates that the molecular weight or function of this

gene product is not known.
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E, N, V, B, and Q and is inserted into dinitrogenase to form the active
site of dinitrogen reduction (26.125,150,161,170). The reduction of
dinitrogen to ammonium requires the presence of electron donors. In
vivo, the electrons are transported to the dinitrogenase complex by the
nif F and nif J gene products (161,170). The nif F protein has been
identified as a flavodoxin (86,135,159), while the nif J protein is an
iron-sul fur protein (19). At least three other nif genes, nif U, X,
and Y, have been identified, but functions for these genes have not yet
been established (4,34,150).

The regulation of the nif operon in Klebsiella is complex. Oxygen
inactivates dinitrogenase as well as repressing expression of the nif
genes (31,61,171). Ammonium (161) and temperatures above 37°C (83,214)
also repress nitrogen fixation. Two genes, nif L and nif A, appear to
exert regulatory control over the entire nif operon. The nif L protein
is a negative regulatory factor and mediates oxygen repression and to a
lesser extent ammonium repression (30,87,127). The nif A gene product
is a positive regulatory factor and is required for expression of all
of the nif operons except nif LA. The nif A protein is thermolabile
(214), so nif gene expression is repressed at temperatures above 37°C.

Other proteins involved in the general nitrogen metabolism in the
cell are also involved in the regulation of nif gene expression. The
gin G (ntr C) and gin F (ntr A) gene products, which are required for
the expression of the glutamine synthetase operon (gln ALG), are also
required for positive activation of the nif operon (50.64). The acti-
vation of nif expression by gln G (ntr C) and gln F (ntr A) gene pro-
ducts is mediated at the nif LA operon, as is the repression of nif

expression by gln L (ntr B) and gln G (ntr C) (50,58,64,142).
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A model of nif regulation in K. pneumoniae is shown in Figure 2.

In response to nitrogen starvation, the gln G (ntr C) gene product in
concert with the gln F (ntr A) protein activates transcription of the
nif LA operon (50,64). The products of the nif A and gln F (ntr A)

genes are required for the expression of all other nif genes (58,142).
In addition, the nif A gene product can substitute for the gin G (ntr
C) protein in the activation of the gln ALG operon, other nitrogen

assimilatory genes, and its own (nif LA) operon (58,142). The substi-

tution is not reciprocal, however, since the K. pneumoniae gin G (ntr

C) protein does not activate the K. pneumoniae nif H promoter and prob-

ably not promoters for the other nif genes as well (142).

Repression of nif expression in the presence of high (30 mM)
ammonium is mediated at the nif LA operon by the gln L (ntr B) and gin
G (ntr C) proteins. The nif L protein represses synthesis of the other
nif proteins in the presence of oxygen and ammonium (30,87,127).

The regulation of nitrogen fixation in Rhizobium may occur by a
somewhat different mechanism. Rhizobium strains are not repressed for
dinitrogenase synthesis by "fixed" nitrogen compounds, such as ammonium
(17). This might be expected since nitrogen-fixing bacteroids excrete
ammonium into the plant cytosol.

Gene fusions constructed with the R. meliloti nif H promoter and

the lac Z gene from E. coli show that the nif H promoter can be acti-

vated by the K. pneumoniae nif A protein (189). Sequencing data indi-

cates about 50% homology between the nif H promoters for R. meliloti
and K. pneumoniae, with several regions of exact homology (189). This
suggests that R. meliloti may contain a regulatory protein analogous to

the K. pneumoniae nif A protein. The gin G gene product may directly
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regulate nif expression in some Rhizobium. The E. coli gln G (ntr C)

gene product, acting in conjunction with the E. coli gln F (ntr A)

activated the R. meliloti nif H promoter in nif H:lac Z gene fusions

(142). In contrast, the K. pneumoniae gln G (ntr C) gene product can-

not activate K. pneumoniae nif H transcription (142). The hypothesis

that nif expression can be regulated by the gln G (ntr C) gene product
is supported by sequence analysis of five promoters under the general
nitrogen regulatory control of gln G and gln F gene products (143).

These promoters, which included K. pneumoniae nif L, E. coli gln A, R.

meliloti nif H and Salmonella typhimurium arg Tr and dhu A were found

to have a 7 base pair consensus sequence (TTTTGCA) in the -15 region.

The K. pneumoniae nif H promoter, which is not under gln G-gin F con-

trol has only partial homology (CCCTGCA) in this region.

