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STELLINGEN

De voorstellen van Farl en Ausubel om het vermogen tot stiketofbinding te
introduceren in cultuurgewassen worden door de auteurs zelf terecht beschowd
ale een wetenschappelijke uitdaging; hun becordeling van de uitvoerbaarheid
van deze voorstellen is echter in ammsienlijke mate gebaseerd op ™wishful
thinking".

- Earl C.D. and Ausubel F.M. (1983). Nutrition Reviews 41, 1-6.

De ‘bewering van Heumann et al. dat door bestraling met ultraviolet licht en
door stress—omstandigheden op reproduceerbare wijze verschillende Rhizobium
soorten en Rhizobium en Agrobacterium soorten in elkaar omgezet Kunnen worden
15 zeer aanvechitbaar.

- Heumann W., Riseh A., Springer R., Wogner E. and Winkler K.P. (1984). Mol.
Gen. Genet. 197, 425-436. :

In de experimenien die Okker et al. gedaan hebben om een door planten geco—

‘deerde fuctor die de expressie van virulentiegensn in Agrobacterium tumefaciens

kan induceren te karakteriseren, is onvoldoende rekening gehouden met de pH-
afhankelijkheid van deze factor.

- Okker R.J.H., Spaink H., Hille J., van Brussel T.A.N., Lugtenberg B. and
Sehilpercort R.A. (1984). Nature 312, 584-5686.

- Stachel S.E., Nester E.¥. and Zambryski P.C. (1986). Froe. Natl. Acad. Set.
U.S.A. 83, 379-383.

De suggestie dat het virE gemprodukt van Agrobacterium tumefaciens integrase
activitelt bezit die de incorporatie van T-DNA in het plantegenoom bewerk-
stelligt is onvoldoende gegrond, omdat het verschil tussen T-DNA overdrachi
die resulteert in tumorinductie enevzijds en systemische virusinfectie ander-
zijds niet in aarmerking wordt genomen.

- Gardner R.C. and Knauf V.C. (1986). Science 231, 725-787.

De Block et al. hebben geen overtiigend bewijs geleverd voor transformatie
van chloroplasten met behulp vanm Agrobacterium Ti-plasmide vectorem, omdat
een essentieel controle-experiment als cionering en analyse met restrictie-
enzymen van het gelntroduceerde chimere Priog—cat gen met de flankerende se-
quenties omtbreeks. T

- De Block M., Schell J. and Van Montagu M. (1385). EMBO Journal 4, 1367-
1372,
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met het gedeelte van de vrije tijd dat besteed wordt aan televisie kijken.

Bij DNA transformaties van planteprotoplasten verdient het aanbeveling om
gebruik te maken van door Cat+ gestimuleerde opname van DNA onder condities
zoals die zijn beschreven voor het transformeren van dierlijke cellen.

- Graham F.L. and Van der Eb A.J. (1973). Virclogy 62, 456-467.

- Krens F.A., Mclendijk L., Wulleme G.d. and Schilpercori R.A. (13982}. Nature
296, 78~74.

- Hain R., Stabel P., Czernilofsky £.P., Steinbise H.H., Herrera-Fstrella I.
and Schell J. (1985). Mol. Gen. Genet. 193, 181-168.

Het Lijkt ongerijmd te proberen om het relatief beperkte gastheerbereik van
baculovirussen, dat een in oecologisch opzicht uiterst gunstig gegeven is,
middals genetische manipulatie uit te breiden teneinde de commercidle toe-
pasbaarhetd van deze virussen als bi.olog'bsch bestrijdingemiddel tegen ingeo-
ten te verhogen.

- Miller L.K., Lingg A.J. and Bulla Jr. L.A. (1983). Science 218, 7156-721.

Een nucleaire catastrofe met internationale consequenties was helaas nodig
om werkeltjk cen brede maatschappelijke discussie over kernenergie in gang
te zetien.

De diepgang van de onderlinge communicatie in relaties is omgekeerd evenredig

Stellingen bij het proefechrift "Identification and characterization of
symbiotia genes on the Rhizobiwn leguminosarum PRE sym-plasmid",

Reaie Schetgens

Wageningen, 28 mei 1988,
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Introduction

The conversion of atmospheric nitrogen to metabolically usable compounds by
micro-organisms is an important link in the nitrogen cycle. The ability to
reduce nitrogen is confined to certain classes of bacteria and blue-green
algae, These nitrogen-fixing organisms can be subdivided into two major

groups i.e. freeliving species (e.g. Klebsiella pneumoniae, Azotobacter

vinelandii, Clostridium pasteurianum, Rhodospirilum rubrum and

cvanobacteria like Anabaena cyiindrica} and prokaryotes which depend on

more or less intimate association (e.g. Azospirillum brasilense, Anabaena

azollae) or intracellular symbiosis (actinomycetes like Frankia and the
genus Rhizobium} with particular plants for the expression of nitrogen-
fixing capacities (for reviews see: Vincent, 1974; Dobereiner and Boddey,
1981; Jordan, 1981; Kennedy et al. 1981; Postgate, 1981; Verma and Leng,
1983). The interaction of Rhizaobium and legume plant host results in the
development of nodules, which are specialized structures that usually form
on the roots. Inside these nodules the rhizobia inhabit plant cells and
differentiate into bacteroids, which reduce dinitrogen (N5} to ammonia,
that is used by the leguminous host as a nutrient source.

The ability among members of the family of Leguminosae to grow without
nitrogenous fertilizer is agriculturally of great interest since many
important crop plants belong to this family. It is generally agreed that
the contribution made by legume nodule N, fixation is fundamental to the
global production of food, either for maintenance of soil fertility or
directly as grain or green material. It is however difficult to present
accurate estimates with respect to the quantitative importance of
biological Ny fixation in the earth's nitrogen economy. Frequently quoted
is the calculation by Burns and Hardy (1975) suggesting that at least 25%
of terrestrial nitrogen fixation (13% x 108 metric tonnes/annum} could be
accounted for by legume crops.

Formation of nitrogen-fixing legume nodules is a complex multistep process
requiring genetic input from both symbiotic partners. Because bacteroids
are intracellular, rhizobia can be considered as facultative endosymbiotic
ar even organelle-like systems (Verma and Long, 1983). In the next

paragraphs the role and contribution of Rhizobium in the establishment of




symbiotic nitreogen fixation will be dealt with more specifically.

SCOPE OF THE PRESENT INVESTIGATION

The general purpose of the experiments described in this thesis was the
mapping and characterization of genes on the R.leguminosarum PRE sym
plasmid essential for the onset and persistence of symbiotic nitrogen
fixation. In chapter I an overview of the developmental genetics of the
Rhizobium/legume symbiosis is presented. The identification of symbiotic
genes in R.leguminosarum was based on the search for DNA homology with
K.pneumeniae nif genes and on the selection of areas specifically
transcribed during effective symbiosis. Subsequently by molecular genetic
techniques as recombinant DNA cloning and site-directed Tn5 mutagenesis of
selected fragments several symbiotic genes have been localized. Expression
in E.coli minicells was emploved to elucidate coding seguences of genes
isolated by the above described methods. Interspecies hybridization

experiments using specific K.pneumoniae or R.meliloti derived nif and nod

probes led to the identification and functional analysis of the nifHDK
operon (encoding nitrogenase polypeptides; see chapter II}, nifA (encoding
a regulatory protein for nif gene expression) as well as nifB (involved in
FeMo-cofactor synthesis) loci (see chapters III and IV) and a nodulation
gene cluster (see chapter V). Hybridization studies on sym plasmid DNA
using bacteroid RNA as a probe revealed the existence of several fix genes
adjacent to nifHDK and to nifA and nifB. These have been defined by their
active transcription within nodules and by Fix™ mutant phenotypes
after Tni mutagenesis without the synthesis of nifHDK proteins being
affected (see chapters III and V). For some of these fix genes molecular
weights of the encoded polypeptides were deduced from E.celi minicell
expression, as for nifHDK and nifA (see chapters II and IV). The physical
organization of sym-plasmids of different rhizobial species with respect to

ned, nif and fix loci is compared.




Chapter |
The genetic analysis of symbiotic properties of Rhizobium - an
overview

This overview will focus on the molecular biology and genetics of nitrogen
fixation of rhizobia in symbiosis with their legume hosts, with a short
survey of Klebsiella genetigs pertaining to studies described in this

thesis.

1. NODULE FORMATION BY FAST-GROWING RHIZOBIUM SPECIES.

1.1. Host range and cross-inoculation groups.

The symbiotic interaction between rhizobia and their hosts is specific i.e,
Rhizobium bacteria induce root nodules only on a very limited range of host
legumes. Leguminous species mutually susceptible to nodulation by a
particular kind of rhizebia constitute a "cross-inoculation group". This
host range specificity has for long formed the basis of Rhizobium
classification. The six Rhizobium species established under this now
obsolete system and the corresponding genera of plants that each nodulates
are given in Table 1, part 1 {(adopted from the Pocket manual on legume
inoculants and their use by the Food and Agriculture Organization).

The "cross-inoculation” concept for grouping legumes and establishing
Rhizobium species was questioned after numercus ineffective bacteria-plant
responses were discovered.

A system of classifying Rhizobium species based on numerical taxonomy has
been developed (Bergey, 1983}, as shown in part 2 of Table 1.

Rhizobium species are divided into two main categories, the fast- and slow-
growers (see Table 1}, differing in several characteristics. The fast-
growing species have a mean generation time of 2-4 hours, are
perithrichously flagellated and produce acid, whereas slow growing bacteria
have a mean generation time of 6-8 hours and (sub)polar flagella and are
alkali-producing on yeast-mannitol agar {Elkan, 1981). A few of the slow-

growing rhizobia have been shown to fix nitrogen ex planta (Kurz and LaRue,




TABLE 1.

Bacteria Genera of host plants

Part 1
R.meliloti Medicago. Melilotus and Trigonella
R.trifeolii Trifolium spp.

R.leguminosarum
R.phaseoli
R.lupini

R. japonicum
R.Cowpea {type)

Fast growers

R.meliloti

R.legumincsarum

biovar. -trifolii

biovar. -phaseoli

biovar. -viciae
R.loti

Slow growers

Bradyrhizobium japonicum

Bradyrhizobium spp.
Bradyrhizobium sp.(Vigna)

Bradyrhizobium sp.(Luginps)

Pisum, Vicia, Lathyrus, Lens

Phaseolus vulgaris, P. multifloris

Lupinus and Ornithopus

Glycine max
Vigna, many other genera and species

Medicago, Melilotus and Trigonellas

Trifolium spp.

Phaseolus vulpgaris, P. multifloris

Pisum, Lathyrus, Lens, Vicia

Lupinus, Lotus, Anthvyllis, Ornithopus

Glycine max

Vigna - numercus other genera and species

Lotus pedunculatus, Lupinus sp.




1975; McComb et al., 1975; Pagan et al., 1975:; Bergersen and Turner, 1978;
Dreyfus et al., 1983). Because of such biochemical and genetic features it
has been generally accepted now (as indicated in part 2 of Table 1) to
classify the slow pgrowing rhizobia as a distinct genus, Bradyrhizobium
(Jordan, 1982). The fast growing Rhizobium species were found to be closely
related to the genus Agrobacterium with respect to chromosomal background.
Symbiotic versus phytopathogenic properties as well as host specificity are
exclusively determined by respective plasmid contents of these bacteria
(see paragraph 3.3) and therefore transferahle, which led to the proposal
to group fast growing rhizobia and agrobacteria in a single genus,
Rhizobium (Hoovkaas, 1979; Prakash, 1981). Furthermore DNA homology
analyses indicate a very close taxonomic relationship between

R.leguminosarum, R.trifelii and R.phaseoli. which therefore were merged

into one species R.leguminosarum including different biovarieties;
R.meliloti appearad to be slightly more distant (Johnston and Beringer,
1977; Jarvis et al., 1980; see Table 1, part 2). In this survey the former
species names for different fast-growing rhizobia will still be used
conform the classification given in original references.

Because the fast growing species are more easy to manipulate in the

laboratory, they have been the object of most genetic studies of Rhizobium.

1.2. Nedule development

The infection of the roots of leguminous plants by Rhizobium bacteria
results in the development of characteristic root nodules. The process of
nodule morphogenesis has been extensively reviewed by Dart (1977), Vincent
(1980), Newcomb {1981), Bergersen (1982) and Verma & Long (1983). In the
development of a root nedule different stages can be distinguished. These
are listed in Table 2 together with the phenotypic code used to indicate
these different stages according to Vincent (1980).



TABLE 2.

Stages in symbiotic nodule development.

Stage Phenotypic code

i Preinfection

1. Multiplication in root area, colonization Roc
2. Attachment to root surface Roa
3. Root hair curling Hac

II Infection and nodule formation

4. Infection thread formation Inf
5. Nodule initiation and development Nei
6. Release of bacteria Bar
7. Bacteraid differentiation Bad

111 Nodule function

8. Nitrogen fixation Nif
9. Complementary functions Cof
10. Persistence of nodule function Nop

Adapted from Vincent (1980Q)
and Long (1984).




The interaction of rhizobia and their leguminous hosts begins with the
coleonization by the bacteria of the legume rhizosphere. This is followed by
root hair attachment, which is considered a crucial step in host range
determination. A current hypothesis is that binding is achieved by
recognition of specific polysaccharide components on the cell surface of
the compatible Rhizobium species by a host plant lectin; these rhizobial
lectin receptors are encoded by sym-plasmid borne nodulation genes (Bauer
and Bhuvaneswari, 1980: Dazzo et al., 1985). The first response observed in
the plant is a characteristic deformation of the epidermal root hairs,
sometimes described as "shepherds crook" curling. At this stage the actual
infection pccurs and the bacteria penetrate into the root tissue through a
host-produced "infection thread". As the bacteria invade by this
extiracellular pathway, host cells within the root cortex are induced to
dedifferentiate, divide and form a meristem. The infection thread branches
and spreads through the nodule tissue and the bacteria are released from
infection threads into noduile cells. This leads to the outgrowth of a
nodule from the root surface. Inside the infected nodule celis the rhizobia
differentiate morphologically as well as biochemically into nitrogen-fixing
bactercids. The bacteroids are generally larger than the bacteria and often
have branched structures which are no longer able to divide; they are
surrounded by a host-derived membrane, the peribacteroid membrane, which
separates the bactercid from the plant cytoplasm. An as vet unanswered
question about bacteroid differentiation is, whether it is directied by a
temperally ordered developmental program like sporulation in Bacillus
{Losick and Pero, 1981} or is achieved by independent activation of a group
of symbiotic operons (Ausubel, 1984a). Both in the bacteroid {Prakash,
1981; Kral et_al., 1982} and in the plant (Legocki and Verma, 1980;
Bisseling et al., 1983; Verma and Long, 1983; Govers et al.. 1985) a number
of genes are specifically expressed during nodule formation and in the
mature nodule. The two partner organisms now actively cooperate in order to
establish nodule functions. The bacteroids synthesize the nitrogenase
enzyme complex (10-12% of total bacteroid protein) which reduces nitrogen
to ammonia; moreover special cytochromes and new surface antigens are
synthesized. The plant cell creates an optimal environment for the
nitrogen-fixing bacteroids. It utilizes the ammonia while providing

photosynthate as energy source and producing leghemoglobin, which



facilitates diffusion of oxygen to the bacteroids for respiration without
allowing 0, to inactivate the extremely oxygen sensitive rhizobial
nitrogenase. Remarkably the haem moiety of this oxygen carrier is provided
by the bacterial partner, whereas the host plant is responsibie for the
glebin component. It has been proven now that leghemoglobin is exclusively
present in the plant cell cytoplasm (Robertson et al., 1984) and not in the
peribacteroid space, as has been proposed in former publications. BResides
these leghemoglobin loci, a series of plant genes encoding other
nodule-specific host proteins {("nodulins") is specifically derepressed
during symbiosis, indicating that plant cells also undergo a characteristic
differentiation process. The major metabolic pathways which support
N,-fixation in legume root modules are presented in Fig. 1 (from Dilworth
and Glenn, 1984). Not all issues presented in this figure are discussed in
detail.

2. JDENTIFICATION OF RHTIZGBTUM SYMBIOTIC GENES.

2.1. Rhizobium sym plasmids.

The genetic information of Rhizobium for symbiotic interaction with host
plants is encoded on a large plasmid which therefore is referred to as sym
plasmid or pSym. In addition to the sym plasmid Rhizobium bacteria may
carry one or more high molecular weight plasmids, which are not required
for symbiosis and the function of which is cryptic. The sym-plasmids carry
the information for host specificity, nodulaticn (ned) and nitrogen
fixation (fix). Several lines of evidence have led to this conclusion. One
was the frequency with which symbiotic effectiveness was lost, and the
stimulation of this loss by treatments known in other systems to promote
piasmid instability, such as high temperature or acridine dyes {Zurkowski,
1982). Furthermore, Johnston et al. (1978) demonstrated that host range

specificity of R.leguminosarum could be transferred to R.trifolii or to

R.phaseeli by conjugal mobilization of the R.leguminosarum sym-plasmid. In

addition to their well-documented ability to restore nodulation functions
to heterologous species, sym plasmids were also shown to transfer a Fix*

phenotype to Fix™ mutant recipients within their own species (Beynon et




Fig. 1. Schematic diagram of metabolic exchanges between plant and

bacterial cells in a Ny-fixing nodule.
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al., 1980; Brewin et al., 1980: Hooykaas et al., 1981; Djordjevic et al.,

1982 and 1983; Lamb et ai., 1982; Morrison et al., 1984).

Direct evidence that Rhizobium sym genes are megaplasmid-borne was first
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obtained by Nuti et al. (1979) who showed that purified sym plasmid DNA

from R.leguminosarum hybridized to the previously cloned structural

nitrogenase genes from K. pneumoniae {Cannon et al.. 1979). By hybridizing
the DNA from different rhizobial species with the K.pneumoniae nif genes it
was shown, that the homologous genes in fast-growing rhizebia witheut
exception are localized on large plasmids or megaplasmids {Krol et al.,
1980: Banfalvi et al., 1981; Hombrecher et al., 1981; Rosenberg et al..

probably the nif and nod genes are integrated in the chromosome in these
cases (Haugland and Verma, 1981). Deletion mapping studies (Banfalvi et
al., 1981; Rosenberg et al., 1981}, recombinant cloning experiments {Long
et al., 1982; Duwnie et al., 1983h; Kondorosi et al., 1983a; Rolfe et al.,
1983: Chapter V of this thesis) and analysis of sym-plasmid derivatives
(Huguet et al., 1983} suggested Llhat among fast-growers a (more or less)
close linkage exists between pod and nif loci and other sym genes. The
relative order of the genes in such symbiotic clusters as well as the
physical organization of different sym-plasmids however may vary
substantially from one species to another (see chapters 111 and V of this

thesis). This phenomenon possibly is correlated with differences in sym-

plasmid sizes, ranging from approximately 200 kb in R.leguminosarum 248

(Downie et al., 1983b} to about 350 kb in R.leguminosarum PRE (Krol et al.,
1982} and more than 500 kb in R.meliloti (Banfalvi et al., 19281}
respectively.

The existence of such large sym plasmids raises the question of what else
they may code for, since the amount of DNA exceeds by far that which is
likely needed for the symbiotic genes. Whether the observed clustering of
symbiotic gepes is involved in the regulation of their expression and/or
whether selective pressure maintains the linkage is an as vet unanswered
question. Another intriguing problem in this context is the evolutionary
fixing soil bacteria acquired the ability to invade a host plant (Dilworth
and Parker, 196%9). The reverse idea hypothesizes that a plant pathogen
developed the gene complex required for nitrogen fixation. In any case the
bacleria must be able to suppress host defense reactions during recognition

and following infection steps {Vance and Johnson, 1981).
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The phenotypes of rhizobial mutants, blocked in different symbiotic stages,

are classified as follows:

- Nod™ mutants fail to elicit nodule development; these mutations refer
to nodulation (nod) genes, which are essential for the initial host
redognition steps up to the stimulation of host cell division producing
the macroscopic nodule {stages Roa through Nai or possibly Bar in
Table 2).

- Nif~ mutants carry mutations in nif genes, which are specifically
involved in the biochemical reduction of nitrogen and are therefore
presumably analogous with well-characterized K.pneumoniae nitrogen
fixation gene functions (see below under 2.4); they generally elicit
the formation of nodules that appear almost normal in ultrastructural
analysis (stage Nif in Table 2).

- Fix~ mutants are mutated in genes essential for nitrogen fixation (fix}
but for which no homelogous gene in K.pneumopiae has (vet) been
detected (stages Bad, Cof and Nop in Table 2).

The localization of these different types of svmbiotic genes on large-
sized plasmids allowed the application of a number of molecular genetic

techniques which will be dealt with in the next paragraph.

2.2. Molecular genetic techniques

The genetic analysis of Rhizobium has not been developed to the same extent
as that of Gram-negative hacteria like E.coli or the free-living nitrogen
fixer K.pneumoniae. However, several types of genetic manipulation which

can be carried out on Rhizobium are available now.
2.2.1. DNA transfer methods.

The study of Rhizobium genes involved in symbiotic nitrogen fixation has

been approached by various techniques:

- transformation has been reported for several rhizobial species but at
frequencies considered suboptimal for clone-bank analyses (Kiss and
Kalman, 1982);



iz

- transduction also is extensively used but restricted to systems with
efficiently transducing phages {(Buchanan-Wollaston, 1979; Martin and
Long, 1984);

- conjugation has proven to be the most widely appiicable method so far; it
is generally used in chromoscmal mapping studies and for transfer of
symbiotic genes into different Rhizobium species (Beringer et al., 1980}.

This latter technique also has been used in order to distinguish between

the roles of bacterial and legume host genes at various stages of the

differentiation process. By conjugal transfer of specific Rhizobium genes
into other Rbizobium species and into the related species Aprobacterium or
even a bacterium of a genus that does not naturally infect plants such as

E.coli, it can be elucidated whether a symbiotic-)}ike host response is

caused by transferred Rhizobium genes on the sym-plasmid and to which

extent it is influenced by the chromosomal background of the bacterium and

the plant host gene activity (see paragraph 2.3 for an example).

2.2.2. Transposon mutagenesis and recombinant cloning vectors.

Molecular genetic analysis of Rhizobium symbiotic genes is complicated by
the fact that free-living bacteria do not differentiate to bacteroids or
express symbiotic genes. To study if in symbiotically defective rhizaobia
the defect is due to a mutation in symbiotic genes, potential mutants must
be individually screened by inoculation on plants.

At first standard technigques for random mutagenesis such as chemical or
radiation treatments and penicillin selections have been employed teo map

metabolic and drug resistance loc¢i in Rhizobium (see review by Beringer et

al., 1980). But since the development of transposon Thn5 mutagenesis systems
for Rhizobium by Beringer et al. {(1878), transposon Tn5 is widely used to
generate mutants, because it transposes at reasonably high frequencies with
relatively little insertion-site specificity and creates polar mutations.
Moreover TnS confers kanamycin resistance, which is expressed in most Gram-

negative bacteria and serves as a genetic marker (Berg and Berg, 1983).

2.2.2.1. Random Tn3% mutagenesis.

Random transposon mutagenesis is accomplished by introducing Tn5 into the
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Rhizobium genome by transferring a so called suicide plasmid from E.goli,
into Rhizobium., A suicide plasmid carries Tn5 and prophage Mu and cannot
stably replicate in Rhizobium (Beringer et al., 1978). Since each
kanamycin-resistant Rhizobium clone tested contains an independent single
transposition event, the number of plant tests required is reduced to a
manageable amount.

By this method random symbiotic mutants have been obtained at fregquencies
ranging from 0.1% to 1.0% (for examples see Buchanan-Wollaston et al.,
1980; Ma et al., 1982; Meade et al., 1982; Scott el al., 1982; Forrai et
al., 1983; Noel et al., 1984; Rostas et al., 1984}. An alternative method

(Simon et al. 1983) utilizes a different type of suicide plasmid i.e. deri-

vatives of E.coli cloning vectors pBR325 or pACYC184 provided with Tn5 and
the mobilization site of broad-host-range plasmid RP4. These so-called

class I pSUP plasmids are mobilizable from E.coli to Rhizobium with the

help of RP4 transfer functions integrated in the E.ccli chromosome. The
transconjugants can be screened for Tn5 transposition into Rhizobium DNA
because the original vector cannot stably replicate in Rhizobium.

A symbiotic gene can, if detected by insertion of Tn5, be cloned directly
in E.coli by selection for kanamycin resistance. Subseguently the wild type
counterpart can be isolated from a gene library by using the mutated gene

as a hybridizatian probe.
2.2.2.2. Shuttle vectors and site-directed Tn5 mutagenesis.

A second strategy for the cloning and identification of symbiotic genes is
based on site-directed Tn5 mutagenesis of Rhizobium penes cloned in E.coli
and the analysis of the functions of these genes in Rhizobijum. For that
conjugative vectors are needed that can replicate in both E.celi and
Rhizpbium. The most widely and successfully used shuttle vector to date is
pRK290 constructed by Ditta et al. (1980). It contains single EcoRI and
Bglll sites suitable for cloning, confers tetracycline resistance, and
contains the mobilization site of plasmid RK2 required for conjugal
transfer. RK2 transfer genes must then be supplied in trans by a helper
plasmid pRK2013 {Figurski and Helinski, 1879) in a triparental maéing.
Helpful derivatives of pRK290 are costramid pLAFR1 containing the A cos
site (Friedman et al., 1982) and pRK404, which is smaller and has a
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multilinker site (Ditta et al., 1985). Other shuttle plasmids also are
found and being searched for among other incompatibility groups than RK2
(Tait et al., 1982; class II vectors, Simon et al., 1983). It is important
to have more than one vector system available since complementation and
gene regulation assavs require the transfer of more than one cloned gene at
a time into a cell. Shuttle vectors are now commonly used for censtructing
clone-banks and for cloning individual fragments, to be used in
complementation and/or gene replacement experiments (Cantrell et al., 1982;
Long et al., 1982; Downie et al., 1983a).

A method for site-directed ToS-mutagenesis, developed by Ruvkun and Ausubel
{1981), utilizes the above mentioned conjugative broad host range vector
pRK290. Cloned rhizobial DNA segments of interest are mutated by Tn5, while
maintained in E.celi. Subsequently the mutated sequences are recloned in
the conjugative vector pRK290 and transferred to wild type Rhizobium cells
by conjugation; substitution of the wild type by the mutated fragment
occurs as the result of two homologous recombination eveﬁts on either side
of the Tn5 insertion. Cells in which this gene replacement has taken place
can be isolated then by introduction into this Rhizobium strain of a second
P-group plasmid that is incompatable with pRK290, such as pR751 or pPH1JI
(Beringer et al., 1978). Simultanecus selection for kanamycin (retention of
Tn5) and gentamycin resistance (conferred by pPH1JI) selects
transconjugants in which Tn5 has recombined into the sym-plasmid. The
second conjugation step thus selects for cells in which double
recombination has taken place and concommittantly removes the wild type DNA
sequence which has recombined into pRK29%0 by this event. This technique is
very useful for analysing possible symbiotic functions of specific DNA
segments in Rhizobium (Corbin et al., 1982 and 1983; Ruvkun et al., 1982;
Buikema et al., 1983; Zimmerman et al., 1983; Hahn et al., 1984; Jagadish
and Szalay, 1984; Kondorosi et al., 1984; Schetgens et al., 1984 and 1985).
Such cloned Rhizobium DNA fragments carrying Tn5 insertions c¢an, while
propagated in E.colil and after religation into vectors with a strong
constitutive promoter, also be used to determine the location and
transcriptional direction of rhizobial praotein coding units by expression

in E.coli minicells {(Fuhrmann and Hennecke, 1982 and 1984; Piihler et al., |

1983 and 1984; Schetgens et al., 1984 and in preparatjon; Schmidt et al.,
1984; Weber et al., 1985).
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2.3. Nedulalion genes.

It is generally assumed now that relatively few sym genes are required for
the early stages of nodule formation. At first this was concluded from the
observation that random mutagenesis of Rhizobjum yields substantially more
‘mutants with a Nod'Fix  phenotype than Nad~ mutants (Maier and Brill,
1976; Beringer et al., 1977 and 1980; Buchanan-Wollaston et al., 1980; Long
et al., 1981; Paau et al., 1981; Rolfe et al., 1981; Meade et al., 1982:
Forrai et al., 1983). Now, this assumption has appeared to be in-agreement
with the finding that relatively small sym plasmid DNA fragments from
R.meliloti (8.7 kb; Long et al., 1982; Konderosi et al., 1984), R.trifolii
{14 kb; Watson et al., 1983; Schofield et al., 1984; Djordjevic et al.,
1985a) and R.leguminosarum (10 kb; Downie et al., 1983c) appeared
sufficient to complement intraspecies as well as heterologous Nod~
mutations. Moreover transfer of the cloned R.meliloti nodulation gene
c¢cluster (minimally 3.5 Kb from recombinant plasmid pRmSL26; Long et al.,

1982) to Agrobacterium tumefaciens or to E.coli consistently elicits the

development of Fix™ nodules on alfalfa (Hooykaas et al., 1981 and 1982;
Kondorosi et al., 1982; Wong et al., 1983; Hirsch et al., 19384; Truchet et
al., 1984). A.tumefaciens carrying pRmSL26 induced nodules containing
characteristic meristems and sometimes infection threads; however the
bacteria were not released from these infection threads and thus remained
extracellular. Nodule-like structures elicited by E.coli carrying pRmSL26
were completely devoid of bacteria and without infection threads {Hirsch et
al., 1984). So it might be that nodulaticen requires some additional
chromosomal genes, which can be supplied better by the related plant
pathogen Agrobacterium than by E.coli.

The overall suggestion frem these experiments is that a limited number of
Rhizobium genes is invelved in nodule inducement. The bacterium
accomplishes many of its effects by stimulating specific gene functions in
the legume host at an early stapge of infection. Root hair curling and
actual penetraticn of bacteria via infection threads are no prerequisites
for an obvious host reaction like nodule meristem formation in alfalfa

(Hirsch et al., 1984; Finan et al., 1985). From the complementation data




16

described above it can be concluded that certain nodulation genes have been
highly conserved among Rhizobium species. These have been designated by
Kondorosi et al. (1984) as common nod genes and are involved in triggering
the root hair curling response (hac). The functional homology of several
common nod loci has been confirmed by interspecies DNA hybridization
studies and nucleotide sequencing (Kondorosi et al., 1984; Schmidt et al.,
1984; Toérok et al., 1984; Rossen et al., 1984a; Lamb et al., 1985;
Djordjevic et al., 1985a; Rolfe et al., 1985a; Marvel et al., 1985; Chapter
V of this thesis).

The common nodulation gene cluster has been reported recently for several
Rhizobium species to consist of a nodABC operon and an adjoining nodD gene,
in correspondance with different classes of mutant phenotypes (Tordk et
al., 1984; Kondorosi, 1985; Long et al., 1985; Egelhoff and Long, 1985;
Fisher et al., 1985a and b; Mulligan and Long, 1985; Rossen et al., 1984a;
Downie et al., 1985a and b; Djordjevic et al., 1985b; Rolfe et al., 1985b;
Schofield et al., 1985; Scott et al., 1985). These studies suggest that
induction of nodABC depends on active expression of nodD and fhe presence
of an unknown factor present in plant cell exudates. Some other nodulation
genes however must be species-specific to account for host range
differences. Such clusters of nod genes have also been identified and are
designated as hsn genes, determining host specificity of nodulation
{Kondorosi et al., 1984 and 1985; Downie et al., 1985 a and b). This hsn
region appears to harbor at least three genes, nodE, F and G (Kondorosi,
1985; Downie et al., 1985h). Preliminary investigations further indicate
that nod gene areas are not or very weakly expressed in free-living
bacteria, but are activated during the earliest stages of nodule
development (see Long, 1984). An interesting finding in this respect is the
identification of psi, a plasmid-linked and symblotically essential
R.phaseoli gene, that inhibits the expression of genes for
exopolysaccharide synthesis which are normally expressed in a free-living
culture (Borthakur et al., 1985). Nod-gene encoded proteins have been
gverproduced in E.coli and used to elicit specific antibodies which may be

used for cytological detection of these proteins and the elucidation of the

regulation of nod gene expression during nodule formation {Long et al.,
1985} .
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2.4, Nitrogen fixation genes,

As stated in paragraph 2.1, the rhizebial nif--genes have been defined eon
the basis of analogy with nif-genes in the free-living nitrogen-fixing
species K.pneumoniae. Therefere a short survey on Klebsiella nif genetics
will be given here (for reviews see Roberts and Brill, 1981; Ausubel et
al., 1982; Ausubel, 1984a and b; Dixon, 1984).

K.pneumoniae reduces dinitrogen only under anaerobic¢c and nitrogen-limiting
conditions. A combination aof genetic mapping, complementation analysis,
cloning and sequencing studies has revealed that 17 contiguous nif genes
are clustered close to the his operon, occupying 23 kb of the genome and
grouped into seven or eight operons. A physical and functional map of this

nif-gene ciuster is presented in Fig. 2 {from Dixon, 1984).

Fig. 2. Map of the nif gene cluster in K,pneumonjae, indicating the

transcriptional organization and function of genes.
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The roles of gene products are indicated schematically by the vertical
arrows above the map. The horizontal arrows indicate the extent and
direction of each transcript, black dots representing the location of nif

promoters.

In different species of nitrogen-fixing bacteria (Eady and Postgate, 1974)

the nitrogenase enzyme consists of two components; component I, CI, con-
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sists of two copies of each of the two subunits o and 8, and component II,
CIlI, is composed of two identical subunits. Component I ceontains the site
of substrate binding and the catalytic centre for N, reduction. For that an
iron-molybdenum cofactor {(FeMo-co) as a part of component I is also
required. The role of component IT is to reduce component I {Roberts and
Brill, 1981). In K.pneumoniae the three structural polypeptides of
nitrogenase are encoded by genes nifH (CII), nifD (CIa} and nifK (CIB).
Although mutations in these three structural nif genes clearly affect the
synthesis of nitrogenase proteins, other mutations in the nif region were
observed to impair the nitrogenase function as well, without altering
electrophoretic mobility of the polypcptides of component I and If. NifM
mutants produce inactive CII and the nifM gene product may therefore be
required for processing of CIT. The nifS and nifU proteins may also be
involved in CII modification. Three genes nifB, nifN and nifE are now known
to be required for FeMo-co synthesis, which is essential for CI

activity; nifv determines substrate specificity of CI; the nifQ product
probably sequesters molybdate for FeMo-co synthesis, NifF and nifJ both
encode electron transport factors. The nifX and nifY gene products were
identified as polypeptides synthesized from cloned nif fragments in E.coli
minicells; their function has not yet been determined. NifL and nifA genes
regulate transcription of each of the other nif operons and their role will
be discussed in more detail below (see Dixon, 1984 for references}.

The expression of K.pneumoniae nif genes appears to be subject to two
levels of positive control, in response to the ammonia and oxygen supply
(Ausubel et al., 1982). The first level is nif-specific and mediated by the
products of the nifLA operon: the nifA protein is a transcriptional
activator required for the expression of all other nif operons
(Buchanan-Wollaston et al., 1981), whereas the nifL gene product bears
repressar activity and antagonizes the nifA protein in the presence of oxy-
gen {Hill et al., 1981). The second level of nif regulation consists in a
centralized regulatory control mechanism for nitrogen assimilation in
enteric bacteria, the ntr system. Two genes ntrC (glnG) and ntrA {glnF)
activate, under conditions of ammonia starvation, various operons involved
in nitrogen assimilation (a.o. hut for histidine utilization and put for
proline utilization; see Magasanik, 1982) as well as the nifLA regulatory

operon (De Bruijn and Ausubel, 1983; Drummond et al., 1983; Merrick, 1983;
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Ow and Ausubel, 1983).

Interspecies homology of the structural nifHDK genes was tested by using
cloned K.pneumoniae nif DNA fragments (Cannon et al., 1979) as
hybridization probes (Ruvkun and Ausubel, 1980). Hybridization was
detertable with the DNA of all nitrogen-fixing species tested indicating a
strong evolutionary conservation of the structural nitirogenase genes. This
has subsequently led to the identification and cloning of the nitrogenase
genes from widely divergent species, as R.meliloti {Ruvkun and Ausube}l,
1980, 1981; Banfalvi et al., 1981; Rosenberg et al., 1981; Corbin et al.,
1982), R.leguminosarum (Nuti et al., 1979; Krel et al., 1982; Schetgens et
al., 1984; Ma et al., 1982), R.trifolii (Scott et al., 1983a), R.phasepli
(Quinto et al., 1982), B.japonicum (Hennecke, 1981; Adams et al., 1984},

Parasponia Rhizobium {(Scott et al., 1983b), cowpea Rhizobium (Hadley et

al., 1983), Anabaena 7120 (Rice et al., 1982}, Azospirillum brasilense

(Quiviger et al., 1982), Frankia, Azotobacter vinelandii, Rhodopseudomonas

capsulata and Rhodospirillum (Ruvkun and Ausubel, 1980). This interspecies

conservation of nifHDK gene sequences, however, does not necessarily
include a preservation of the operon structure. In K.pneumoniae and in
several fast-growing Rhizobium species the structural nitrogenase genes
comprise one operon, which is transcribed in the order pifH - nifD - nifK
(Ruvkun et al., 1982; Corbin et al., 1983; Piuhler et al., 1983; Schetgens
et al., 1984; Scott et al., 1983a). Two separate transcription units
however, nifHD and nifK, have been identified in Anabaena 7120 (Rice et
al., 1982). Among siow-growing Bradyrhizobium species a genetic organiza-
tion consisting of distinct pifH and nifDK operons has been assessed
(Fuhrmann and Hennecke, 1982; Kaluza et al., 1983; Scott et al., 1983b;
Adams et al., 1984; Fischer and Hennecke, 1984; Yun and Szalay, 1984).

In contrast to earlier data implying that only the Klebsiella nif sequences
encoding nitrogenase proteins had been conserved among other nitrogen-
fixing species (Ruvkun and Ausubel, 1980), Anabaena DNA was found to
hybridize with a pifV/nifS probe in addition (Rice et al., 1982). Moreover
homology was detected recently with the genomes of different Rhizobium spe-
cies using the K.pneumoniae nifA {Szeto et al., 1984; Buikema et al., 1985;
Ausubel et al., 1985; Weber et al., 1985; Kim et al., 1985: Downie et al.,
1983a; Rossen et al., 1984b; Schetgens et al., 1985; Adams et al., 1984;
Fischer et al., 1985; Jagadish et al., 1985; Weinman and Scott, 1985) or




20

nif8 gene {Buikema et al., 1985:; Ausubel et al., 1985; Russen et al., 1984;
Schetgens et al., 1985; Fischer et al., 1985) as a probe. The Rhizcbium DNA
sequences hybridizing to K.pneumoniae nifA nifR were found to encode amino
acid sequences showing appreciable homology to the corresponding
Furthermore a functional correspondance was concluded actually to exist for
the rhizobial nifA like gene, from the observation that this gene is indeed
required for in vivo expression of the nifHDK genes {Szeto et al., 1984;
Schetgens et al., 1985). The regulation of Rhizobium symbiotic genes will
be discussed in more detail in paragraph 2.6.

It seems plausible that besides nifHDK, nifB and nifA more pnif genes known
in Klebsiella to be involved in the assembly of an active nitrogenase

enzyme complex, have counterparts in Rhizobium.