Ruvkun and Ausubel (166) have shown that the K. pneumoniae nif

genes are homologous to DNA from 19 other diverse nitrogen-fixing bac-
terial strains, and that the genes did not hybridize to DNA from 10
different non-nitrogen-fixing bacteria. The homologous region of nif
DNA is localized to a 1.6 kb region of the nif H and nif D genes.

The interspecies homology of nif DNA has been useful in the isola-
tion of nif DNA from gene libraries of R. meliloti and R. japonicum DNA
(82,166). The availability of cloned nif DNA from Rhizobium has ena-
bled preliminary studies of the genetic organization of the nif operon

in Rhizobium to be carried out. In R. meliloti and R. leguminosarum,

the nif H, D, and K genes are located adjacent to each other as in K.
pneumoniae (5,40,143). However, the organization of the nif H, D, and
K genes in R. japonicum apparently is different. Transcript mapping
indicates that the nif D gene is adjacent to the nif K gene and that
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the genes are transcribed together. The nif H gene is located a short
distance upstream from nif DK, however, and is probably in another
transcription unit (147).

The region of DNA adjacent to and containing the R. meliloti nif

HDK genes has been analyzed using transposon Tn 5 insertion mutagenesis
(39,40,168). The sites of insertion of Tn 5 have been physically
mapped, and complementation analysis between genomic nif::Tn 5 inser-
tions and nif::Tn 5 insertions on mobilizable cloning vectors has been
carried out. Fix~ and Fix* phenotypes were observed on alfalfa

plants inoculated with the Tn 5 insertion mutants. The Fix~ mutants
were clustered in a 14 to 15 kb region of DNA, of which 1.9 kb was not
essential for nitrogen fixation (39). This compares to a 24 kb segment
of DNA which encodes the nif genes in K. pneumoniae (Figure 1). The
presence of three transcriptional units in the 14 to 15 kb region of
DNA containing the nif HDK genes were deduced from complementation
analysis data (166). The nif HDK genes constitute one transcription
unit about 6.3 kb long. The other two transcription units are located
upstream from the nif HDK transcription start site. One of these
transcriptional units is apparéntly transcribed in the opposite direc-
tion as compared to the nif HDK operon (39). These results indicate

that the organization of the R. meliloti nif operon is different from

that of K. pneumoniae where only one transcription unit, nif J is
upstream from nif HDK (see Figure 1).

Plasmid DNA in Rhizobium. Historically, many investigators have

reported that the nodulation (Nod) and nitrogen fixation (Fix) pheno-
types are unstable (2,59,175). Prolonged storage of Rhizobium on cer-

tain media (117) or in sterilized soil (139,154) have resulted in up to
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35% of the recovered colonies possessing a Fix~ phenotype (192).
Preliminary studies did not uncover a genetic basis for the instability
of the symbiotic phenotypes (59).

More recently, Higashi (86) was able to demonstrate transfer of
clover nodulation from R. trifolii to R. phaseoli. The clover nodula-
tion phenotype could be partially eliminated by growth of the R.

trifolii strain and the R. trifolii/R. phaseoli transconjugant in the

presence of acridine orange. Several other reports have since been
published showing the loss of nodulation ability from strains of
Rhizobium as a result of growth in the presence of intercalating dyes
(59,216). Intercalating dyes are known to eliminate some plasmids by
interfering with their replication (38,88,91), suggesting that the
genetic information coding for nodulation and nitrogen fixation may be
located on plasmid DNA in Rhizobium.

Plasmids are extra chromosomal genetic elements present in a wide
variety of gram-negative and gram-positive bacteria (38,136). Plasmids
replicate autonomously (38) and exist in the cells as covalently closed
circular (CCC) DNA molecules (183). Plasmids have a considerable
variation in size and also in copy number, the number of plasmid mole-
cules of one type stably maintained in a bacterial cell (38). A wide
variety of functions are encoded on plasmid DNA, including: bacterio-
cin production, antibiotic resistance and promotion of conjugation (see
38,81,136 for Reviews). .

Using techniques developed for the detection and isolation of
plasmid DNA in other bacteria, a number of effective (Nod* Fix*)

and some ineffective (Nod* Fix~) Rhizobium strains were analyzed

for plasmid DNA. Although plasmids were not detected in all of the
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strains examined, plasmids of molecular weight ranging from 5.5 x

106 to 64 x 106 were observed in R. "cowpea" (190), R. trifolii
(106,195,217), and R. japonicum (104). No correlation could be made
between nodulation and nitrogen fixation abilities and the presence or
absence of plasmid DNA in these effective and ineffective strains of
Rhizobium.

Agrobacterium, a genus of bacteria closely related to Rhizobium

(69,80) causes tumorous growths, or crown galls, on dicotyledonous

plants (57). The genes coding for tumor formation in Agrobacterium

are encoded on large plasmids having molecular weights greater than 100
x 106 (57,198,203). The similarity between the formation of crown
gall tumors by Agrobacterium and the induction of root nodules by
Rhizobium led to the suggestion that large plasmids in Rhizobium may
encode genes essential for the Rhizobium-legume symbiosis. Methods
developed for the isolation of large plasmids from A. tumefaciens (41,
111,213) have been applied to Rhizobium. A wide range of large plas-
mids have been observed in R. leguminosarum (23,137,146), R. meliloti
(35), and R. japonicum (72,123). Using these procedures, the isolation
of plasmids greater than 200 Mdal was difficult and recovery was poor
(11,23). However, new techniques (5,164,177), especially the "in gel"
lysis technique of Ekhardt (63), allow the detection and isolation of
very large plasmids. Indeed, plasmids much greater than 300 Mdal in
size, termed "megaplasmids", have been detected in virtually all
strains of R. meliloti using these techniques (5,164).

The number and size of the plasmids in Rhizobium varies greatly
(11). The diversity of plasmids in Rhizobium can be seen in the

Ekhardt agarose gel shown in Figure 3. As many as seven plasmids may
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be present in a strain (Figure 3, lane c). Plasmids of molecular
weight ranging from about 30 x 106 to greater than 325 x 108 can be
detected in Rhizobium.

Genetic Functions Encoded on Plasmids in Rhizobum. In Rhizobium,

plasmid DNA can account for 25 to 30% of the total DNA due to the num-
ber and large size of the plasmids (11). However, few genetic func-
tions have been determined to be specified on these plasmids.

Bacteriocins, compounds which inhibit the growth of closely
related species of bacteria, are known to be plasmid encoded in entero-
bacteria (76). Production of bacteriocins by Rhizobium has been des-
cribed by many investigators (165,176,178) but was not known to be
plasmid encoded.

Hirsch (89) identified three transmissible plasmids in R.
leguminosarum which code for a bacteriocin. The bacteriocin was class-
ified as medium in size since it diffused about 5 mm in agar plates but
could not diffuse through a dialysis membrane. A second locus on these
plasmids repressed the synthesis of a small bacteriocin when the

plasmids were transferred into R. leguminosarum strains which normally

produce the small bacteriocin.

Pea nodulation ability was found to cotransfer at high frequency
(103 to 10-2) with the ability to produce the medium bacterio-
cin (22,100). Transfer of pR11JI, a conjugative plasmid in R.
leguminosarum which codes for the production of medium bacteriocin pro-

duction, into Nod~ strains of R. leguminosarum resulted in transcon-

jugants with a Nod* Fix* phenotype on pea plants (100). Transfer
of mutant (Fix~) derivatives of pR11JI (29) into a Nod~ strain of

R. leguminosarum containing a deletion in one of its plasmids resulted
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Figure 3. Ekhardt agarose gel electrophoresis of plasmid DNA in A.
tumefaciens and three strains of Rhizobium. Lanes a and e, A.
tumefaciens strain C58(RP4); b, RT meliloti strain Su27; c, R.
Tequminosarum strain T69; d, R. trifolii strain 0403. Samples were
prepared and Ekhardt agarose gel electrophoresis performed by the
author as described in Chapter II Methods.
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in transconjugants with Nod* Fix~ phenotypes (22). This indicates
that both nod and nif genes were contained on the region of deleted
plasmid DNA. Similar results have been obtained in other species of
Rhizobium. Transfer of a R. trifolii plasmid from Nod* strains of R.
trifolii to Nod™ strains conferred clover nodulation ability on the
recipient (95,179,215). Deletion of plasmid DNA in R. meliloti (5,164)

and the elimination of a 111 Mdal R. leguminosarum plasmid (146)

resulted in a Nod~ phenotype on the respective host plant.

The nif structural genes have been located on large plasmids in
many Rhizobium strains (5,79,94,123,138,164). A heterologous nif probe
from K. pneumoniae hybridized to a Southern filter of restriction endo-

nuclease-digested total plasmid DNA from R. leguminosarum (138).

Results from similar Southern hybridization filter analyses have indi-
cated that one of the plasmids in strains of R. trifolii and R.
phaseoli encode the nif structural genes (147).