2.5. Other symbiotic genes.

In principle two methods have been employed to detect additional fix genes.
The first is to search for mutants obtained after random Tn5 mutagenesis,
which are affected in the nitrogen fixation capacity and carry a Tnb
insertion located outside the structural nifHDK locus (see e.,g. Ma et al.,
1982; Downie et al., 1983a; Nuel et al., 1984). Alternatively the immediate
vicinity of known symbiotic clusters can be screened for additional sym
genes by site-directed TnS mutagenesis (see e.g. Ruvkun et al., 1982;
Corbin et al., 1983; Zimmerman et al., 1983; Pihler et al., 1984}. This
approach is based upon the evidence for close linkage of nifHDK fix and nod
genes on the sym plasmids of fast-growing species (see paragraph 2.1). A
second and different approach was derived from the observation that
megaplasmid-borne symbiotic genes are exclusively expressed during nodule
development and not to any significant extent in free-living bacteria (Krol
et al., 1980; Chapter V of this thesis). Screening of a sym plasmid clone
bank by hybridization with bactercid mRNA as a probe and Tn5 mutagenesis of
the selected sym-plasmid fragments indicated a strict correlation between
regions which are actively transcribed in amitrogen-fixing nodules and areas
where symbiotic fix genes have been localized by DNA homology or by Fix™
phenotypes in Tn5 mutants (Kondeorosi et al., 1983b: Schetgens et al., 1984
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and 1985; Hontelez et al., manuscript in preparatioen- see chapter V of this

thesis; David et al., 1984).

2.6 Regulation of bacteroid gene expression.

At Jeast in one respect Rhizobium nif gene regulation is similar to that in
Klebsiella. Rhizobial nif genes are just as in K.pneumoniae under direct
contrel of a positive transcriptional activator, the nifA gene product. The
gene in several fast- and slow-growing Rhizobium species was concluded from
homology studies (see paragraph 2.4 for references). This conclusion is
supported by evidence based on nucleotide sequences of nifd regulated
promoters. K.pneumoniae nif gene promoters are characterized by a par-
ticular consensus sequence, which alsc appears to he conserved in various
nif promoter sequences from Rhizobium species (see Fig. 3 legend for
references).

The remarkable similarity between various Rhjzcbium and Klebsiella nif

promoters suggests a common regulatory mechanism for transcriptional
contrel i.e. by the nifAa protein, the more so as the nif promoter
consensus sequences exhibit poor correspondence to promoter structures
known to be typical for E.coli (see Hawley and McClure, 1983).

Furthermore the actual activation of Rhizobium nif promoters by the
K.pneumoniae nifA gene product could be detected in vitre by means of nif-
lacZ fusion experiments, allowing to monitor expression from a certain nif-
promoter under the influence of constitutively produced K.pneumoniae nifA
protein (Plhler et al., 1983; Sundaresan et al., 1983a and 1983h).

An intriguing result in this context was obtained by Better et al. {(1985),
who showed that an entire 160 bp conserved promoter sequence of R.meliloti
nifH (P1) is necessary for heterologous activation by K.pneumoniae nifA
protein in E.coli, whereas expression from this and another nif promoter
{P2) in 5 week steady state root nodules requires only a 35 bp promoter
fragment (-35 to O comprising the nif consensus region) for continued
transcription. This data suggests that the complete 160 bp promoter-

regulatery region may be essential only for the initial activation of nif-
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Fig. 3. Segquences of various nif promoters.

Kpi{nifH):

KpinlfE):

Kp{nlfl):

Kp{nlfB):

Kp{nifM):

KpinifP}:

EpinlifL):

Rm{nifH#): -CTGGCACG--—-TTGCA~-————=—=- -G

Re(*P2¥): —CTGGCACG-—-~TTGCA--—-—————— -

Rj{nifA): -TTGGCACG-—--TTGCT———~-———= C

Rj{nifD): -CTGGCATG-—--TTGCA—~——~——~== T

Rp{nifA): -TTGGCATG——~-~TTGCT-~---- T

Consensus: -CTGGPAPP—~-—TTGCA--—--———~| N--
| ¥ yu | i 1
-26 ~14 -18 +1

The base at the 3' end of each promoter sequence is the start point of
transcription. Abbreviations and references:

Kp: K.pneumoniae (Beynon et al., 1983): Rm: R.meliloti (Better et al.,

1983; Sundaresan et al., 1983a); Bj: B.japonicum {Adams and Chelm, 1984;
Fuhrmann and Henrecke, 1984; Kaluza and Hennecke, 1984); Rp: R.parasponiae
{Scott et al., 1983b). Not included but also shown recently to meet the nif
consensus sequence are the following prometers: R.parasponiae nifD (Weinman
et al., 1984}, cowpea Rhizobium nifH and nifD (Yun and Szalay, 1984),
R.trifolii nifH (Scott et al., 1983a), R.phaseoli nifH (Quinto et al.,
1985) and R.leguminosarum 248 nodA {Rossen et al., 1984a). Adapted from
Ausubel 1984b.

specific transcription processes in R.meliloti.
Another important observation is the recent finding, based on sequence

comparisons of nif promoters in R.meliloti and R.trifolii, that domains of

inter- as well as intraspecific conservation are present within these
promoter regions (Schofield and Watson, 1985). Except the above-menticned
nif-specific consensus sequence {0 to -35}, one species-specific promoter
element (-45 to -118) and a second stretch of pif-specific nucleotides
{-122 to -165) were detected. Both nif-specific promoter elements which
have been identified also in Klebsiella (Drummond et al., 1983}, may be

involved in the coordinated activation of nif genes by nifA and
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ntrA/ntrC. The authors suggest that the species-specific regulatory
component of nif promoter sequences might be required for their exclusive
expression during association with appropriate plant hosts.

Several hypotheses exist with respect to the actual mode of action of the
regulatory nifA protein. It has been proposed that it might modify the RNA
polymerase as a novel o-facter analogous to gene regulation in Bacillus
(Losick and Perc, 1981), in order to alleow recognition of nif-specific
sequences. Alternatively direct binding of the regulatory product to the
DNA double helix in order to create a new RNA polymerase binding site
analogous to the lambda cII protein (Ho et al., :1983) has been suggested. A
key developmental question that now remains to be answered is, whether or
not the rhizobial nifA gene activation itself depends on a centralized
Rhizobium nifA locus might be activated by a "centralized symbiotic
regulatory system”, that is responsible for activating not only nifA but
also other symbiotic genes, for example those required for early steps in
nodulation or for bacteroid differentiation and nodule maintenance. Thus
the nifA gene, which regulates the expression of specific nif operons,
would be only one of several targets for this symbiolic reguliatory system
{Ausubel, 1984a and 1984bh).
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Chapter I

Molecular cloning and functional characterization of Rhizobium
leguminosarum structural nif genes by site-directed transposon
mutagenesis and expression in Escherichia coli minicells

T. M. P. Schetgens, G. Bakkeren, C. van Dun, J. G. J. Hontelez,
R. C. van den Bos, and A. van Kammen

Department of Molecular Biology, Agricultural University, Wageningen. The Netherlands

Summary: [n order to stady the structural organization and regulation
of the expression of the nitrogenase gene cluster in Riizobium le-
guminosarum PRE we selected relevant subfragments of the sym-
plasmid from clone banks by homology with R. meliloti nif-genes. Site-
directed Tn5 mutagenesis was applied to a #if DH-specific clone and
subsequently the transposon insertions were transferred back into the
wild-type rhizobial genome by homologous recombination. Phenotypic
effects of Tn5 mutations in the region of the structural rif-genes were
determined by measuring acetylene reduction in nodulated plants and
by immunological analysis of bacteroid-specific proteins. The localiza-
tion of Tn3 insertion sites was in accordance with observed conse-
quences: two genotypically ditferent TnS-induced mutations within #nif’
D caused repression of Cle and B synthesis and a strong reduction of
CII production, thus resulting in a Fix ™ phenotype. Expression of dif-
ferent cloned Rhizobium DNA inserts, bearing nif K, nif D, nif H, or
nif DH, was achieved in Escherichia coli minicells dependent upon the
presence of a strong upstream veclor promoter sequence. Gene prod-
ucts were identified by immunoprecipitation with specific antisera. En-
dogenous rhizobial transcriptional start signals in one case (nif H)
seemed 1o be recognized at a low rate by the £. coli system; in con-
trast, Rhizobium ribosome binding sites for ail three structural nif-
genes functioned normally in minicells. The approximate location of
the coding regions for nif KDDH genes was determined and found to
be contiguous. Key Words: Rhizobium leguminosarum—nif KDH—
Transposon Tn5 mutagenesis—Minicell expression—Nitrogenase-
specific antisera.
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fecting rhizobia differentiate into bacteroids
and in the course of this process the bacterial
genes for the production of active nitrogenase
are induced (1,2). In addition, a number of
nodule-specific host proteins (nodulins}, in par-
ticular leghemoglobin, are synthesized in the
root cells invaded by rhizobia, indicating dif-
ferentiation of plant cells as well (3,4).

In the fast-growing species of Rhizobium the
genes encoding host recognition, nodulation
(nod), and nitrogen fixation (rif) are located
on a single indigenous plasmid of high molec-
ular weight referred to as a sym-plasmid (5-9).
The sym-plasmid genes are strongly expressed
in bacteroids during effective endosymbiosis,
and only weakly or not at all in free-living rhi-
zobia (10). The enzyme nitrogenase in all ni-
trogen-fixing organisms studied so far is a com-
plex of two components: component [ (CI),
an FeMo protein, composed of two « and two
B-subunits encoded by genes D and K respec-
tively, and component I (CII), an Fe protein,
composed of two identical subunits encoded by
gene H. In the free-living nitrogen-fixing bac-
terium Klebsiella pneumoniae, for which the
organization of the genes involved in nitrogen
fixation has been studied in great detail (11},
the genes for nitrogenase are in the order H,
D, and K and comprise an operon. Likewise,
in Rhizobium meliloti the structural genes for
nitrogenase seem ta constitute one transcrip-
tion unit {12-14). This appears also to be the
case in Azospirillum brasilense (15). Among
other symbiofic nitrogen-fixing organisms a
considerable variation in the organization of nif
H, D, and K genes is found. In R. phaseoli,
reiterated rif~gene sequences were identified
(16). In the slow-growing species R. japon-
icum, nif H is not adjacent to nif D and K (17).
In Anabaena 7120, on the other hand, nif K is
separated by at least 11 kb from #if D and H
and possesses independent transcription initi-
ation signals (18,19). Such differences in the
organization of structural genes for nitrogenase
may affect the regulation of expression of these
genes on the transcriptional and/or transla-
tional level. Studies on the regulation of the
synthesis of the nitrogenase components 1 and
II of R. leguminosarum PRE in pea root nod-

ules (20) indeed indicated that synthesis of
these components is not strictly coordinated.

in this paper the molecular cloning and anal-
ysis of the rif-genes in R. leguminosarum PRE
are described. The effects of transposon Tn5
mutations within the structural nif-gene cluster
of R. leguminosarum were determined by mea-
suring N,-fixing capacity of the root nodules
induced by the mutants and by immunological
analysis of the synthesis of bacteroid-specific
proteins. The positions of nif H, D, and K were
determined by expression of selected, mapped
DNA fragments in the Escherichia coli minicell
system. The results indicate that the nif H, D,
and K genes map ciosely together and that
polar transposon mutations in the gene coding
for Cle strongly reduce the expression of the
CII protein.

MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Phages

The strains of R. leguminosarum, E. coli, A
phages, and plasmids used are listed in Table 1

Media and Growth Conditions

E. coli was grown at 37°C under continuous
aeration in LB medium (10 g tryptone, 5 g yeast
extract, 5 g NaCl per liter) or on media solid-
ified with 1.5% (wt/vol) agar. R. legumino-
sarum strains were cultured at 29°C in TY (5 g
tryptone, 3 g yeast extract, 1 g CaCl, - 2H,0
per liter). All ingredients for culture media
were supplied by Difco, Detroit, MI.

For selective purposes antibiotics at the fol-
lowing concentrations {pg/mi) were added: am-
picillin 3¢, gentamycin 25, kanamycin 20, neo-
mycin 20, streptomycin 250 (all purchased
from Sigma Chemical Corp., St. Louis, MO);
chloramphenicol 25 {Boehringer Mannheim
GmbH); tetracycline 10 (Nutritional Biochem-
icals Corp., Cleveland, OH).

DNA Methodology
Isolation

Total genomic DNA was prepared from R.
leguminosarum as follows: after prewashing

J. Mol. Appl. Genet., Vol. 2, No. 4, 1984
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TABLE 1. Bacterial strains, plasmids, and bacteriophages

Designation Relevant character/genotype Referencef/source
Bacterial strains
R. leguminosarum
PRE Wild type 37
PRE Str' Streptomycin and acriflavin resistance 37
E. caoli
HBI01 F~ leuB6 proA2 thi-I lacZ4 supF44
tonA2! rpsl hsdR hsdM recAlT W 28
MM294 endol hsdR hsdM pro 28
294 pro thir m* recA N 36
DS410 thi minA minB ara lacY xyl malA mil
tonA rpsL Azi" A~ (minicell-
producing} 32
Q358 R,™ M, * Su,* 8OR 38
Q359 R,” M,* Su,;" 80 R P2 38
Bacteriophage
M67 Ab21rex::TnS cI857 O,maoPrmsn 28
MEMBL3 A 059-derived cloning vector ((3358
and Q339 hosts) 38
Plasmids
pBR3I22 Ap'Te’ 39
pACYCL84 Cm'Ter 40
pSUP201 Ap'CmTc*; pBR325. mob (RP4
mobilisation site} 16
pLAFRI1 Tct; cosmid vector derived from the
conjugative broad host range
plasmid pRK29%0 3341
pRK2013 Nm". complements fra genes of
pRK290 in conjugations 42
pPHIN Gm', incompatible with pRK290 43
pPSA3I0 K. pneumoniae nif HKDY genes
cloned in pACYC184 44
pRmR2 R. melilori nif HD genes cloned in
pACYCI184 34

the cell pellet (derived from a 5 ml saturated
culture) in 1 M NaCl, lysis was performed in 4
ml 10 mM Tris-HCI, 25 mM ethylenediamine-
tetraacetate (EDYTA), pH 8.0, by addition of 1
mg lysozyme and 0.6 ml 10% (wt/vol) Sarkosyl
(Ciba Geigy AG, Basel), | mg/ml proteinase K
and incubation at 37°C for 1 h; the lysate was
extracted twice with phenol and then with
chioroform; DNA was precipitated with an
equal volume of isopropanol, collected with a
glass rod, and dissolved in H,O at a concen-
tration of about 0.1 mg/ml. Large plasmid DNA
was isolated from R. leguminosarum as de-
scribed by Krot et al, {5).

For bacterial plasmid preparation from E.
coli the rapid boiling method of Holmes and
Quigley (21), slightly modified as described by
De Bruijn and Ausubel (22), was used; in the
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case of large-scale isolations this lysis proce-
dure was followed by cesium chloride equilib-
rium density gradient centrifugation (23).

Endonuclease Digestion and
Gel Electrophoresis

Restriction enzymes Bglll, EcoRI, HindlIl,
and Sall (from Boehringer Mannheim GmbH),
and BamHI and Xhol (from Bethesda Re-
search Laboratories GmbH, Neu-lsenburg)
were used according to the manufacturers’ in-
structions.

Restriction endonuclease digests of DNA
were analysed by horizontal 0.8% agarose gel
clectrophoresis in 40 mM Tris-HCI, 1 mM
EDTA, 5 mM sodium acetate, pH 7.8. Restric-
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tion fragments were eluted from agarose by
freeze-squeezing (10).

Hybridization

Radioactively labeled DNA probes were
produced by nick-translation (24) under the fol-
lowing conditions. The reaction mixture (33 ul)
contained 50 mM Tris-HCI, pH 7.8, 5 mM
MgCi,, 10 mM B-mercaptoethanol, 0.004 mM
dCTP, dGTP, and dTTP, 30 pCi «-°P dATP
(Radiochemical Centre Amersham), 0.025 pg/
mi DNase [ (Boehringer Mannheim GmbH), 5
units DNA polymerase 1 (Boehringer Mann-
heim GmbH), and 0.1-1 pg DNA, and was in-
cubated for 3—4 h at 15°C; free nucleoside tri-
phosphates were removed by passing the mix-
ture through a Sephadex G50 column and
eluting with 0.1 x SSC-0.1% {wt/vol) sodium
dodecyl sulfate (SDS). (20 x SSCis 3.0 M
NaCl, 0.3 M NaCitrate, pH 7.0.)

For blotting DNA fragments (25) from aga-
rose gels onto nitrocellulose (Schleicher and
Schiill, Dassel, FR.G.), DNA was first depu-
rinated in 0.25 M HCIL. Preincubation of
Southern blots was carried out in 5 x Den-
hardt’s and 3-6 x S8C for 2-5 h at 65°C; hy-
bridization was done in the same solution with
0.5% (wt/vol) SDS, 0.1 mg/ml calf thymus
DNA, and denatured labeled DNA probe at
65°C overnight.

Ligation and Transformation

Ligation reactions were performed as rec-
ommended by Maniatis et al. {26) and the E.
coli transformation procedure of Kushner (27)
was used.

Isolation and Labeling of Bacteroid RINA

Total bacteroid RNA isolated from 17-day-
old nodules was 5'-end labeled in virro with T4
polynucleotide kinase (5) and subsequently hy-
bridized to Southern blots.

Transposon Mutagenesis

Transposon Tn5 was introduced into a aif-
specific cosmid (33) clone pRB10 (Tc") by

rcl857::TnS infection of HB101/pRB10 under
repressing condittons (30°C); subsequent
screening for pRB10::Tn5 inscrtions was done
as described by Ruvkun and Ausubel (28). Dif-
ferent TnS insertions within the Rhizobium
fragment cloned in pRBI10 in E. coli were ex-
changed against corresponding parental wikd-
type DNA in Rhizobium by means of a double
homologous recombination achieved by the
following bacterial mating procedure. E. coli
MM?294/pRB10::Tn5 (Km'Tc") was conjugated
with wild-type R. leguminosarum PRE (Str")
and MM294/pRK2013 (functioning as a helper
plasmid complementing fra genes of the pRB10
vector plasmid pLAFR1) leading to the intro-
duction of a Tn5 mutagenized pRE10 plasmid
into Rhizobium; subsequently marker ex-
change was forced by conjugation of PRE/
pRBI10::Tn5 with MM294/pPH1J1 (Gm’; in-
compatible with pLAFR1) selecting for Strf
Km' Gm" Tc®, thereby effecting actual transfer
of Tn5 into the Rhizobium genome.

Growth and Inoculation of Pea Plants

Pisum sativum (Rondo) seeds were surface
sterilized, inoculated with R, leguminosarum
PRE Strf or Tn3-mutagenized strains, and cul-
tured in sterile vermiculite (three seeds) or in
gravel for large-scale experiments (50 seeds).
The inoculum consisted of a suspension of one
fresh colony in 5 ml of sterile water or a 100-
ml saturated culture, respectively. From 15
days after inoculation plants were examined
for the occurrence of nodules. Nitrogen-fixing
ability was measured with samples of whole
plants at different times after infection by the
acetylene reduction assay in a Pye 104 gas
chromatograph (29).

Protein Analysis of Bacteroid Proteins

Bacteroid-specific proteins were isolated
from pea nodules (4) and separated by electro-
phoresis in a 12.5% (wt/vol) SDS-polyacryl-
amide gel. The gel was stained with Coomassie
Brilliant Blue (30). For immunological identi-
fication, proteins were transferred by electro-
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blotting to nitrocellulose (31); the filter was in-
cubated with antisera specific against Cl1 and
CII (20) and finally with '*I-labeled protein A
(30) to visualize immune complexes.

Purification and Radioactive Labeling of
E. coli Minicell-Producing Strains
Containing Recombinant Plasmids

The minicell-producing strain of E. coli
DS410 was transformed with plasmid isolated
from E. coli 294 r~m™ to ensure modification
of DNA. Subsequently minicells were purified
from the DS410 derivatives by sucrose gradient
centrifugation (32), and used to analyze the
protein synthesis under direction of plasmid
templates.