The specific plasmid which encodes the nif genes has since been
identified in some Rhizobium strains. Hybridization of a heterologous
nif probe to a Southern filter of plasmids separated on agarose gels

has identified the nif-containing plasmid in R. leguminosarum (94,148),

R. phaseoli (94), and R. japonicum (79,123).

Strains of R. meliloti harbor very large plasmids ("megaplasmids")
coding for genes required for nodulation of alfalfa (7,164). Hybridi-
zation with cloned R. meliloti nif DNA has shown that the nif structur-

al genes are also located on this plasmid (5,164). Using a series of
overlapping cosmid clones of R. meliloti DNA, Long et al. (116) have

localized a nodulation gene with 30 kb of the nif structural genes.
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Hombrecher et al. (77) have reported linkage of nif and nod genes on

plasmids in R. leguminosarum and R. phaseoli.

Genetic determinants for a hydrogen uptake enzyme (Hup) have been

shown to be plasmid-encoded in R. leguminosarum (24). The uptake

hydrogenase permits recycling of hydrogen gas, a by-product of the
dinitrogenase-catalyzed reduction of dinitrogen (174). Nodulation

ability (Nod*) was transferred from a Hup* R. leguminosarum strain

to a Nod™ Hup~ strain using a kanamycin-resistant derivative of a
plasmid (pR13JI) which is known to mobilize other plasmids (22).

Approximately 70% of the kanamycin-resistant transconjugants were
Nod* Hup*, suggesting nod and hup genes are linked on a plasmid in

this R. leguminosarum strain.

The expression of plasmid DNA in the bacteroid state has also been
analyzed (191,202,203). Krol et al. (107) have obtained hybridization

of R. leguminosarum plasmid DNA to RNA from bacteroids. Little or no

hybridization was observed to RNA from vegetative bacteria. The RNA
hybridized to only one of the two plasmids present in the R.

leguminosarum strain (108). Regions of DNA of a different R.

leguminosarum plasmid which is heavily transcribed in bacteroids have

been mapped (148). One of the regions contains the nif structural
genes. The functions of the genes in the other transcribed areas are
at present unknown, but presumably are involved in the maintenance of
nitrogen-fixing nodules.

Other genetic functions which may be involved in the establishment
and maintenance of the symbiosis have been determined to be plasmid-

encoded. A plasmid in a R. leguminosarum strain appears to code for

genes required for synthesis of exopolysaccharide (146). Isolates
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which had lost a 111 Mdal plasmid as a result of "heat-curing", had a
rough colony morphology, indicative of an inability to synthesize
exopolysaccharide. These isolates also had altered phage sensitivities
and were unable to nodulate pea plants.

The ability of strains of R. meliloti to produce polygalacturonase
has been linked to the presence of a 59.6 Mdal plasmid (141). Curing
of the plasmid by growth of R. meliloti strains in the presence of
acridine resulted in isolates with low levels of polygalacturonase
activity. The role of this enzyme in the degradation of the root hair

cell wall during the infection process is still in dispute (6,43,44).



CHAPTER I

Preliminary Studies on the Presence of Plasmid DNA
and Plasmid-Coding of Genes for Nodulation and
Nitrogen Fixation in Rhizobium.



INTRODUCTION

At the time this research was initiated, plasmid coding of sym
genes had been implicated in strains of Rhizobium. Treatment of
strains of Rhizobium with plasmid "curing" agents, such as acridine
dyes (85,216), or culturing Rhizobium under certain growth conditions
resulted in the loss of nodulation ability (59,175,187). Conjugal
transfer of clover nodulation and nitrogen fixation (nif) genes was
observed, and was suggested to be plasmid-mediated (60,85). However,
no direct correlation of the absence or transfer of a specific plasmid
with the loss or transfer of symbiotic properties had been reported at
that time.

Two widely used plasmid isolation techniques, the SDS-salt precip-
itation technique (73) and the cleared-lysate technique (37) are suita-
ble for the isolation of plasmids of molecular weight <100 Mdal. How-
ever, these techniques were not suitable for the detection of plasmids
in most strains of Rhizobium. Subsequently, techniques for the isola-
tion of large (>100 Mdal) plasmids have been developed (35,41,111).

In this Chapter, I report and discuss: 1) two methods for the
isolation and detection of plasmids in strains of Rhizobium; 2)
attempts to eliminate or “cure" plasmids from strains of Rhizobium and
the examination of isolates from the treated cultures for the loss

of symbiotic properties.
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MATERIALS AND METHODS

Materials. Yeast extract and Bacto agar were obtained from Difco
Laboratories, Detroit, MI. Acridine orange, ethidium bromide, cyto-
chrome ¢ (Type III), pronase (Type XIV) and Dowex 50 were purchased
from Sigma Chemical Company, St. Louis, MO. Sodium N-laurylsarcosinate
(sarkosyl) was obtained from ICN Pharmaceuticals, Plainview, NY.

Sodium dodecyl sulfate (SDS) was purchased from either Pierce Chemical
Company, Rockford, IL, or Bio-Rad Laboratories, Richmond, CA. Sucrose
was obtained from Schwartz/Mann, Orangeburg, NY. Agarose was purchased
from Bio-Rad Laboratories. 3H-Thymidine (2 Ci/mmole) was obtained
from New England Nuclear, Boston, MA. Platinum:paladium (80:20; 0.008
inch diameter) was obtained from Ted Pella, Inc., Tustin, CA. Scintil-
lation fluid contained 66.7% toluene, 33.3% triton, 0.5% PPO, 0.01%
POPOP (v:v:w:w). Photography of ethidium bromide-stained gels was car-
ried out using Polaroid Type 57 or Type 667 film (Polaroid Corporation,
Cambridge, MA).

Bacterial strains. The strains of Rhizobium used were: R.

leguminosarum strain 128C53, obtained from J. Burton, The Nitragin

Company, Milwaukee, WI; R. trifolii strain T37, obtained from F.B.
Dazzo, Michigan State University, East Lansing, MI; R. "cowpea" strain
CB756, obtained from J. Tjepkema, University of Maine, Orono, ME; R.
“"cowpea" strain 32Hl1, obtained from J.M. Vincent, University of

Australia, Sydney, Australia; and Agrobacterium tumefaciens strain
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C58(RP4) obtained from T.C. Currier, Kansas State University,
Manhattan, KS.

A1l strains of Rhizobium were symbiotically effective on their
normal host plant. R. trifolii strain T37 (118) as well as R. "cowpea"
strains CB756 and 32H1 (144) have been reported to fix nitrogen in cul-

ture. A. tumefaciens strain C58(RP4) contains the 36 Mdal broad-host-

range plasmid RP4 (52), a 130 Mdal tumor-inducing (Ti) plasmid (93),
and a 325 Mdal cryptic plasmid (35).

Media. Bacteria were routinely grown on yeast extract-mannitol
(YEM) medium containing (per liter redistilled water): 10.0 g mannitol,
2.0 g yeast extract, 0.2 g KHpPO4, 0.3 g KoHPO4, 0.2 g
MgS04°7H20, and 0.1 g NaCl. YEM medium was solidified with 1.5%

Bacto agar. Bacteria grown for pfasmid isolations were cultured in
YE> medium, which was similar to YEM but contained no mannitol.
Bacterial DNA was labeled by culturing bacteria in Wright's medium
(195) supplemented with 0.1 mCi/ml 3H-thymidine (2 Ci/mmole).

Wright's medium contained: 0.2 g NaCl, 0.5 g KpHPO4, 0.2 g
MgS04°7H20, 0.1 g CaS04°7H20, 0.1 g CaCO3, and 1.0 g

yeast extract per liter redistilled water. Bacteria to be assayed for
dinitrogenase activity (acetylene reduction) in culture were grown on
CS7 medium (144). CS7 medium was prepared by mixing 0.1 volume of
Solution A and 0.01 volume of Solution B with 0.8 volumes of redis-
tilled water. Agar (1 g/1) was added and the medium was sterilized by
autoclaving. The autoclaved medium was cooled to 50°C and 0.1 volume
of filter sterilized Solution C was added. The CS7 medium was dis-
pensed into 3-dram vials. Solution A contained: 0.3 g KHaPO4, 0.1

g CaCl2°2H20, 0.07 g KC1, 0.035 g MgSO4°7H20, 1.0 g
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myo-inositol, and 2.55 g succinic acid in 100 ml of redistilled water.
Solution B contained: 98 mg MnSOq°H20, 50 mg H3BO3, 10 mg ZnS04°7H50,
10 mg KI, 2 mg CuS04°5H20, 1.0 mg NapMoOgq°2H20, 1.0 mg CoCl2°6H20, and
201 mg disodium EDTA per 100 ml of redistilled water. Solution C con-
tained 9.38 g arabinose, 731 mg glutamine, 37.5 mg FeS04°7H20, 13 mg

thiamine*HC1, 13 mg nicotinic acid and 1.2 mg pyridoxine HC1 per 100

ml of redistilled water. The pH of the medium was adjusted to pH 5.9.