To 100 pl of a minicell suspension, 10 pl thia-
mine-HCI (0.2 mg/mlb), 25 ul 20% (wt/vol) glu-
cose, and 100 pl complete amino-acid mix (0.5
mg/ml each) except methionine were added.
This solution was brought up to 998 ul with
MS, a mincral salt solution [0.5% (wt/vol)
NH,C], 0.1% (wt/vol) NH,NO;, 0.01% (wt/vol)
MgSO, -7 H,0, 0.2% (wt/vol) Na,50,, 0.9%
(wt/vol) K,HPOQ,, 0.3% (wt/vol) KH,PO,] and
preincubated for 30 min at 37°C; 2 pl (10-20
pCi) ¥8-methionine (Radiochemical Centre
Amersham) was added and this mixture was
kept at 37°C for 30 min, after which cells were
pelleted, washed once with MS, and suspended
in 500 wl MS. From this suspension (00 pl was
pelleted and resuspended in 20 pl sample
buffer [10 mM Tris-HCIl, pH 8.0, 1 mM EDTA,
10% (vol/vol) glycerol, 2% (wt/vol) SDS, 5%
(vol/vol) B-mercaptoethanol, 0.001% (wt/vol)
bromophenol blue], heated at 100°C for 5 min,
and used for electrophoresis.

Immunoprecipitation

A peliet derived from 200 pl ¥8-labeled mini-
cell suspension was resuspended in a mixture
of 22.5 pl T-TDS [10 mM Tris-HCI, pH 7.5,
100 mM NaCl, 19 (vol/vol) Triton X-100, 0.5%
{(wt/vol) sodium desoxycholate (DOC), 0.1%
{wt/vol) SDS], 10 mg/ml hovine serum albumin
(BSA), and 2.5 pl 10% (wt/vol) SDS, and kept
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at 100°C for 5 min. After addition of 25 ul T-
TDS-BSA and centrifuging at 15,000 rpm for
15 min at room temperature, the supernatant
was collected; 5 pl of preimmune serum was
added and the mixture was kept at 4°C for 4 h.
Protein A specific complexes were precipitated
by addition of 25 pl of a 10% (wt/vol) Staphy-
lococecus aureus (from the Enzyme Center,
Boston, MA) cell suspension in T-TDS-BSA
and after mmcubation for 1 h at 4°C removed by
centrifugation. The supernatant was then
brought up to 98 pl with T-TDS-BSA and 2 pl
specific antiserum was added; this mixture was
incubated overnight at 4°C. Immune com-
plexes were bound by addition of 10 wl 10%
(wt/vol) S. aurens cells in T-TDS-BSA and in-
cubation for | h at 4°C, This mixture was
loaded on two sucrose layers (500 pl 1 M su-
crose in T-TDS, 200 wl 0.5 M sucrose in T-
TDS) and centrifuged at 10,000 rpm for 15 min
at 4°C. The pellet was washed three times with
150 pl T-TDS and suspended in 20 pl sample
buffer. After heating for 5 min at 100°C and
centrifugation the supernatant was used for gel
electrophoresis.

Autoradiography

Standard techiniques were used for autora-
diographical exposure of DNA and protein
blots or dried gels. Sakura A2B and Kodak
Safety ARD X-ray films were employed.

Chemicals

All chemicals not specified were from
Merck, Darmstadt.

RESULTS

Cloning of the nif Region of
R. leguminosarum PRE

In order to construct a genomic clone bank,
total DNA from R. leguminosarum PRE was
partially digested with EcoRI, and 15-25 kb
fragments of this DNA, isolated by sucrose
gradient centrifugation, were ligated into the
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cosmid vector pLAFR1 digested with EcoRl
(33). The ligation mixture was packaged into A
phage heads in vitro and the resulting particles
were used to infect £. coli HB101; this resulted
in 800 Tc" colonies which were screened for
nif-homologous sequences by colony hybrid-
ization using the R. meliloti structural nif-genes
cloned in pPRmR? as a probe. The insert of this
plasmid contains sequences of #if D and H, but
not nif K (34). The single positive hybridizing
colony was designated clone pRBI0 and the
insert was physically mapped using a combi-
nation of digestions with restriction endonu-
cleases EcoRI, BamHI, Xhol, Bglll, and
HindIll. The physical map of the 17.10 kb in-
sert of pRB10 is shown in Fig. 1.
Hybridization of nick-translated pRBI10
DNA to Southern blots of BamHI-, Bglll- or
HindIIl-digested total DNA of R. legumino-
sarum PRE revealed that the pRB10 insertis a
composite of at least two noncontiguous PRE
DNA fragments {results not shown). The

EcoRI fragments derived from another part of
the genome are given as a broken line, starting
from an EcoRlI site between BamHI and BglII
sites as deduced from the above mentioned hy-
bridization results. The leftmost 6.0 kb EcoRI
fragment of the pRBI0 insert revealed ho-
mology with R. meliloti nitrogenase structural
genes D and H by hybridization with 2P-la-
beled pPRmR2 DNA. This 6.0 kb EcoRI frag-
ment corresponds in size to the R. legumino-
sarum sym-plasmid fragment which was shown
to hybridize with the K. preumoniae nif D and
H genes (35). More precise determinations of
the regions within pRB10 homologous with R.
meliloti nif-genes showed that homology with
rif H (an Xhol fragment of pRmR2) is limited
to the 2.2 kb HindIIl-Xhol fragment and ho-
mology with nif D {an EcoRI-HindlII fragment
of pRmR?2) to the 1.1 kb EcoRI-HindIll frag-
ment of pRB10, as indicated in Fig. 1.
Additional R. leguminosarum DNA frag-
ments bearing structural nif-genes and adjacent

nif D nifH
A.meliloti T Uxx
] 1 3
H R
i1 1Kb : :'f H
V
v {800 125085 175 125 600
R |} R R R R R
BRB1D A A -
Bg x X? X BEgH By 8 H
TnS - mutants B 25.11BA 73107
R ? ArieHo
B a ARieH1
220 410 280 500 050 800 125085 175 220 115 220
R R R R RR R AR R R
1 1 | 1 AL 1 M 1 1 1 J sym-plasmigd
R.leguminosarum PRE
= PRIEHT? oy o PGB - derived subclones

FIG. 1. Nitrogenase gene regicn of the A. leguminosarum PRE sym-plasmid. In the upper part the physical map of the insert
of clone pRB10 (in vector pLAFR1) is shown. EcaRl restriction fragment lengths are given in kb (kilobases). The broken line
refers to noncontigucus ONA fragments. A. meliloti nif D and H (pPRmR2) homology data are marked with dotted lines. The
positicns of Tns insertions are indicated by numbered arrows. Insert maps of two overlapping clenes ARleH1 and 9 (in phage
AEMBLJ) are also delineated. The lower line shows a contiguous part of the R. leguminosarum sym-piasmid bearing the
structural nif region as well as the genomic positions of two derived subclones pRleH'7 and pGB1 within it. Aestriction sites
are abbreviated as fellows: B (BamHi), Bg (Bglll), H (Hindlll}, R (EcoRI), § (Sall), X {Xhol).
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sequences were isolated by screening clone
banks of purified R. leguminosarum PRE sym-
plasmid DN A, digested with BamHI or EcoRI,
in phage x EMBL3 {to be described in detail
elsewhere). This analysis was done by hybrid-
ization of recombinant plaques transferred to
nitrocellulose with the nick-translated nif DH-
specific 6.0 kb EcoRI fragment derived from
pRBI10. The clones A RleH] and x RleH? in-
dicated in Fig. 1 originated from these banks
and both overlap the pRBI0 insert. Clone A
RleH9 {15.90 kb insert) contains EcoRI frag-
ments contiguous to both ends of the fragments
cloned in pRBIQ. -.

Clone » RleH1 (20.7 kb insert) extends 13.8
kb from the left end of the pRB10 insert. The
lower line in Fig. | represents the EcoRI re-
striction map of a 29.7 kb part of the R. le-
guminosarum PRE sym-plasmid containing the
nif D and H genes and, as will be shown below,
also nif K.

Introduction of Site-Specific TnS Mutations
into R. leguminosarum PRE

Transposon Tnd (Km") was introduced mnto
the Rhizobium-specific insert of pRB10 by
A::Tn5 infection of E. coli HB101/pRB10 (T¢")
under lysogenic conditions (30°C). From
Km'Tc" E. coli HB101 transformants plasmid
DNA was isolated and transformed into E. coli
MM294. Selection for Km'Tc" resulted in 137
colonies with a Tn5 insertion in pRB10. In
eight of the pRB10::Tn3 plasmids the Tn$ in-
sertion was localized by restriction enzyme
. analysis and hybridization with pRmR2 (results
not shown} in the left 6,0 kb EcoRI fragment
of pRB10 (Fig. 1) near or in the putative struc-
tural nif-genes. These eight pRB10:;Tn3 mu-
tant plasmids were each conjugated into R. fe-
guminosarum PRE (Str) by the mating proce-
dure described by Ruvkun and Ausubel (28)
(see Matenals and Methods), and Km"Str"™ trans-
conjugants in which the Tn5 insertion might
be transferred by homologous recombination
from pRB10::Tnj to the R. leguminosarum ge-
nome were analyzed by hybridizing blots of re-
striction fragments of total PRE::Tn5 DNA
with appropriate DNA probes as illustrated in
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Fig. 2. Lane 1 represents the hybridization pat-
tern of Bglll-digested pRB10 using total pRB10
as a probe; sizes of hybridizing fragments are
(see also the physical map in Fig. 1): 27.0 kb
{comprising 8.10 kb right-hand terminal Bglll-
EcoRI fragment of pRB10 insert and 18.90 kb
from pLAFRI1); 5.75 kb (internal fragment of
pRB10 insert); 3.00 kb (1.90 kb left-hand ter-
minal Bglll-EcoRI fragment of pRB10 insert
and 1.10 kb from pLAFR1); 1.60 kb (vector
fragment); 1.35 kb (internal fragment of the
pRB10 insert).

Bglll restriction fragments of parental RhAi-
zobium PRE St DNA were hybridized with
nick-translated pRB10 DNA; the resuiting au-
toradiogram (lane 2, Fig. 2) shows two frag-
ments corresponding with the 5.75 kb and 1.35
kb Bglll internal fragmeats of pRB10 (Fig. 1)
and fragments of 19.00 kb and 3.20 kb which

1 2345678

27.00 _ -

19.00 —

FIG. 2. Mapping of the position of Tn5 insertion sites within
the chromoesomal DNA of R. leguminosarum PRE mutants. A
Scutharn blot of Bgill restriction fragments from pRB10 (lane
1), parental PRE Str' (2], and Tn5 derivatives 73 (3), 107 (4},
2 {5), 5 (6), 116A (7), and 6 (8) hybridized with nick-transiated
pRB10-probe is shown (expcsure time: 111 h). Relevant re-
striction fragment lengths are indicated in the margin in kb.
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contain respectively the 8.10 kb right-border
and 1.90 kb left-border Bglll-EcoRI fragments
occurring in pRBI10 (Fig. 1). The hybridizing
1.50 kb fragment is probably due to the non-
contiguous character of the pRB1) insert. The
patterns of the Tn5 mutants in lanes 3-8 of Fig.
2 show that the mutants split up into three
groups. Two mutants, 73 and 107 (lanes 3 and
4, respectively), both appear to have the TnS
inserted in the 5.75 kb genomic fragment: the
5.75 kb has disappeared from the Southern hy-
bridization pattern and instead two fragments
of 5.10 and 3.70 kb, respectively, are found.
These two fragments are generated because the
Tn5 inserted into the 5.75 kb rhizobial DNA
fragment contains two Bglll recognition sites
at 1.50 kb from both ends {35). The sizes of
5.10 kb and 3.70 kb are in good correlation with
similar interpretations for other restriction en-
zyme digestions and define the position of the
TnS insertion in the mutants 73 and 107 as in-
dicated in Fig. 1. Similarly, we conclude that
mutants 2, 5, and 116A (lanes 5, 6, and 7) have
a TnS5 insertion in the same position of the 3.20
kb BgllI fragment of PRE DNA, since in these
mutants the 3.20 kb BglIl fragment is replaced
by 3.90 and 2.25 kb fragments.

Mutant 6 {lane 8) appears to have a Tn5 in-
sertion also in the 3.20 kb BgllI fragment, but
in a different position, since with this mutant
two fragments, each of 2.95 kb, arise by inser-
tion of the Tnj transposon. The mutants 2, 5,
and 116A, and mutant 6, are therefore located
on the PRE sym-plasmid as indicated on the
physical map shown in Fig. 1. All four inserts
are in the region hybridizing with nif D DNA;
the inserts in the numbers 73 and 107, on the
other hand, are located outside this region.

The other two PRE Str™::TnS mutants, 3 and
26, were aberrant in the sense that mutant 3
produced a Southern hybridization pattern,
corresponding exacily with that of the parent
PRE Str" DNA (lane 2), and mutant 26 gave a
pattern composed of a combination of bands
derived from pRB10 (lane 1) and PRE Str' (lane
2). Instead of the desired double homologous
crossing over, cointegration of the pRB10::Tn5

plasmid has possibly occurred with mutant 26
and transposition of Tn5 with mutant 3,

Symbiotic Phenotypes of R. leguminosarum
PRE Str'::Tn5 Mutants

Upon inoculation of pea seeds all eight iso-
iated TnS mutants of R. leguminosarum PRE
Str' showed a Nod™ phenotype. Four mutants
(nrs 3, 26, 73, and 107) were Nod™ Fix™ and
indistinguishable from the parent PRE Str.
Rose-red nodules were visible from 15 days
after germination and nitrogenase activity de-
veloped just as with the PRE Strf induced nod-
ules. It was noted that the onset of acetylene
reduction showed a delay of about three days,
compared with the original wild-type Rhizo-
bivm (Str¥). The other four Tn5 mutants {nrs 2,
5, 116A, and 6) were Nod™* Fix ™. The nodules
which developed were relatively small and
were found mostly on the lateral roots; at an
early developmental stage the nodules looked
pink, suggesting that leghemogiobin synthesis
occurred, but they rapidly turned pale or green.
The shape of the bacteroids in the nodules did
not significantly differ from that of Fix™*
strains, but no acetylene reduction was de-
tected.

The two phenotypes observed for these mu-
tants corresponded to the different positions of
the TnS insertions. The Fix* mutants 73 and
107 have Tn3 mutations outside the nif DH ho-
mologous region of the genome, whereas mu-
tants 2, 5, 116A, and 6 are Fix~ and possess
TnS insertions at two respective sites either in
the sequence homologous to #if D or in the DH
intergenic region (see Fig. 1).

Synthesis of Nitrogenase Components in R.
leguminosarum PRE Str'::Tn35 Bacteroids

Bacteroids were isolated from root nodules
induced by R. leguminosarum Tnd mutants at
different times after inoculation and analyzed
for the occurrence of CI and ClI components
of nitrogenase. Bacteroid proteins were sub-
jected to SDS-polyacrylamide gel electropho-
resis, transferred to nitrocellulose, and the pro-
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tein blots were incubated with a mixture of an-
tisera specific against nitrogenase components
I and II (20) and subsequently with *I-labeled
protein A to detect immune complexes. Figure
3 shows the result of such an analysis of pro-
teins from bacteroids of Fix* strain 107, with
a phenotype not different from that of the pa-
rental PRE Str", and from bacteroids of Fix~
mutant 2, at 16, 21, 24, and 29 days, respec-
tively, after inoculation. Strain 107 shows a
pattern of CI and CII synthesis similar to that
found for parental PRE Str" bacteroids, except
that root nodule development with the PRE
Str' strain is delayed in comparison with the
wild type PRE (20} and synthesis of CI and CI1I
components starts approximately three days
later: from 16 days after inoculation an in-
creasing amount of both CI « and B-subunits
and CII was observed. The lanes with proteins

inoculation
16 21 24 29

days after
16 21 24 29

Cll - oad

mutant 107 FIX * 2 FiX~

FIG. 3. Synthesis of nitrogenase components | and Il by R.
leguminosarum PRE::Tn5 mutants during symbiosis. Auto-
radiogram of a Weslern blot with bacteroid proteins isolated
by nodule fractionation at the times after inoculaticn indi-
cated, for a Fix* (107) and a Fix~ (2) representative. The blot
was incubated with a mixture of antisera specific against Gl
arid Cll and subsequently with '®3l-labeled protein A to vi-
sualize immune complexes. The positiens of Cle and @ and
Cll bands are marked. The amount of protein loaded per ge!
slot was approximately the same for all lanes.
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from bacteroids of 24- and 29-day-old nodules
show a smear of proteins reacting with antisera
specific against CI and CII, probably caused
by aggregation of Cl and CII proteins present
in large amounts, and perhaps augmented by
degradation of nitrogenase components in
older bacteroids. Similar results to strain 107
were obtained with bacteroids of mutants 3, 26,
and 73 (not shown). In contrast, bacteroids
from nodules induced by Fix~™ mutant 2 (and
also by mutants 5, 116A, and 6; not shown) did
not show production of CI subunits whereas
the synthesis of CII was greatly reduced.
These findings are in agreement with the lo-
calization of the Tn5 insertion outside the nif
DH region in mutants 3, 26, 73, and 107, and
within rif D or the DH intergenic region in the
Fix™ mutants 2, $, 116A, and 6. The fact that
a {polar) Tn5 mutation, as in strain 2, causes
the cessation of transcription of the genes
coding for Cla as well as CIB implies that these
genes probably form part of one transcription
unit and are thus contiguous on the genome.

Subcloning of R. leguminosarum PRE
Nitrogenase Genes and Expression in
E. coli Minicells

As shown in Fig. 1, clone A RleH]1 represents
a leftward extension with respect to the 6 kb
EcoRI fragment of pRB10 bearing #if H and
nif D gene sequences, as was deduced from
pRmR2 homology data and from the effects of
Tn5 mutations within this region. These latter
experiments suggested a contiguous ordering
of nif D and rif K. Therefore we expected the
gene K coding region to be located on the 0.5
kb and the following 5.0 kb EcoRI fragments,
both <loned in A RleH1 and directly adjacent
to nif D.

When the 0.5, 5.0, and 6.0 kb EcoRI frag-
ments were hybridized on Southern blots with
3p_labeled bacteroid RNA from 17-day-old
nodules (5), the right-hand Sall-EcoRI part of
the 5 kb fragment and the 0.5 kb EcoRI frag-
ment hybridizad roughly with the same inten-
sity as the 3.3 kb nif DH-specific EcoRI-Xhol
fragment (Fig. 4). This result indicates that this
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FIG. 4. Genetic organization of the structural nif-gene cluster of A, Jeguminosarum PRE. Restriction enzyme maps for the nif
K-specific pRleH17 insert (5 kb EcoRI fragment in vector pACYC184) and the nif DH-encoding pGB1 insert (6 kb EcoRl fragment
in vector pSUP201}, as well as tor deletion derivatives (A) of the last mentioned subcione (pGBS, pGBY, pGB11, pGB14), are
presented. The gencmic positions of pGB1 and pRIeH17 are also marked in Fig. 1. Arrows indicate transcriptional dirsctions
with respect to the £. coli vecter premoter; next higher even subclone numbers (pRIeH18, pGB2, pGB&, pGB10; not marked)
possess opposite insert orientations. Nif coding sequences are given by open bats, bacteroid 32P-mRNA hybridization intensities

by differentially shaded bars.

region is actively transcribed in nitrogenase-
synthesizing bacteroids, and strengthens the
conclusion that the 0.5 kb and/or 5 kb EcoRI
fragment contains nif K.

In order to establish definitely the position
of nif H, D, and K on the sym-plasmid DNA,
the 6 kb and 5 kb EcoRI fragments were sub-
cloned in the EcoRI site of plasmid pSUP201
(Ap*Cm"; clone pGB1) and pACYC 184
(Cm'Tc’; clone pRIeH17), respectively. In both
cases the fragment was cloned within the gene
coding for chloramphenicol acetyl transferase
(CAT) and thus downstream of the strong con-
stitutive CAT promoter, which allows for
expression of cloned genes if these are inserted
in the right orientation. The different cloned
fragments as well as deletion derivatives of the
pGBI insert are indicated in Fig. 4. Plasmids

pGB5 and 6 were constructed by deletion of
two Xhol fragments from pGB1 and 2, respec-
tively. Elimination of a Bglll-Xhol fragment
from pGB3J, filling in with DNA polymerase,
and blunt end ligation gave rise to pGB9. Clone
pGBI11 represents a deletion of a HindIII frag-
ment from pGBS, in which part of the vector
is also deleted; this implies that no inverted
orientation could be constructed in this case.
The same holds for pGB14, comprising re-
moval of the other part of the insert from
pGBé6.