Currier-Nester Plasmid Isolation Procedure. This procedure is

suitable for the isolation of large (<130 Mdal) plasmids (41). Cells
were grown in YEy medium to late log phase (150-175 Klett units; 1 to
2 x 109 cells/ml). Bacteria were pelleted by centrifugation at

10,000 x g for 20 min at 4°C, washed once with 10 mM Tris*HCl1 (pH

8.0), 1 mM EDTA (TE buffer) and resuspended in 0.2 volunes TE buffer.
Pronase (10 mg/ml predigested at 37°C for 1.5 h) and SDS (10%) were
added to a final concentration of 0.5 mg/ml and 1%, respectively. The
cells were incubated for 45 min at 37°C. The viscosity of the lysate
was reduced by shearing the DNA for 1 min with a vortexer (Scientific
Products Model S$8220) or with a Serval Omni Mixer (for volumes > 100
ﬁl). The sheared lysate was adjusted to pH 12.4 with 3 M NaOH and
incubated at room temperature for 10 min with occasional stirring. The
lysate was neutralized with 2 M Tris*HC1 (pH 7.0) to pH 8.5-9.0 and
stirred gently for 3 min. Sodium chloride (30%; w/v) was added to the
neutralized lysate to a final concentration of 3% (w/v) NaCl and the
lysate was extracted with an equal volume of redistilled phenol equili-
brated with 3% (w/v) NaCl. The phenol and aqueous phases were sepa-

rated by centrifugation at 6000 x g for 10 min at 4°C. Plasmid DNA was
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contained in the aqueous phase while the denatured chromosomal DNA
banded at the interface. The aqueous phase was recovered using an
inverted 5 ml pipet and was extracted with an equal volume of
chloroform:isoamyl alcohol (24:1). The aqueous phase was recovered as
before, and 0.1 volume of 3 M sodium acetate and 2 volumes of 95%
ethanol were added to precipitate the DNA. After a minimum of 4 h at
-20°C, the DNA was pelleted by centrifugation at 12,000 x g for 20 min
at 4°C. The DNA pellet was dried and was resuspended in 200-500 ul TE
buffer. Samples were analyzed for plasmid DNA by agarose gel electro-
phoresis or CsCl*EtBr density equilibrium centrifugation.

Alkaline Lysis Procedure for Plasmid Isolation. This method (35)

utilizes a non-enzymatic and more gentle lysis than the Currier-Nester
procedure. Bacteria were grown in YE; medium to a density of about

50 Klett (5 x 108 cells/ml). Cells were pelleted by centrifugation

at 12,000 x g for 10 min at 4°C, washed first with 1 M NaCl, 10 mM
EDTA, and then washed with TE buffer. The cells were resuspended in TE
buffer at a concentration of 0.2 g cells/ml. The cell suspension (0.5
ml) was added to 9.5 ml alkaline lysis buffer (1% (w/v) Sarkosyl in TE
buffer, pH 12.45). A 2.5 cm stir bar was added and the mixture was
stirred for 90 sec at 100 rpm. The mixture was incubated at 34°C for
20 min, and neutralized with 0.6 m1 2 M Tris*HCl (pH 7.0), and was
stirred for 2 min at 100 rpm. Sodium chloride (0.1 volume of a 30%
(w/v) solution) was added and the solution was stirred another 10 sec.
The lysate was incubated at room temperature for 30 min. An equal
volume of redistilled phenol equilibrated with 3% (w/v) NaCl was added.
The mixture was stirred rapidly (about 300 rpm) for 10 sec, and then

the stirring rate was decreased to 100 rpm for 2 min. The two phases



37

were separated by centrifugation at 5000 x g for 10 min at 4°C. The
clear upper aqueous phase was transferred to a new tube using an
inverted 5 ml pipet. The plasmid solution was brought to 0.3 M sodium
acetate with 0.1 volume of 3 M sodium acetate and 2 volumes of 95%
ethanol were added. DNA was precipitated at -20°C and pelleted by
centrifugation at 12,000 x g for 20 min at 4°C. The supernatant fluid
was decanted and the DNA pellet was allowed to dry. The pellet was
resuspended in 100 ul TE buffer. Samples were analyzed for plasmid DNA
by agarose gel electrophoresis or further purified by CsC1*EtBr den-
sity equilibrium centrifugation.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>