The expression of these fragments was
studied in E. cofi DS410 minicells. Clones with
odd numbers (pGB1, pGBS5, pGB9, pGB11,
and pRleH17) have the inserted fragment in the
opposite orientation to that of the clone with
the next even number. The direction of tran-
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scription from the CAT promoter is indicated
by arrows. **8-labeled protein lysates derived
from E. coli DS410 minicells transformed by
different recombinant plasmids were either an-
alyzed directly by SDS-gel clectrophoresis
(Fig. 5A) or first treated with antiserum spe-
cific against CI or CII of nitrogenase, after
which the immunoprecipitates were analyzed
by gel electrophoresis (Fig. 5B and C, re-
spectively). With clone pRB10, no synthesis of
CI or ClI proteins or other Rhizobium specific
proteins could be detected in the minicells
(data not shown), This suggested that tran-
scription from possible promoters on the rhi-
zobial plasmid DNA does not take place in £.
coli minicells. Shorter fragments of pRBI1G,
with either #if DH, nif H, ot nif D homology,
if inserted behind the CAT promoter of
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FIG. 5. Production of immunoprecipitable nitrogenase com-
ponents in minicells. *$-labeled proteins synthesized in £.
coli DS410 by different recombinant plasmids of the R. fe-
guminosarum PRE structural nif region were either directly
subjected to polyacrylamide gel electropheresis (A), or after
previous incubation with antisera specific against Cl {(B) or
Cll (C), as indicated in Materials and Methods. Lane 1 rep-
resents minicells neot transformed by plasmid DNA; lane 2:
pSUP201; lane 3: pGB1; lane 4: pGB2; lane 5: pGBS5; lane 6:
pGB6: lane 7: pGBY; lane 8: pGB10; lane 9: pGB11; lane 10:
pGB14; lane 11: pACYC184; lane 12: pRIeH17; lane 13:
pRieH18; (zne 14: molecular weight markers. Positions of C|
{60 kD) and Cl (38 kD) bands are indicatec.

pSUP201, produced either CII {(pGB11) or Clx
(pGBY) or both (pGB 1 and 5) nitrogenase com-
ponents (compare Figs. 4 and 5, lanes 9, 7, 3,
5). Apparently, expression of nif H and D can
occur in minicells under the control of the
strong E. coli CAT promoter but from a Réhi-
zobium ribosome binding site on d hybrid
mRNA, The results of these experiments fur-
ther indicated that the direction of sense tran-
scription is from right to left in the order HD
as indicated by the arrows in Fig. 4. In the case
of opposite polarities only for pGB2 and pGB6
a low rate of synthesis of exclusively CII was
observed, suggesting weak activity of a Rhi-
zobium-specific promoter in front of aif H
within the E. coli minicell system. Plasmids
with the rhizobial DNA insert in the reverse
orientation with respect to the CAT promoter,
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pGB2, pGBé6, pGBI1¢, and pGB14, produced a
44 kD protein (Fig. 54, lanes 4, 6, 8, 10) which
was precipitated with the antisera against CI
and CII but also with preimmune serum. The
nature of this protein is unclear. In view of the
fact that the 44 kD protein was found with four
different clones, it seems probable that it arises
from the non-sense strand of the nif D region
because the four clones share the same 1.1 kb
EcoRI-Hind III fragment. We have not deter-
mined whether this protein is a Rhizobium gene
product or a fusion protein composed of vector
and insert information. From the results with
the different pGB clones it can be concluded
that nif H {CID) is located mainly on the 1.4 kb
Bglll-Xhol fragment and #if D (Cla) on the 1.1
kb EcoRI-HindIll fragment (see Fig. 4). The
intergenic tegion probably lies on the 0.8 kb
HindIII-Bglll fragment overlapping clones
pGB92 and pGBI1.

The position of »if K (coding for CIB) was
established by expression of the 5 kb EcoRI
fragment cloned in pRIeH17 (Fig. 4) in DS410
minicells, This 5 kb fragment produced in
minicells a polypeptide with the electrophoretic
mobility of CIR protein (Fig. 5A, lane 12},
which reacted specifically with anti-CI serum
(Fig. 5B, lane 12). Generally we observed that
nif K was expressed stronger than sif D and
nif H. We have no explanation for this. The
results of Southern hybridization experiments
with bacteroid RNA described in a preceding
section, indicating that the expressed part of
the pRIleH17 insert is iocalized within the right-
most 2.5 kb Sall-EcoRI fragment, suggest that
the position of the coding sequences of K with
respect to ID is as shown in Fig. 4.

However, it can not be excluded that the
“nif K product’ in minicells is actually a fu-
sion protein with fortuitously the same molec-
ular weight as CIB; this would mean that a
minor part of the nif K gene sequence lies on
the 0.5 kb EcoRl fragment. Lengths of the
structural nitrogenase genes given in Fig. 4
were deduced from protein molecular weights
and mRNA size determinations by Krol et al.
(10).

DISCUSSION

The results presented in this paper show that
in R. leguminosarum the structural genes for
nitrogenase, nif K, D, and H, are next to each
other on the sym-plasmid and probably consti-
tute a single operon. From collections of
cloned fragments of R. leguminosarum DNA
in the cosmid vector pLAFR1 and in phage A
EMBL3, clones were isolated with fragments
which showed sequence homology with R.
meliloti nif H and nif D genes. These fragments
were the starting point for a physical map of
the region of the sym-plasmid of R. legumino-
sarum containing #if H and »if D and their im-
mediate environment. By selecting overlapping
fragments from the clone banks, we have made
a physical map of a piece of 29.7 kb on which
aif D and nif H are located close to each other
on a 3.3 kb piece and which extends 14.3 kb to
the left and 12.1 kb to the right from the #if D
and H homologous region.

The functions encoded on the fragments
showing homology with, respectively, #if H
and nif D of R. melilori were established by
site-directed Tn5 mutagenesis and by transla-
tion of cloned fragments in £. coli DS410
minicells. We have used the homogenotization
procedure of Ruvkun and Ausubel (28) to in-
troduce Tn5 mutations in the potential #if D
gene of R. leguminosarum. We have compared
this method with the homogenotization tech-
nique recently described by Simon et al. (36),
which uses vector plasmid pSUP2(1 and E.
coli SM 10 for mobilization, but in our hands
this latter method gave high frequencies of
cointegrate formation instead of double ho-
mologous recombination and therefore was not
further used.

Four TnS mutants (nrs 2, 5, 116A, and 6) of
R. leguminosarum were obtained representing
two different Tn5 insertion sites in the plasmid
fragment bearing sequence homology with K.
melilori nif D. All these mutants were Nod™
Fix™, indicating that the relevant gene was
functionally involved in nitrogen fixation. Two
other Tn5 mutations (nrs 73 and 107) localized
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1.4 kb to the right of the »if DH region on the
sym-plasmid, were Nod™ Fix* and showed no
phenotypic aberration in symbiosis. Probably
this region does not carry functions essential
for the process of nitrogen fixation and its reg-
ulation. With either group of mutants, TnS in-
sertions had occurred, as far as detectable, at
identical positions in the sym-plasmid DNA.
Even though the number of Tn3 insertions we
have analysed so far is limited, the observed
preference for Tn3 insertion at certain sites in-
dicates hot spots for Tn5 rather than random
transposition.

R. leguminosarwm Tnd mutants 2, 5, 116A,
and 6 were defective in synthesizing both Cla
and CIB nitrogenase subunits, as was demon-
strated by analysing the proteins produced in
bacteroids from nodules induced by these mu-
tants. The fact that the synthesis of both Cla
and CIpR was affected by mutations in a single
gene indicates that the genes for Cla and CIR
probably form part of a single transcription
unit. The synthesis of CII in these mutants was
not stopped, but the amount synthesized was
decreased, suggesting that the CII synthesis is
not independent of Cla and CIp and may be
controlled by CI synthesis in some way. We
also searched for effects of these TnS muta-
tions in the Rhizobium genome on the syn-
thesis of plant-encoded nodulins. These results
will be published elsewhere by Bisseling et al.
(in preparation).

Translation of cloned fragments in E. coli
DS410 minicells allowed for the more accurate
mapping of aif H (coding for CI1) and »if D
(coding for Cle) and also of nif K (coding for
CIp). When relevant fragments were cloned
behind the strong CAT promoter of the expres-
sion vectors pSUP 201 or pACYC 184, the syn-
thesis of CII, Cla, and CIB could be detected
by SDS-gel electrophoresis of minicell extracts
and the identity of these proteins was con-
firmed by immunoprecipitation with specific
anti-CII and anti-Cl sera. For all fragments
tested (Fig. 4), synthesis of CI or CI1 compo-
nents in minicells was generally only detected
with the rhizobial DNA insert in one defined
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orientation with respect to the CAT promoter.
This proved that the symbiotic expression of
nif H, D, and K occurs by transcription from
right to left (see Fig. 4). A further indication
for the overall dependence of the expression of
these subclones in minicells on the presence of
the CAT promoter was the following. A dimin-
ishing distance between this CAT promoter and
the start of the respective coding regions had
a clearly stimulating effect on the level of pro-
tein synthesis (compare the intensities of the
Cla band in Fig. 5A and B for clones pGB1,
pGB3, and pGBY and of the CII band in Fig.
5A and C for clones pGB1 and pGB5).

A plausible explanation for this phenomenon
is that, for example, in the case of pGB1 with
a 6 kb insert, only a small fraction of the rel-
atively long hybrid transcripts required for CIL
and Cla synthesis would survive degradation
or premature polymerase stops caused by pos-
sible regulation.signals between the CAT pro-
moter and the start of gene H translation.

For clones pGB2 and pGRB6, representing
opposite insert polarities, a weak synthesis of
CII was detected; production of Cle or CIB,
on the contrary, was never observed with
clones possessing reversed insert orientations
with respect to the CAT promoter. This might
indicate that a promoter upstream of »if H is
recognized by E. coli RNA polymerase with
low efficiency. The mRNAs responsible for C1I
synthesis in pGB2 and pGB6 are apparently
produced at a low level and for unknown rea-
sons do not extend into #if D.

By direct electrophoresis of *°S-labeled
plasmid-encoded proteins synthesized in mini-
cells, the Clo equivalent is easily discernable
in pGB5 and pGB9 (Fig. 5A, lanes 5 and 7),
while CII protein is hardly distinguishable from
the background. This might be due to differ-
ential ¥S-methionine incorporation or possibly
refiect a different translational efficiency from
both rhizobial ribosome binding sites in E. coli.
In conclusion, it can be said that the translation
signals on the rhizobial RNA transcripis are
faithfully recognized by the E. coli protein syn-
thesizing machinery. The best demonstration
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of this was the synthesis of both CII and Cla
from one insert, as in pGBI1 and pGBS5. This
appears to be in contrast to the results on the
expression of nif H, D, and K from R. meliloti
in E. coli minicells, as reported by Pihler et
al, (14). From pRmR2, containing nif H and a
large part of nif D, exclusively CII expression
{a double band of 30 and 31 kD) was obtained
starting from the CAT promoter; weak expres-
sion was also found when the insert had the
opposite orientation. When we repeated this
experiment (result not shown), essentiatly the
same was concluded, except that on immuno-
precipitation of the pRmR2 products with our
R. leguminosarum C11 antiserum only one
band was visible, with a computed molecular
weight value of 39 kD, For R. meliloti, so far,
nif D and K expression in minicells was only
observed in recombinant constructions al-
lowing synthesis of fusion proteins. With R.
Japonicum cloned fragments, on the other
hand, as we found for R. leguminosarum, com-
plete nif D and K products can be synthesized
in minicells from rhizobial ribosome binding
sites on hybrid messengers (17).

With none of the inserts we have studied
have we obtained evidence for a fusion protein
consisting of a part of the CAT protein and CI
or CII proteins. In all cases, Cle, CIB, and CIL
produced for different clones in minicells
showed the same mobility upon SDS-gel elec-
trophoresis as the purified Cla, CIB, or Cil
components. Moreover, with none of the
clones did we encounter truncated proteins re-
suiting from reading frame shifts, as would be
expected for fusion proteins.

The synthesis of both CII and Cla from
pGB1 and pGBS5 inserts indicated that these
proteins are translated in minicells from a
polycistronic mRNA. It appears plausible that
this will also be true in R. leguminosarum, in-
dicating that CII and CI are transcribed from
a single operon. As stated above, this conclu-
s1on is corroborated by the effect of a Tn3 in-
sertion in nif D, which resulted in the blocking
of CIB (nif K product) synthesis in vivo.

The only direct evidence for the position of
nif K on the sym-plasmid DNA was from the

minicell experiments. Nif K was definitely
proven to be located on the pRleH17 insert (see
Fig. 4) but its accurate position within this frag-
ment has not yet been determined. Based on
the following arguments, we assume that rif K
is adjacent to #if D. The expression of nif K in
minicells was strong when the pRleH17 insert
was downstream from the CAT promoter. As
the level of expression of nif H and nif D was
higher when the distance between the CAT
promoter and the starting point of the coding
sequence was shorter, we assume that the start
of nif K is close to the CAT promoter in
pRleH17. Furthermore, RNA-DNA hybridiza-
tion studies with bacteroid RNA showed that
the right Sall-EcoRI fragment of pRleH17 but
not the left part is expressed in bacteroids to
an c¢xtent comparable to nif D and nif H. An
intriguing question remains whether the 0.5 kb
fragment assumed to represent the intergenic
region between nif D and K will be essential
for combined synthesis of all three nitrogenase
components in minicells. In conclusion, the
structural gencs for nitrogenase appear to be
contiguous on the sym-plasmid of R. legumi-
nosarum. The structural organization of aif K,
D, and H is similar to that in K. pneumoniae
and R. meliloti, but differs from that of R. ja-
ponicum, R. phaseoli, and Anabaena., There
are good reasons to assume that nif H, D, and
K constitute a single operon. This is in agree-
ment with our eariier conclusion based on the
size of RNA isolated from bacteroids, hybrid-
izing with rif probes (10). In earlier reports it
has been shown that in R. leguminosarum bag-
teroids the synthesis of Cl and CII varies, and
that during early developmental stages of root
nodule development, synthesis of CI is in ex-
cess over CII, whereas this ratio is reversed at
later stages (20). From our present results we
cannot yvet conclude whether this differential
synthesis of CI and CII in vive might be con-
trolled at the level of transcription or transla-
tion.
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Summary. A nif regulatory genc in R, feguminosariin PRE
wis identified by interspecies DNA hybridization and site-
directed Tnd mutagenesis. Significant homelogy wis feund
with the K. previonive pifd locus. a Romelilons symbiotic
regulitory gene and E. cofi ntrC: TS insertions within this
aifA gene inhibit the expression of the #if HDK operon.
encoding synthesis ol the nitrogenase polypeptides.

Speciflic DNA hybridization alse was detected between
a downstream adjuacent part of the PRE sy plasmid and
the R. fegumtinasarinr 248 fixZ gene, a homologue of the
K. pnewmonige nif8 locus. To detect further fix genes we
investigated a region of the syar plasmid which is localized
within a short distance upstream from the #if4 gene and
1s transcribed selectively at a high rate during symbiosis.
This approach revealed the existence of a fiv cluster in
which TnS-mutations cause a Fix  phenotype although
wild-type levels of nitropenase syathesis were deiectable.
In a sia plasmud Mragment, which 1s immediately upstream
adjacent o the wif4 locus and only moderitely expressed
in Rhizobiwin bucteroids. a second fix gene conlerring the
same symbiotic phenotype wus detected.

Intreduction

The penes that enable fast growiag Rhizobiven specics to
establish a nitrogen-tiang symbiosis with leguminous plants
are located on large. low copy number plasmids (svm plas-
mids). Among such svar genes are those required for initia-
tion of nodule development (rod genes) and genes involved
in nitrogen fixation {/ix genes): some of these (aff genes)
have a Klebsielle pretanonive homologue, like the structural
genes for nitrogenase (#if Kf{ ). In the symbiosis Riizobium
bacteria penetrate inte cells of the root nodules, where they
occur as bacteroids, surrounded by a host-derived mem-
brane. and differentiate into the nitrogen-fixing state char-
acterized by the presence of nitrogenase. The sim genes
are not expressed in free-living bacteria. but solely in the
interaction with the host plant as the root nodule develops
(Krol et al. 1980; Kondorosi et al. 1984). The regulation
of the expression of the syn genes. their temporal coordina-
tion and the signals invelved are siill poorly undersiood.

Ofiprint reguests te: R.MP. Schelgens

The only sy genes that have been studied e great detail
so far are the structural genes (nif KD for nitrogenase.
Coneerning the regulation of the aif (KD genes in Rbizo-
Aiwm much has been deduced by comparison with the well-
studied regulation of wif genes in Kichsiella. In K. picumo-
pigee the nif K DI operen is located on Lhe chromosoms with-
in a cluster of 17 #if genes organized in 7 or 8 transcription
units. One of these operons, #iflLA. codes for regulatery
proteins and nif4 is involved in the activation of all other
nif operons (sce Roberts and Brill 1951 ; Ausubel et al, 1982
and Ausubel 1984 for reviews). Recently it kas been found
that the mifKDH genes of R meliferi are under the direct
positive control of a transcriptional activator, which has
both functional and structural homology with K. prewnio-
mige nif4 (Zimmerman ot al. 1983 Szeto etal. §984;
Buikema and Ausubel 1984 Weber et al. 1984).

Here we report on the wentification and phenotypic
characterization of a genc cluster on the swn plasmid of
R. feguminosariom PRE. In this Rhizobiton the sim genes
are on a 350 kb plasmid (Krol et al. 1982). Previously we
reported the functional characterization of the structural
nif genes on this plasmid (van den Bos et al. 1983, Schetgens
ctal. 1984). From a siwn plasmid library in 2EMBL3 we
have isolated a clone which hybridized strengly with RNA
solated from bacteroids und in addition showed DNA ho-
mology with cloned ajff. 4 genes of K. preumoniae. We used
site-directed TnS mutagenesis to identify sy genes and
found a region conlaining a regulatory sif A geng in addition
1o two gene clusters producing a Fix - MNil HDK © pheno-
type upen multation. Recently Downic el al. (1983a: Rossen
et al. 1984) similarly found evidence for a #jf4 genein R le-
guminosarum 248,

Marterials and methods

Micrahiofogical technigues. The strains of R. leguminosarum
and Escherichia coli, 2 phages and plasmids used are listed
in Table 1. Med:a, concentrations of antibiotics and growth
conditions were as described by Schetgens et al. (1984).

Clone banks of purified R. feguminoserum PRE svm
plasmid DNA digested with EcoRI or BamHI in phage
AEMBL3 (also described earlier by the same authors) have
been screened to isolate relevant fragments.




Table 1. Bacterial strains, plasmids and bacteriophage
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Designation Relevant character/genotype

Reference;source

Bacterial sirains

R legumiosarun PRE
PRF Su’

Wild type

£ coli HB101
hsdM recdild i

MM294 endol hsd R fisd M pro

Q358 R,” M, " Sm,' 80 R

Q359 R, M," Su, 30 R P2

NS387 a lysogenic strain of Ab211 rex:: Tn3 ¢1857 with a chromosomal Tns
Bacteriophage
~EMBL3 4 1059-derived cloning vector
Plasmidy
pBRI22 Ap'Te
pACYC184 Cm'Ter
pRK29%0 Tef: conjugative broad host range plasmid
pRK2M3 Nm': complements {ra gencs of pRK290 in conjugations
pPH1 G, incompatible with pRK290
pGR102 K. pneipnoniae mif QBALFM genes cloned in pMBY
pRmB3.8H R, melilori symbiotic regulatory gene cloned in pBR322
pGIns3y F.coli ntrCigaG clone
pHI128O R Aegaminosarmn 248 pRLJIL fixZ gene cloned in pK'T 230

Streptomycin and acriflavin resistance
F™ louB6 proAl thi-1 lacZ4 supFad ton A1 rps L fisdR

Licetal. {1979)
Lic et al. (1979)

Ruvkun and Ausubel (1981)

Ruvkun and Ausubel {1981)
Karn et al_ (1980}

Karn ct al. (1980

from A. Krol, Amsterdam

Karn ¢t al. (1980)

Bolivar et al. (1977

Chang and Cohen {1978)
Ditta et al. (1980)

Figurski und Helinski (1979)
Beringer cual. (1978}

Riedel el al. (1979)

Szeto et al. {1984)

Szeto et al. (1984)

Rossen ct al. (1984}

DNA methodology. Tsolation of R, leguininesarim genomic
or sy plasmid and E. eoii plasmid DNA, restriction endo-
nuclease digestion, aparose gel electrophoresis, fragment
elution, nick translatien, Southern blot hybridization (rou-
tinely carried out a1 65° C in 6 x SSC for 15-19 h}, ligation
and E. coli transformation have been described by Schet-
gens et al. (1984).

Preparation and labeling of bacteroid RNA. Total bacteroid
RNA isolated from 17-day-old nodules was 3’-end labeled
in vitro with T4 polynucleotide kinase {Krol et al. 1930}
and subsequently used for screening the R. feguminosarum
sym plasmid clone bank in phage EMBL3 by plaque hybrid-
ization {Karn et al. 1980; Maniatis et al. 1982) ar for prob-
ing Southern blots.

Transposon muiagenesis. Sym plasmid DNA  [ragments
cloned in vector pACYC184 (Chang and Cohen 1978) were
transformed into E. cofi TnS donor strain N5387. Single
colonies werg inoculated independently in LB medium con-
taining 20 pg/m! kanamycin and after 15 h incubation at
37° C these culiures were 100-fold diluted in LB containing
250 pg/m! kanamycin.

After growth 1o stationary phase, plasmid DNA was
isclated and transformed into E. cofi HB101. Plasmid prep-
arations fromn kanamycin-resistant transformants were ana-
lyscd by restriction enzyme digestions to map the positicns
of Tnd insertions. Transposon mutagenized insert frag-
ments were religated into vector pRK 290 (Ditia et al. 1980)
and transformed into E. cofi MM294. Marker exchange
with R. fegiminosarum DNA was achieved in conjugation
experiments according to Ruvkun and Ausubel (1981) by
double homologous recombination.

Analvsis of bacteroid proteins. From pea nodules induced
by R. legiminosarum wild type or TnS-mutagenized strains,
bacteroids were iselated and analyzed for the synthesis of
nitrogenase polypeptides by immunological identification
as described (Schetgens et al, 1984).

In vitro assay of nitrogenuse aclivity in permeable bacteroids.
For preparations of in vitro nitrogen fixing bacteroid sus-
pensions all assay mixtures and solutions were made anae-
robic before use by evacuation and flushing with argon.
Nodulated main root segments (derived from fifty 17-day-
old pea plants) were homogenized in 20 ml isolation buffer
containing 50 mM TES (N-tris [hydroxymethyl) methyl-2-
aminoethane sulfonic acid)/NaOH, pH 7.4, 30 mM D{+)-
glucose, 440 mM sucrose, 9.15% {w/v) dithicthreitol, 4%
{wjv) polyvinylpyrrolidone. 1 mgfml glucose-oxidase
(Boehringer, Mannheim, FRG grade [IF) and filtered
through Miracloth (Calbiochem, Los Angeles, USA); bac-
teroids were pelleted by centrifugation (5 min, 5.000 rpm.
4° C). The pellet was washed in 10 m! washing buffer con-
taining 50 mM TES/NaOH, pH 7.4, 50 mM D(+ )-gluccse.
440 mM sucrose, 1% (w;v) bovine serum albumin {facty
acid free) and suspended in 1.0 ml of the latter medium
at 0° C in an anacrobic vial.

To measure the nitrogenase activity of intact bacteroids
in an ATP-regencrating system, to 100 p] assay buffer, con-
sisting of 50 mM HEPES (N-2 hydroxyethyl piperazine N’-
2-ethane sulfonic acid)/KOH, pH 7.0, 10 mM ATP, 15 mM
MgCl,, 10 mM creatine phosphate, 0.3 mg/ml creatine ki-
nase (Boehringer) und 1 mg/ml bovine serum albumin were
added 50 pl of 0.2 M sodium dithionite (as an electron do-
nor) in 25 mM Tris/HCl, pH 7.5, 5pl cetyltrimethylam-
monium bromide (CTAB; te render cell walls permeable)
and 50 ul of the anaercbic bacteroid suspension and the
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fina! volume was made up to 500 pl with H,O; volumes
of CTAB and bacteroid suspensions were varied to optimize
acetylene reduction.

The gas phase was made up to 20% acetylene (purified
by storage over a Fieser solution: Braaksma etal. 1982)
and the assay mixture was incubated at 30° C under shak-
ing; subsequently ethylene production was measured by gas
chromatography {Haaker and Wassink 1984; Braaksma
et ai. 1982).

Cell-free extracts were prepared by sonicaling bacte-
roids in washing buffer under argon. followed by centrifu-
gation (10 min 25,000 x g), and subsequently used under
standard assay conditions to test in vitro complementation
with optimum levels of separately purified Azotobacier rive-
landii nitrogenase proteins (Haaker and Wassink 1984;
Braaksma et al. 1982).

Results

Clene banks of R. leguminosarin PRE syar plasmid DNA
consisting of EcoRI or BamH] [ragments in phage AEMBL3
were screened by hybridization with *2P-labeled RNA iso-
lated from bacteroids of 17-day-old nodules, to select genes
that are expressed in nitrogen-fixing root nodules. Among
the dilferent recombinant phages hybridizing with the bac-
teroid RNA we describe here the further characterization
of clone 4RleH6 as the siwr plasmid DNA contained in
this phage also hybridized with cloned Iragments carrying
K. pnewnoniage nif LA genes.

By hybridizing Southern blots of restriction digests of
ARleH6 DNA with *?P-labeled bacteroid RNA the major
part of the 16.15 kb s1m pilasmid fragment showed only
weak to medium hybridization (Fig. 1A, lanes 1 and 2),
definitely not representing background, but implying that
this region contains gene(s) that are moderately expressed
during symbiosis. A 2.20 kb Hindill-Sa/l fragment, ob-
tained by EceRI1-HindIll-Sall-digestion in this case. pro-
duced a very strong hybridization signal (Fig. 1A, lanc 3)
of approximately the same intensity as that observed for
the nif HDK genes (not shown; see Schetgens et al. 1984},
The differential hybridization of the restriction fragments
is indicated in the map of ARleH6 in Fig. 2. Presumably
much more RNA transcribed from (the) gene(s) contained
in the 2.20 kb HindI11-Saft fragment 1s accumulated in the
bacteroid RNA than from those in the 13.55 kb region on
the left of this fragment.

Southern blots of restriction enzyme fragments of
ARleHé were hybridized using a nick-translated 3.30 kb
K. pneumonice Smal-DNA fragmenl from pGR102 (Riedel
et al. 1979), containing rifd and parts of the #ifB and nifL
sequences, as a probe (Fig. 1B, lanes 2-4), We were able
to localize a cross hybridizing region on the Rhizobium sym
plasmid within a 3.30 kb BamH1 {fragment (see also Fig. 2).
Thus region lies about 1.25 kb left of the strongly tran-
scribed area mentioned earlier. Screening EcoRI or BamHI-
digested chromosomal and purified sy plasmid DNA from
PRE with the same probe revealed that this #ifd homole-
gous region is presenl as one unique copy (Fig. 1 B, lanes 1
and 5). Likewise we found that the 3.30 kb BumHI sym
plasmid fragment of ZRleH6 hybridized with the cloned
fragment of pRmB3.8H from R. melileti (Szeto et al. 1984)
containing a »if regulatory gene {data not shown).

It has been reported that the E. cofi rirC gene can sub-
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Fig. 1 A, B. Hybridization of 3?P-labeled bacteroid RNA (A) and
K. pretmoniae nif 4 probe (B) with the R. leguminoserum PRE svmn
plasmid region cloned in iRIcH6. Agarose gel patlerns are given
in the left pancls and Seuthern blot hybridizations on the right
hand. Sizes of relevant fragments arc indicated in kb, A Hybridiza-
tion of 5-¢nd-labeled total bacteroid RNA, isotated from 17-day-
old nodules, with different restriction endonucicase digests of
ARleH6 DNA. Lane 1: EcoRI; lanc 2: EcoR1+ HadlIT; lune 3:
FeoRl (R)+ Hindl [ (H) + SaT(8); lanc 4: EcoRI + Safl. B Hybri-
dization of a nick-translated 3.30 kb K. prreumoniae Smal fragment
containing the »if4 gene with digests of sym plasmid DNA and
AiRleH6. Lane 1: symr plasmid £coRL: lane 2: ZRieH6 EcoRI;
lane 3; ARleHO EcoRI(R)Y+ BamHI(B); lane 4: iRleH6 BamHI;
lane 5: sym plastd BumHI

stitute for K. prewmoniae nifA in nif promoter activation
(Merrick 1983; Sundaresan et al. 1983; Szeto et al. 1984).
Using a 2.00kb FEroRI-HindIIl fragment from clone
pGInS3Y (Szeto et al. 1984) containing £, coli nerC se-
gquences we similarly found hybridization with the 3.30 kb
BamHlI fragment of the R. leguminesarum PRE sym plas-
mid (data not shown).
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These cbservations on the DNA sequence homology
between the 3.30 kb BamHI fragment and K. preumoniae
nif A, R. meliloti njf regulatory gene and E. coli mirC respec-
tively strongly suggest that this piece of the sym plasmid
of R. leguminosarum PRE contains aif regulatory genes.

Recently Rossen et al. (1984) localized a fixZ gene in
R. leguminosarum 248 that is homologous to K. preumoniae
rif B at the nuclectide sequence level as well as 2l the level
of the amino acid sequence of the polypeptide encoded by
this gene. Hybridization of a Southern blot of an EcoRI
restriction ¢nzyme digest of ARleH6 DNA with a nick-
translated 2.00 kb Ss/I fragment from pll1286 containing
the coding region of fixZ (Rossen et al. 1984) showed ho-
mology with both the 1.85 kb and 8.70 kb EcoRI fragments
(result not shewn). This indicates that adjacent to the left
of the nif4 homologous region on the 3.30 kb BamHI frag-
ment, overlapping the border of the 1.85 kg and 8.70 kb
EcoRI fragments, a gene homologous Lo #ifB in K. preu-
moniae and fixZ in R, leguminosarum 248 may be found
(s¢e Fig. 2).

Site-directed TnS mutagenesis

For identifying possible symbiotic functions in the regions
of ARIeH6 characterized by the hybridizations with bacte-
roid RNA and different DNA probes we used site-directed
TnS mutagenesis of the 1.85 and 5.60 kb EcoRI fragments
(Fig. 2). We followed essentially the procedure developed
by Ruvkun and Ausubel (1981) for mutating a cloned frag-
ment in E. roii and subsequently exchanging this TnS-muta-
genized fragment against the wild-type R. leguminosarum
PRE gene. With two TnJ5 insertions located 0.1 kb and
0.2 kb respectively from the lefthand border of the 1.85 kb
EcoRI fragment the substitution into the wild-type Rhizo-
hium genome by double-homologous recombination was
not successful, probably because the stretch of homaologous

sequence on one side of the transposon was not long
enough. The 12 TnJ insertions that were finally obtained
in different positions are indicated in Fig. 2. The Tn5 inser-
tions 13 and 14 had occurred at an identical position but
with opposite orientations of Lhe transposon.

Svmithiotic penes in the A RleH6 region of the
R. leguminosarum PRE sym plasmid

All 12 PRE:: Tn3 mutants normally induced the formation
of root nodules upon inoculation of pea seeds and showed
therefore 2 Nod™* phenotype. Measurement of acetylene
reduction activities of the intact nodulated plants showed
that three mutants (3. 4, and 11) were Nod " Fix* whereas
the remaining nine were Nod * Fix .

The Fix~ mutants correspond to two different clusters
of Tn3 insertions separated by a Tn) insertion producing
a Nod*Fix ¥ phenotype. The Nod *Fix™ mutants induced
the formation of root nodules quite comparable to those
induced by the nifD::Tn5 mutants described in previous
papers (van den Bos et al. 1983; Schetgens el s}. 1984), The
nodules were relatively small and were found mostly on
the lateral roots; at an early developmental stage the nod-
ules looked pink, but they rapidly turned pale or green;
the shape of the bactercids in the nodules did not visibly
differ from that of the wild type.

The Fix~ mutants were characterized further by analyz-
ing the corresponding bacteroids for the occurrence of C1
and Cl1 components of nitrogenase. Figure 3 shows a West-
ern blot of bactercid proteins incubated with a mixture
of antisera specific against components CI and CII and
subsequently with ‘?*I-protein A to detect immune com-
plexes (Bisseling et al. 1980). The result indicates that the
bacteroids of Fix™ mutants 8, 9, 10, 12, 13 and 14 produce
approximately wild-type amounts of the nif KDH polypep-
tides, whereas no #ifKDH polypeptides were found in mu-
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Fig. 3. Synthesis ol nitrogenase compenents | and Il by R. fegtamini-
oserum PRE::TnS mutants during symbiosis. An autoradiogram
of a Western blot with bacteroid proteins isolated by nodule frac-
tienation at the indicated numbcer of days after inoculation. A
representative of cach of the different phenotypic groups of mu-
tants is shown {see also Fig. 2). The positions of Cl and C1I protein
bands are marked. The amount of protein loaded per gel slot was
approximalely the same for all lancs

tants 5, 6 and 7 (see also Fig. 2). The second panel in Fig. 3,
representing these mutants 5, 6 and 7, apart from the ab-
sence of nitrogenase components 1 and II, also shows no
background bands (as visible in the other panels); this is
not unexpected because these ™ background ™ reactions orig-
inate from the presence of aggregation/degradation prod-
ucts of CI and CII in our bacterotd protein preparations
(see also Schetgens et al. 1984).

These results imply that there are at least three different
genetic units in this 7.45 kb fragment of the sym plasmid.
The Tn5 insertions 5, 6 and 7 are in the region with DNA
sequence homology to aif regulatory genes from K. pneu-
montiae and R. meliioti and confer a Nod Fix ™ Nif KDH ™
phenotype on R. leguminasarum PRE as expected for a mu-
tation in a #if regulatory gene. We shall further refer to
this region as the nifd region of PRE. Further evidence
for a nifA gene in this part of the PRE symr plasmid was
obtained from hybridization experiments with the mif-regu-
tatory gene of R. melilot.

From a plasmid containing Tn3 insertion no 6 (see
Fig. 2) a 3 kb BamHI-EcoRI fragment consisting of the
rightmost 0.35 kb of the 1.85kb FcoRI fragment of
ARIcH6, encompassing & central region of the PRE nifA
gene, and 2.65 kb of the Tn3 sequence was isolated. When
this fragment was used as a probe in hybridizing a Southern
blot containing an EcoRI-BamHI dipest of the R. meliloti
pRmMR3.8H clone, strong hybridization was found with the
0.9 kb fragment derived from the middle part of the coding
sequence of the R. melilori nif regulatory gene (Szeto et al.
1984) {data not shown).

Contiguous to the nif4 gene on the PRE sy plasmid
is a fix gene identified by the phenotype of the mutants
with TnJ inserticns 8, 9, and 10 respectively, which is mod-
erately expressed in bacteroids. The Tn3 insertions 12, 13
and 14 define another region with one or more fix genes,
which are strongly expressed during symbiosis.

In vitre nitrogenase activity

The PRE mutants with Tn$ insertions at positions 8, 9
or 10, and 12, 13 or 14 are unable to fix nitrogen but

produce the CY and CH polypeptides of nitrogenase in ap-
proximately normal amounts. We made an attempt at de-
fining the possible defects in the nitrogen fixation process
by testing in vitro the nitrogenase aclivitics of the mutant
bacteroids. The nitrogenase activity (acetylene reduction)
of R. leguminosarum PRE bacteroids was measured in the
assay system described by Haaker and Wassink {1984). In
this system bacteroids isolated under anaerobic conditions
are rendered permeable to small molecules by treatment
with CTAB. The nitrogenase activity confined 10 the bacter-
oids can then be measured in an incubation mixture with
an ATP-regenerating system and dithionite as (nonphysio-
logical) electron-denor,

The PRE mutants with Tn$ insertions 8, 9, 10 and 12,
13, or 14 did not show nitrogenase activity under such con-
ditions, whereas wild-type bacteroids and PRE mutants
with insertions 3, 4, and 11 (all Fix™ Nif KDH*) showed
normal nitrogen fixing activity. This result indicates that
the defect in nitrogen fixation of the TnS mutants is not
due te the lack of an electron donor, but may be due to
a defect in nitrogenase itself. Haaker (personal communica-
tion) has shown that R. leguminosarum nitrogenase compo-
nent I can be complemented in vitro with Azotobacter rine-
landii component 11 (Av2) to produce an active nitrogenase
complex. Similarly nitrogenase component 1 of A. vinelandii
(Av1) can be complemented with purified component [l
of R. leguminosarum.

Therefore we added to anacrobic cell-free extracts of
Fix "Nif HDK ™ bacteroids either purified Avl or Av2 to
see if complementation occurred. [n neither case, however,
could acetylene reduction be measured. When as a control
both Avi and Av2 were added to the bacteroid extract
nermal ethylene production was observed, indicating that
the system did not contain substances inhibitory to the ni-
trogenase reaction. From these results it can be concluded
that both rhizobial nitrogenase components I and Il arc
inactive in bacteroids of Fix™ Nif HDK ™ mutants with
TnS5 insertions in the positions 8-1¢ or 12-14, even though
the nif HDK polypeptides are present.

Discussion

The results presented in this paper provide evidence for
a nif regulatory gene in the sym plasmid of R. legumino-
sarum PRE analogous to nifd in K. prewmoniae {Dixon
¢t al. 1980; Buchanan-Wollaston et al. 1981} and in R. meli-
losi (Szeto et al. 1984). A 16 kb fragment of sym plasmid
DINA cloned in ARleH6 contains a 3.30 kb BamHI frag-
ment that specifically hybridizes with K. prewmoniae nifA
and a R. melilori regulatory gene. By site-directed TnS mu-
tagenesis we demonstrated that TnS inserticns in a stretch
of approximately 1.45 kb within this fragment produced
mutants which formed nodules that did not accumulate
detectable amounts of #if HDK polypeptides. Because these
Tn35 insertions are in the region with #if4 sequence homolo-
gy we refer to this af regulatory genc on the sym plasmid
as the R. feguminosarum PRE nif4 gene. As in R, meliloti
the PRE nif-4 also showed sequence homology with the
E. coli ntrC gene, which plays a key role in the control
of nitrogen assimiation in this organism (Merrick 1983;
Sundaresan et al. 1982). Recently a similar nif4 gene has
been identified on the 220 kb sym-plasmid of R. legumino-
sarum 248 (Downic et al. 1983 b; Rossen et al. 1984).



Closely linked to the R. feguminosarum PRE nif A gene
are on one side a gene with DNA sequence homolegy with
R leguminosarum 248 fixZ, which is similar to K. preumon-
fae nif8 in nuclectide and amine acid sequence (Rossen
ct al. 1984), and at the other side two other fix genes. These
newly detected fix clusters of as yet unknown function result
in a Fix~ Nif HDK ' phenotype when mutagenized. One
of these fix genes hybridizes intensely with bactercid RNA,
which observation strengthens our hypothesis that the
products encoded by highly expressed regions of the spm
plasmid play an essential role in symbiosis.

From an anacrobic in vitro nitrogenase assay and in
vitro complementation studies with purified nitrogenase
compenents from A. inelandii, we conclude that both ni-
trogenase components are inactive in the two types of Fix~
Nif HDK * bacteroids. In K. preumoniae no nif genes except
nif A and mif i are known which, if switched off, effect the
inactivation of components 1 and II at the same tme. ‘We
still presume that onc of the defined Kiehsiella nif gene
functions like modification or processing of the nilrogenase
components 1 (wif V. N, E, B) or II {nif M and §) and
electron transport (nifF and J) (Roberts and Brill 1981}
might be assigned to these PRE jix genes. Inactivation of
both nitrogenase cemponents could have emerged then as
a secondary effect: the impossibility of forming a functicnal
enzyme complex might lead to & nonoptimal oxygen tension
within the plant cell, resulting in damage to the nitrogenase
polypeptides.

We have not yet found physical linkage between the
16 kb of PRE sym plasmid DNA cloned in ZRleH6, on
which the nif regulatory nif4 genc and at least three other
Jfix genes have been identified, a 6 kb fragment involved
in nedulation and a 75 kb region surrounding the #iff HDK
operon, including fragments that arc expressed significantly
during bactercid development and which could be corre-
lated with several sym genes (Schetgens et al., unpublished
results). In R. leguminosarn 243, on the contrary, the
nif HDK genes and a seccond fix clusier containing fixZ
(rif B) und fix ¥V (mifA) are only 27 kb apart with an interven-
ing #ed region (Ma et al. 1982; Downie et al. 19832, b).
In R melifoti s1m genes are also more clustered than in
R leguminosarium PRE: in this species two Fix™ Nif
HDK “—clusters are located at 1.4 and 7.0 kb respectively
upstream of the nffHf promoter and the #ff regulatory gene
has an intermediate position (Zimmerman et al. 1983); the
nod region liss within a distance of 30.0 kb leftward from
the nifK locus (Long ct al. 1982; Kondorosi ctal. 1984).
This implies that substantial differences exist among these
organisms in the physical organization of the respeclive sym
plasmids, R. feguminosarum PRE showing larger distances
between different sy gene clusters.
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Chapter IV
Protein encoding properties of a Rhizobium leguminosarum PRE
fix gene cluster including the regulatory nif A locus

SUMMARY

Proteins encoded by the R, lepuminosarum PRE regulatory nifA gene and

an adjacent fix gene cluster were analysed by expression of sym
plasmid fragments and transposon Tn5 contalning derivatives in
Escherichia coli minicells. The glﬁA hoemologue encodes a 59 kD protein
while the adjacent coding units produce 23, 29, 42 and 50 kD
polypeptides respectively. The genetic organization of this region in
FRE resembles that in R.meililoti in which the fixABC, nifA and nifB
genes were identified.

Remarkably the rhizobial promoter upstream of the 23 kD gene is

efficiently recognized by E.coli RNA polymerase. Possibly one or more

weak endogenocus promoters, which are not active in E.coli, might be
preceding the coding units localized distally to the 23 kD gene. In
vivo complementation of TnS mutagenized Rhizobium nifA by the

Klebsiella pneumoniae nif A protein was not detectable.

INTRODUCTION

Nitrogen fixation in legume root nodules is the result of the
concerted action of Rhizobium bacteria and a leguminous plant, in
which a number of specific genes both in the bacteria and in the host
plant are invelved. In fast-growing rhizobia essential symblotic (sym)
genes are located on large plasmids and can be divided into different
groups. The genes necessary for nodule development are in the
nodulation (nod) region (Kondorosi et al. 1984); two other groups of
genes are involved in the nitrogen fixation process and are
distinguished as nif genes and fix genes. The nif genes comprise the
nitrogenase operon and other homologues of the nif genes of Klebsiella

pneunoniae (Dixon, 1984), whereas the fix genes are also involved in
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the establishment of symbiotic nitrogen fixation but have no known
functional equivalent in Klebsiella.

Evolutionary conservation of the structural nitrogenase genes (nif
HDK) amonhg all nitrogen-fixing organisms is well-documented (Ruvkun
and Ausubel, 1980; Ausubel et al. 1982}. DNA sequence homology with
the K. pneumcniae regulatory nifA gene (involved in nif gene
activation) and nif B (invelved in FeMo-cofactor synthesis) has been
shown to exist for R. meliloti 1021 (Szeto et al. 1984; Buikema et al.
1985; Weber et al. 1985), Bradyrhizobium japonicum 110 (Adams et al.

1984;: Fischer et al. 1985}, R. leguminosarum 248 (Rossen et al. 1984)

and R. leguminosarum PRE (Schetgens et al. 1985a).

In the case of R. meliloti and R. leguminosarum PRE besides nifa

homology at the DNA level also functional homology with Klebsiella
nifA has been shown (Szeto et al. 1984; Schetgens et al. 1983).
Additional evidence for a nifA-like system positively regulating nif-
gene expression in Rhizobium is that a consensus seguence for
K.pneumoniae nif promoters (Beynon et al. 1983) appears to be
conserved within the majority of rhizobial nif-promoters {Better et
al. 1983; Sundaresan et al. 1983; Ausubel 1984).

Furthermore the R.meliloti nifHDK promoter and another symbiotic
promoter (P2) were shown to be efficiently derepressed by the
K.pneumoniae nifA protein in E.coli (Sundaresan et al., 1883, Piihler
et al., 1983; Better et al., 1985) or in broth-cultured Rhizobium
(Szeto et al., 1984).

Previously we have reported on the identification and phenotypical

characterization of a cluster of fix genes from R.]leguminosarum PRE,

cloned in the recombinant phage ARleH6 (Schetgens et al., 1985a}. The
insert of this ARleH6 contains a regulatory nifA gene identified by
homology with a K.pneumoniae nifA probe, while TnuS insertions within

this region resulted in a Pix~ NifHDK™Phenotype (i.e. absence of
nitrogenase pelypeptides). Immediately downstream from the nifA region

specific hybridization was detected with the R.leguminosarum 248 fixZ
gene, & homologue of the K.pneumoniae nifB locus (Rossen et al.,
1984). Upstream of the nifA gene two Fix™ Nif HDK* clusters were
found, one of which is actively transcribed during symbiosis whereas
the other cluster was only moderately expressed.

In this paper we ceport on the mapping of protein coding regions in a
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cluster of fix genes including nifA in R. leguminosarum PRE by

expression of the relevant DNA fragments in E,coli minicells.
Molecular weights of the encoded gene products as well as the
localization and trampscripticonal direction of different operons have
been determined. The genomic positions of the nifA gene and the
adjacent nifB homologue were mapped. Upstiream from nifA we located a
locus probably homologous to fixABC in R.meliloti (Ausubel et al.,
1985} and a novel fix gene encoding a 23 kD polypeptide. Furthermore

an in vivo complementation experiment of R.lepuminosarum bacteroids

mutagenized in nifA with the Klebsiella regulatory protein is

described.

MATERIALS AND METHODS

Microbiological techniques

The strains of R.lepuminosarum and E.coli, A phages and plasmids used

are listed in Table I. Media, concentrations of antibiotics and growth

conditions were as described by Schetgens et a)l. (1984).

Molecular cloning and transposon mutagenesis

DNA methodology, selection of Rhizabium leguminasarum PRE sym-plasmid

clones and site-directed transposon Tn® mutagenesis have been
described by Schetgens et al. (1985a).

Cultivation of pea plants and analysis of bacterpid proteins

Growth and inoculation of pea plants and measurement of acetylene

reducing activity were as described by Schetgens et al. (1984).

Bacteroid proteins were analysed for the presence of nitrogenase
polypeptides by an immunclogical assay (Schetgens et al. 1984) or by
two-dimensicnal gel-electrophoresis (De Vries et al. 1982; Govers et
al. 1985).
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, plasmids and bacteriophage.

Designation Relevant character/ Reference/saurce
genotype
- Bacterijal strains
R. lepuminosarum PRE wild type Lie et al. (1979)
PRE StrR streptomycin and acriflavin Lie et al. (1979}

E.coli MM 294
294
DS410

- Bacteriophage
AEMBL3

- Plasmids
pBR322
pPACYC184
pRK404
pRK2013

pPH1JI

pWK130

pPWK131

resistance

endoT hsdR hsdM pro
pro thi r'm* recA A~
lacY xyl malA mtl
tonA rpslL AziT AT
(minicell-producing)

A1059-derived cloning vector

ApTTcT

cm¥1ct

Tcl'; canjugative broad host
range vector derived from
pRK290

Nm'; complementation of tra
genes in conjugations

Gm'; incompatible with
pRK290

canstitutively

expresses K. pneumoniae
nifLA genes in E.coli
constitutively

expresses the K. pneumoniae
nifA gene in E.coli

Ruvkun and Ausubel (1981}

Simon et al. (1983)
Reeve (1979)
Karn et_al. {(1980)

Bolivar et al. (1977}
Chang and Cchen (1978)
Ditta et al. (1985)

Figurski and Helinski
(1979}

RBeringer et al. (1978)
Piahler et al. (1983)
Pithler et al. (1983)
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Complementation of R.leguminosarum PRE nifA::Tn5 mutants by

K.pneumoniae nifA protein

The inserts of recombinant clones pWK130 and pWK131 (Piihler et al.
1983) contain the K. pneumoniae niftA and nifA genes respectively,
which are under the control of a preceding pACYC184 chloramphenicol
promoter and therefore constitutively expressed. The pWK130 and 131
inserts were excised with HindITI and recloned into the conjugative
broad host range vector pRK404. The resulting plasmids (pRK404-130 and
pRK404-131 respectively) were conjugated into R.leguminasarum PRE

nifA::Tn5 mutants {Ruvkun and Ausubel, 1981).

Expression of recombinant clones and Tn% derivatives in E.coli

minicells

The minicell-producing E.coli strain D5410 was transformed with

recambinant plasmids and TnS derivatives isolated from E.coli 294 r™m*
{to ensure DNA modification). Purificatlon and 355_methionine protein-

labeling of minicells were performed essentially as described earlier
(Schetgens et _al. 1984). Minor modifications were the following.
Sucrose gradient centrifugation was performed only twice and the band
of minicells (about 10 ml) was further purified by pelleting residual
parental cells for 5 min. at 2,000 x g. The supernatant containing the
minicells was used immediately for protein synthesis experiments (1h
incubation). For $DS-polyacrylamide gel electrophoresis 50,000 cpm per
lane were loaded {i.e. 1 to 20 pi from 100 pl labeled minicell
portions, depending on the efficiency of incorporation of
358—methion1ne).

RESULTS

Subcloning of the R.leguminosarum PRE nifA gene and adjacent fix genes.

The restriction map of the region of the R.leguminosarum PRE sym
plasmid cloned in ARleH6 is presented in the upper part of Fig. 1
together with the hybridization data reported previously (Schetgems et
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al., 198ba). This map shows the presence of several symbiotic genes on
this sym plasmid fragment. The 5.60 and 1.85 kb EcoRI fragments of
this region were each inserted in two orientations in pACYC184,
resulting in pRleH24/23 and pRleH21/20 respectively. A 3.00 kb BamHl
fragment with the complete nifA gene sequence was first subcloned in
pBR322 (pRieH12:; not shown) and subsequently this fragment was
inserted in two orientations in the EcoRI site of pACYC184 using EcoRI
linkers. This resulted in clones pRieH12.1 and pR1el12.2, constructed
in order to achieve nifA expression from the constitutive

chloramphenicol acetyl transferase (CAT) promoter.

Expression of R.leguminosarum sym plasmid fragments in E.coll minicells

To localize protein coding regions the subclones shown in Fig. 1 and
also pRleH21 and pRieH24 containing Tn5 in different positions (see
Fig. 1) were transformed into E.cocli DS410 and the synthesis of
polypeptides in minicells directed by these recombinant plasmids was
studied by labeling with 35g_methionine. The results of these
experiments are shown in the autoradiogram presented in Fig. 2 and
also in the lower part of the diagram in Fig. 1.

Fig. 2 lane 2 shows "empty"” minicells and thus represents a background
pattern. The vector pACYC184 encoedes proteins responsible far
tetracycline (46kD) and chloramphenicol (26 KD} resistance (Fig. 2,
Jane 3).

The main two proteln bands synthesized from the 1.85 kb fragment in
pRleH24 have molecular weights of about 35 kD (Fig. 2, lane 4); in
addition a 55 kD polypeptide is synthesized. The opposite orientation
of the insert in pRleH23 (Fig. 2, lane 5) encodes a prominent 30 kb
polypeptide., Tn5 insertions S and 6 in pRleH24 lead to the synthesis
of 28 and 20 kD truncated proteins respectively (Fig. 2, lanes & and
7) instead of the 35 kD polypeptide. From the sizes of the truncated
pol&peptides and the known positions of the Tnd insertions the
C-terminus of the coding sequence was derived (see Fig. 1). The
synthesis of the 55 kD protein is not affected by Tn5 mutations 5 and
6. The Tn5-encoded polypeptides with sizes of 54 and 58 kD

(transposase} and of 27 kD (neomycin resistance product; Rossetti et
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Fig. 1

Physical map of the sym-plasmid region carrying the R.leguminosarum
PRE nifA gene and a graphical presentation of gene products
synthesized in E.coli minicells from different scbfragments and

Tn5-derivatives (as deduced from Fig. 2).

Intensities of hybridization with R. leguminosarum PRE bacteroid RNA,

K. pneumoniae nifA and R.legumingsarum 248 fixZ (nifB) (see Schetgens

et al. 1985a) are indicated by differentially shaded bars above the
map.

Restriction enzyme sites are abbreviated as follows: B (BamHI), H
(HindIII), R {EcoRI), S (Sall); EcoRI-fragment lengths are given in
kb.

The position of the chloramphenicol promoter in vector pACY(C184 with

respect to the cloned insert fragments is indicated by an open circle
(o) and the direction of transcriptien by a small arrow (—); the
N-terminal (8 kD) or C-terminal (18 kD) part of the CAT-protein is
given by a black box (=) or arrow (s} respectively.
Rhizobium-encoded gene products and directions of expression are
indicated by thick open arrows {—=) with protein molecular weights of
complete, truncated or fusion proteins in kD.

Tn5-insertions are shown by vertical bars as well as the corresponding
symbiotic phenotypes Fix (upper + or - signal indicates the presence
or absence of acetylene reducing activity) and NifHDK (lower + or -
signal indicates the presence or absence of nitrogenase polypeptides;
Schetgens et _al. 1985a).
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FPig. 2

Synthesis of 355-Jabeled proteins in E.coli minicells from the cluster

of fix-genes including nifA from R. leguminosarum PRE.

1 23456 78910N1M112131415 16 17 1819 20
kD =Y e e
g2.5 b =
69.0 - -
T e aBE T R o e e e e

G A T —— W vl i

<50

46.0 ~42
30.0 == ~29
- i ~23
--20 tRr
4.3 #

An autoradiogram of an SDS-pelyacrylamide gel is shown.

Lane t: 14c-labeled marker proteins; lanes 2 and 16: E.coli DS410

minicells without plasmid DNA; lane 3: pACYC184; lane 4: pRleH24; lane
5: pRleH23; Lane 6: pRleH24-Tn5 insertion 5; lane 7: pRleH24-Tn5
insertion 6; lanes 8 and 20: pRleH21-Tn5 insertion 7; lane 9:
pR1eH21-TnS insertion 8; lane 10: pRleH21-Tnh5 insertion 10; lane 11:
pRleH21-Tn5 insertion 11: lane 12: pRleH21-Tn5 insertion 12; lane 13:
pR1eH21-Tn5 insertion 13/14; lane 14: pRlel21; lane 15: pRleH2G; lane
17: pRleH12.2; lane 18: pRleH12.1; lane 19: pRleH12.

Rhizobium-encoded proteins and truncated products are indicated by

arrows. Protein molecular weights are given in kbD.
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al. 1984) are also visible in lanes 6 and 7. The 35 kD polypeptide
encoded by pRleH24 is a fusion protein, composed of the N-terminal
part of the CAT protein (8 kD; Schrodder et al. 1981) and a 27 kD
C-terminal portion of a Rhizobjum-encoded polypeptide. According to
nifA homology data (Fig. 1} and the symbiotic phenotypes of Tn5
insertions 5 and 6 (Schetgens et al. 1985a) this polypeptide is the
C-terminal part of the R.leguminosarum PRE nifA product. This

contrasts our earlier conclusion {Schetgens et al. 1985b) that the 35
kD polypeptide represents the complete pifA gene product, based on an
incorrect construction of subclane pRleH22. The limited coding
capacity of the pRleH24 insert (maximally 65 kD) implies that the 55
kD polypeptide probably is a fusion between a 37 kD N-terminal protein
portion encoded by the insert of pRleH24 and the 18 kD C-terminal part
of the CAT protein. Thus a second Rhizgbium gene downstream and in the
same orientation with respect to nifA was mapped, which presumably
coincides with nifB/fixZ-homa}ogous sequences (see Fig. 1:; Schetgens
et al. 1985a). The synthesis of 26 and 16 kD truncated proteins (not
shown) from Tn5 insertions 3 and 4 {Schetgens et al., 1985a) in
pRleH24 confirms the location of the translational start of the
nifB/fixZ fusion protein indicated in Fig. 1. The opposite insert
orientation (pR1leH23) results in a 30 kD polypeptide (lane 5), which
probably {(because of the high intensity of this band) also is a fusion
between the N-terminal part of the CAT protein and an insert encoded
polypeptide.

Expression of the 5.60 kb EcoRI sym plasmid fragment in either
orientation with respect to the CAT promoter (pRleH21 or pRleH20, Fig.
2, lanes 14 and 15) resulted in the synthesis of 50, 42, 29 and 23 kD
polypeptides., Tn5 insertion 7 in pRleH21 {Fig. 2, lane 8} has no
effect on the expression of any of these polypeptides. TnS insertions
8 and 10 (Fig. 2, lanes 9 and 10D) wyield 40 and 37 kD truncated
proteins respectively of the 50 KD product. This result led to the
location and orientation of the 50 kO protein coding sequence as shown
in Fig. 1. Tnbd insertion 11 (Fig. 2, lane 11} interrupts the synthesis
of the 50 kD as well as of the 42 kD product, but no truncated protein
is evident. Probably this mutation interrupts the 42 kD gene resulting

in a smaller product that either coincides with other bands or is very
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small and ran off the gel. Tn5 insertion 12 (Fig. 2, lane 12) leaves
only the 23 kD product intact; besides a 12 kD truncated protein is
visible derived from the 29 kD protein. This defined the position of
the 29 kD gene (Fig. 1). Tn5 insertion 13/14 (Fig. 2, lane 13) blocks
the synthesis of all four proteins, while a 14 kD truncated protein
probably derived from the 23 kD polypeptide arises. These results fit
the position and transcriptional orientation of the 23 kD protein
encoding sequence shown in Fig. 1.

In order to define the location of the nifA coding sequence,
expression in minicells of a 3.30 kb BamHl fragment (Fig. 1)
containing the complete nifA gene was studied. This fragment cloned in
pBR322 however does not express Rhizobium-specific polypeptides
(pRleH12; Fig. 2, lane 19), neither when it is cloned via EcoRI
linkers in the EcoRI site of pACYC184 (pRleH12.2: Fig. 1 and Fig. 2,
iane 17). Only from pRleHi2.1 when the insert orientation is inversed
respective to pRleH12.2 a 59 kD polypeptide is synthesized (pRleH12.1;
Fig. 1 and Fig. 2, lane 18), as a result of translation from a
CAT-Rhizobium hybrid messenger RNA. The position of the 59 kD nifa
protein coding region {Fig. 1) follows from the location of the
C-terminus in pRleH24. The conclusions from the minicell experiments
are summarized in Fig. 3 in which protein coding sequences are related
to earlier identified genetic functions. The tentatively ldentified
translation termination site for the nifB/fixZ homologous gene in PRE
is based upon an expected molecular weight of approximately 40 kD as
determined for the nifB protein in K. pneumoniae (Plihler and Klipp,
1981) and in R.legpuminosarum 248 (Rossen et al. 1984).

Are R.leguminogsarum PRE nifA mutations in vivo_complemented by

K.pneumoniae nifA gene product ?

In order to test whether pifA mutations in R,leguminosarum PRE can be
complemented in vivo by the K,pneumoniae nifA gene product, plasmids
constitutively expressing the K, pneumoniae nifLLA (pRK404-130) or the
nifA operon (pRK404-131) in E.coli (Pilhler et al. 1983) were
constructed and conjugated into PRE strains carryving Tn5 insertions in

nifA (mutants 5, 6 and 7; see Fig. 1}. Inoculation of pea plants with
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Fig. 3

Correlated physical and genetic map of the R. leguminosarum PRE fix

gene cluster including nifA.

specific hybridization with strongly expressed
nif B nif A in bacteroids
2 visnfd v 72 = 7]
I? 185 I}‘ 560 Ei
B B H s

L it B CnifA %9 1 (50 K a2 X297 (237

DNA stretches showing strong hybridization with nifB and nifA or high
in vivo expression levels are indicated by shaded bars above the map.
Protein coding regions and directions of transcription are shown by
thick cpen arrows with corresponding mclecular weights of synthesized
polypeptide chains in kD. The partly dotted arrow indicates that the
size of this complete gene product has not yvet been determined and
that the translation termination site was tentatively chosen (see
text).

the transconjugants revealed a Fix~ Nif HDK™ phenotype
indistinguishable from that of the nifA::Tn5 parent strains. No
nitrogenase polypeptides were detectable on Western blots containing
proteins from free-living or endosymbiotic Rhizobium upon incubation
with antiserum specific against nitrogenase. Plasmid loss is not the
cause for the lack of complementation as restriction analysis of
plasmids isolated from the corresponding broth-cultured bacteria or
bacteroids from 21 days old nodules demonstrated the presence of the
ariginal plasmids {not shown}).

These data are in accord with those of Szeto et al. (1984) as for the

absence of complementation during symbiosis of Rhizobium nifA
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mutations by the Klebsiella nifA regulatory protein, but no
"improvement" in the morphological condition of nodules and host plant
as reported by these authors was ahserved. We also could not confirm
the activation of the nifHDK operon by the K.pneumoniae nifA gene
product in free-living cultures of R.lepuminosarum nifA::Tn5 mutants;
the only experimental difference with the approach of Szeto et al.
{1984) was that we did not assay for the synthesis of nifHDK mRNA but

for nitrogenase polypeptides.

DISCUSSION

By expression in E.coli minicells of cloned sym plasmid fragments from

R.leguminosarum PRE we could deduce the location of the nifA

regulatory locus. Synthesis of a 35 kD fusion protein from pRleH24 and
of truncated polypeptides from Tn5 insertions 5 and 6 determined the
C-terminus of the nifA coding region. The complete nifA gene product
was synthesized from pRleH12.1 (see Figs. 1 and 3): the observed
molecular weight of 59 kb (recently confirmed in our laboratory by
expression of this gene from a T7 RNA polymerase dependent promoter:
P. Roelvink unpublished result) is in good accordance with a
nucleotide sequence of 1692 basepairs as reported for the R. meliloti
nifA gene (Buikema et al. 1985; Weber et ai. 1985). No synthesis of a
complete nifA gene protein was detected from a presumptive Rhizobium
nifA promoter (in pRleHl12 or pRleHi2.2)} or by transcriptional
readthrough from weak endogenous promoter signals located more
upstream {e.g. in pR1eH20/21) (see Kim et al., 1985). Thus translation
_of the complete nifA protein depends on the presence of a fusion mRNA
initiated from a strong vector promoter (in pRleHl12.1); the same has
been observed for R.melilpti nifA (Weber et al. 1985).

Remarkably the 35 kD fusion protein, synthesized from pRleH24 yields
two protein bands on gel electrophoresis (Fig. 2, lane 4); this is
probably due to a second termination signal, because Tn5 insertions 5
and 6 give only single truncated protein bands. The synthesis of two

polypeptide chains from one gene upon expression of Rhizobium
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sequences in E.coli minicells was reported earlier far the nifH locus
in R.meliloti (Pihler et al. 1983) and in B. japonicum (Fuhrmann and
Hennecke, 1984) and for the R. meliloti nifA/fixD gene (Weber et al.
1585).

A nifB/fixZ homologous gene was located, based on the synthesis of a
CAT-fusion protein from pRleH24 consisting of the major N-terminal
part of the nifB polypeptide chain; the position of the C-terminus was
estimated with the help of nifB protein molecular weights reported in
the literature (see Figs. 1 and 3). Tn5 insertions 3 and 4, supposedly
localized in nifB, would be expected to confer a Fix phenotype but
were reported earlier (Schetgens et al. 1985a) to be Fix'.
Reexamination of total DNA digests of these mutants (and also number
11) revealed that Tn5 was not located in the expected positions, but
probably had undergone transposition instead of double homologous
recombination. The nifA - nifB intergenic region contains
approximately 200 nucleotides in R.leguminosarum PRE, which is in
accordance with the distances reported for K. pneumoniae (Beynon et
al. 1983) and R. leguminosarum 248 (Rossen et al. 1984).

For nifB as well as nifA no endogencus promoter was found to be active
in E.coli but the Rhizobium ribosome binding sites are recognized
efficiently in this heterologous systenm.

Expression of pRleH23 in minicells shows the synthesis of a 306 kD
CAT-chimaeric polypeptide (see Figs. 1 and 2); this implies that an
open reading frame of about 22 kD is located within the left hand part
of the 1.85 kb EcoRI-fragment and transcribed from the strand opposite
to and overlapping nifB/fixZ. The significance of this phenomenon is
unclear.

Expression of the 5.60 kb EcoRI fragment (Fig. 3} in minicells
resulted in four polypeptides, apparently synthesized from a
contiguous gene cluster. From the effects of Tn5 insertions on protein
synthesis the positions of the 50, 42, 29 and 23 kD protein coding
regions were determined. This cluster of fix-genes is expressed at a
comparable level in both insert orientations (pRleH21 vs pRleH20, see
Fig. 2 lanes 14 and 15; the lower Intensity in lane 15 is due to the
incidental loading of a smaller sample). This implies that expression

is probably not dependent on vector seguences and is controlled by
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transcription initiation signals present on the Rhizobium insert, i.e,
one or more Rhizobium promoters may be efficiently recognized by
E.coli RNA polymerase. This was also observed, though to a much weaker
extent, for the nifH promoter (Pithler et al. 1983; Schetgens et al.
1984) and for some nod genes (Downie et al. 1985). Alternatively
transcription may start from a vector promoter on the strand opposite
to the CAT-promoter. We consider the latter to be less likely as the
intensities of the polypeptide bands preoduced in the two orientations
are similar; transcription from the CAT promoter would be expected to
proceed much more efficiently than from other promoters in pACYC184.
The well-detectable initiation of transcription from a Rhizobium-
specific promoter in E.coli, as noticed for the 5.60 kb EcoRI-fragment
of the PRE sym-plasmid, was unexpected, as fix genes are supposed to
be subject to a complicated genetic control. Consequently expression
of Rhizobium syw genes in E.coli in most cases depends on
transcriptional or translational fusions with a strong vector promoter
(Pihler et al., 1983; Weber et al., 1985; Fuhrmann and Hennecke, 1982
and 1984; Schmidt et al., 1984). Presumably thus a polycistronic mRNA
(4.35 kb) directs the synthesis of four polypeptides (23, 29, 42 and
50 kD) in E.coli. We conclude this from the observation that Tnb
insertions in this region are polar on all distal genes (see Fig. 1
and 2, mutations 11, 12 and 13/14). This does not necessarily imply
that the same is true in vivo. Bacteroid mRNA hybridizes more strongly
to the DNA encoding the 23, 29 and part of the 42 kD protein, than to
the 50 kD region. This may be due to differences in transcription
rates, but also to differences in stability of regions of the
polycistronic mRNA due to selective degradation of the mRNA during
translation (Platt, 1978}. Possibly one or more additional promoters,
which are not active in E.coli, are present downstream from the one
preceding the 23 kD protein coding region; the more distally encoded
proteins could then still be synthesized in minicells by readthrough
transcription.

The fact that in minicells the 42 and 50 kD protein bands are less
intense than those of 23 and 29 kD {see Fig. 2) may be due to
diminished stability of distal parts of long readthrough mRNA

molecules, or to partial readthrough transcription through termination
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signals between the 29 and 42 kD genes, or to differences in the
activity of the respective ribosome binding sites. The cluster of four

fix-genes, upstream of the regulatory nifA-locus in R.leguminesarum

PRE, resembles the fixABC operon in R.meliloti which encedes proteins
with molecular weights of 30, 37 and 43 kD respectively (Ausubel et
al. 1985; Weber et al. 1985). Hybridization of different R.meliloti
FixXABC probes against digests of the 5.60 kb EcoRI PRE fragment indeed
showed significant homology with the genes encoding the 28, 42 and 50
kD proteins (J. Hontelez, unpublished results). Besides a probe
containing the R.meliloti P2 promoter showed sequence homalegy to the
23-29 kD intergenic region of the PRE sym plasmid. If this region
indeed contains a symbiotic promoter then the 23 kD gene must form a
separate transcription unit in wviveo.

The function of the nifA locus on the sym plasmid is defined by the

effect of Tn5 mutations in this gene. R.leguminosarum mutants with

such mutations did not produce the polypeptides of the components I
and Il of nitrogenase in bacteroids, indicating that the nifHDK operon
is not expressed. The Tn3 mutations in the nifA locus on the sym
plasmid are not complemented in vivo by a recombinant plasmid
directing constitutive synthesis of K.pneumoniae nifA protein. There
may be several reasons for this lack of complementation. It is
possible that the nifA protein of K.pneumoniae is not active in
Rhizobium even if there is considerable sequence homeology between the
genes in both species. Other possibilities are that the amount of
Klebsiella nifA protein produced in Rhizobium bacteroids is not
sufficient to detect activation of the nifHDK operon, or that an
additional factor is required for nifA protein activity in Rhizobium,
which is lacking in the mutants or inactive with the K.pneumoniae nifA
protein. Our observation that K,pneumoniae nifA protein does not
induce nifHDK expression in free-living R.leguminosarum agrees with
the results of Better et al. (1985) but is in contrast with the
results of similar experiments of Szeto et al. (1984). We have no
explanation for this discrepancy but we can only indicate that Szeto
et al. determined nifHDK expression by measuring the nifHDK mRNA
levels, whereas Better et al. and we looked for the nitrogenase

proteins encoded by nifHDK. If that would be the only reason for the
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discrepancy in our results and those of Szeto et al., it might
indicate that there is a posttranscriptional regulatory mechanism
influencing the translation of the mRNA for nitrogenase. Further

evidence for such a mechanism is however entirely lacking.
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Chapter V

Organization and phenotypical characterization of R.
leguminosarum PRE symbiotic genes as detected by specific
expression in nodules

SUMMARY

Regions on the sym-plasmid of R.leguminosarum PRE which hybridized with
labeled bacteroid RNA from 17 days old nodules were isolated from a clone
bank in phage AEMBL3. Twoe non-overlapping stretches of DNA surrounding the
earlier identified nifHOK nitrogenase operon and the "fixABC"-nifA-nifB
cluster respectively were thus characterized. Site-directed transposon Tnd
mutagenesis of subfragments showing different levels of expression during
symbiosis revealed the presence of a number of functional fix genes.
Furthermore a nodulation gene region was detected by homology with a
R.meliioti nod gene probe downstream and adjacent to the fix cluster
containing nifA. Three distinct Nod phenotypes resulted from mutations in

this region. An estimate of the number of symbiotic genes within these two

regions of the R.leguminosarum PRE sym-plasmid was made and the
organization of the sym plasmid compared with that in other Rhizobium
species.

INTRODUCTION

In the previous chapters we described the molecular genetic analysis of

R.leguminosarum PRE sym-plasmid sequences encoding the nitrogenase
structural genes (nifHDK}, a nif-regulatory gene (nifA) and a gene
homologous to nifB in K.pneumoniae and therefore probably involved in
FeMo-cofactor synthesis. In addition we described some genes involved in
nitrogen fixation (fix) but with a yet unspecified function.

In this chapter we describe the identification of several other clusters of

symbiotic genes on the R.leguminosarum PRE sym-plasmid and their

organization and expression.

The detection of these other symbiotic genes was based on the observation
of Krol et al. (1980} that certain sym-plasmid regions are transcribed in
nitrogen-fixing nodules but not to any significant extent in free-living

rhizobia. We further report the detection of a genomic region required for
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nodule development (nod) by DNA hybridization to a specific R.meliloti nod
probe. A clone bank of PRE sym-plasmid DNA fragments was screened with
32p_)abeled bacteroid RNA from 17 days old pea root nodules; different
levels of expression during endosymbiosis could thus be assigned to several
sym-plasmid fragments.

By site-directed transposon mutagenesis of the cloned sym-plasmid fragments
it was shown that these regions contained several functional fix and nod
genes. In some cases operon structures were deduced from the effects of Tnd

insertions.

MATERIALS AND METHODS

Microbiological techniques

The strains of R. leguminosarum and Escherichia coli, A phage and plasmids

used are listed in Table I. Culture media, concentrations of antibiotics
and growth conditions were as described by Schetgens et al. (1984 and
chapter II of this thesis).

DNA methodology

The isolation of sym-plasmid DNA from R,leguminosarum PRE, the isolation of

total DNA from R.leguminosarum PRE, the isolation of E.coli plasmids,

restriction endonuclease digestion, agarose gel electrophoresis, fragment
elution, nick translation, Southern blot hybridization, ligation and E.coll

transformation have been described by Schetgens et al. (1984; chapter II of

this thesis}. Purification of AEMBL3 plaques and the preparation of

recombinant phage DNA were performed according to Maniatis et al. (1982},

Construction of AEMBL3 gene libraries

Partial digestion of R. leguminosarum genomic or sym-plasmid DNA, size

fractionation by sucrose gradient centrifugation and the dephosphorylation
of DNA fragments {(15-20 kb), as well as the preparation of packaging
extracts and the in vitro packaging procedure for AEMBL3 recombinant DNAs

were performed as described by Grosveld et al. (1981).
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Table 1. Bacterial strains, plasmids and bacteriophage.

Designation Relevant character/genotype Reference/source

-Bacterial strains.

R.leguminosarum PRE wild type Lie et al., 1979
PRE Strl streptomycin and acriflavin Lie et al., 1979

E.coli MM294
Q358

Q359
N5387

-Bacteriophage.

AEMBL3

~Plasmids.

PACYC184
pRK290

pRK2013

pPH1JI
pRMSL26

resistance

endol hsdR hsdM pro

Ry My Sup [ T8OR

Ry M, "Sup;"80R P2

a lysogenic strain of
Ab211 rex::Tn5 CI857

with & chromesomal TnS

A1059-derived cloning vector
(Q358 and Q359 hosts)

CmTTcT

TcT; conjugative broad host
range plasmid

NmT; complements tra genes

of pRK290 in conjugations
Gn'; incompatible with pRK280

R.meliioti nod genes cloned

in pLAFR1

Ruvkun and Ausubel,
1981

Karn et al., 1980
Karn et al., 1980
From A. Krol,
Amsterdam

Karn et al., 1980

Chang and Cohen, 1978
Ditta et al., 1980

Figurski and
Helinski, 1979
Beringer et al., 1978
Long et al., 1982
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Isolation and labeling of bacteroid RNA

Total bacteroid RNA purified from 17 days old nodules was labeled with
32p at the 5'end by T4 polynucleotide kinase {Krol et al. 1980) and
subsequently used for screening of the R.leguminosarum sym-plasmid clone
bank in phage AEMBL3 by plague hybridization (Karn et al. 1980; Maniatis

et _al. 1982) or for probing Southern blots.

Transposon mutagenesis

The construction and testing of R.leguminosarum PRE with site-specific TnS
nutations in the sym-plasmid have been described (chapters II and III of
this thesis; see also Schetgens et al., 1984 and 1985).

RESULTS AND DISCUSSION

Screening of a sym-plasmid gene library from R. leguminosarum PRE with

bacteroid RNA as a probe.

The 350 kb sym-plasmid of R.leguminosarum PRE carries the genes involved in

nodule development and symbiotic nitrogen fixation. For the cloning of
large sym-plasmid fragments sym-plasmid DNA was isolated from vegetatively
grown bacteria and partially digested by EcoRI; the resulting fragments
were size-fractionated, dephosphorylated and ligated into the EcoRI-site of
phage AEMBL3. Alternatively a partial BamHI digest of total DNA from

R.leguminosarum was cloned in the same vector. After in vitro packaging and

transfection, the plagues obtained from both gene libraries were blotted
onto nitrocellulose filters and the blots were hybridized with 32p_ginase-
labeled RNA from actively nitrogen-fixing bacteroids, isolated from pea
root nodules at 17 days after inoculation.

Six positive plaques with an average insert length of 15 kb were selected
from the EcoR] sym-plasmid clone bank and further characterized.
Restriction enzyme analysis of the inserts and hybridization of the
resulting fragment patterns on Southern blots with 32p_labeled bacteroid

RNA (not shown)} revealed that five clones overlap, while one showed no
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overlap with the others. These two non-overlapping regions of the

R.lepumingsarum FRE sym-plasmid detected by hybridization with bacteroid

RNA plausibly carry genes with a function in the symbiosis. Physical maps
of both sym-plasmid regions are given in Fig. 1.

Screening of the BamHI library with 32p_pacteroid RNA resulted in the
isolation of clone ARleHl, which contained part of one of the regions
isolated from the EcoRI bank. A physical map of the region from which the
five EcoRI clones and the BamHl clone ARleH! originate is given in the
upper part of Fig. 1. The nifHDK genes, coding for component II (nifH} and
the two subunits of component I, Ia (nifD) and IS8 (nifK) of the nitrogenase
enzyme complex, are alsc located in this region. The mapping of these genes
and their characterization has been described in chapter II. Tn5 mutations
located in the nifHDK region and the coding regions analysed in that
chapter are also indicated in Fig. 1.

The physical map af the other gym-plasmid region isolated from the EcoRl
clone bank In ARleH6 is given in the lower part of Fig. 1. This region
appeared to contain the 7.45 kb part with the 23 kD gene, the cluster
FixABC, nifA and pifB already described in chapters III and IV. From cur
clone bank in AEMBL3 {(this chapter) and a cosmid clone bank prepared by

R. Klein Lankhorst (unpublished results) parts of the sym plasmid adjacent
to the region in ARleH6 were isolated and in the lower part of Fig. 1 the
physical map of & stretch of 48 kb is given. This also contains a region of
nod genes, which will be discussed in more detail further in this chapter.
By hybridizing Southern blots of DNA fragments obtained with various
restriction enzymes using bacteroid RNA as a probe the relative rates of
transcription of different parts of the sym plasmid were determined. This
is shown by the shading of the bar above the physical map in Fig. 1. The
high level of expression observed for the nifHDK operon is in accordance
with the finding that about 20% of the total protein in mature bacteroids
is nitrogenase (Bisseling et al. 1978). Immediately upstream from the nifH
promoter in a 6.0 kb EcoRI-fragment as well as further downstream in 4.3
and 1.35 kb EcoRI-fragments sym-plasmid regions were found to hybridize
also relatively strongly with bacteroid RNA. Other fragments hybridized
moderately or only weakly and in between there were parts that did not show

detectable hybridization with bactercid RNA from 17 days old nodules.
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Fig. 1

Genetic organization of two non-overlapping regions of the R.leguminosarum PRE

sym-plasmid.

Restriction enzyme sites are abbreviated as R (EcoRI) and B (BamHl}:; fragment

lengths are given in kb.

Intensities of hybridization with bacteroid RNA are indicated by differentially

shaded bars (dark to lighter shadings correspond with very strong to moderate or

weak expression levels, empty bars with undetectable hybridization and broken

lines with not determined regions).

Protein coding sequences and transcriptional directions are indicated by open

arrows with gene designations and protein molecular weights (in kD). The

approximate location of the nod region is indicated.

Locations of two recombinant phage clone inserts, in either of the two sym-

plasmid regions, are marked {ARleH1 and AR1eH6)., other AEMBL3 inserts and dif-

ferent subclones have not been indicated,

The position of Tn5 insertions are given by numbered vertical bars. Neod and Fix

phencotypes are indicated by the following syabols: Q Nod® (normal); © Nod+/”

(delayed); @ Nod™/* (reduced); ® Nod~ (deficient); O Fix*; @ Fix™/*; ® Fix™;
v Nif(HDK}"; ¥ NifH(*)D"K"; n.d. is not determined.
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In the region of the sym plasmid represented in the lower part of Fig. 1 we
have so far only examined the relative rate of transcription of the part
present in clone ARleH6. A 5.6 kb EcoRI fragment showed an almost equalily
strong hybridization with bacteroid RNA as the nifHDK genes did. This is in
agreement with ovr observations described in chapters III and IV, that
several fix genes are located in this region. In comparison the degree of
hybridization of the nifA and the nifB genes with bactercid RNA was
moderate. Other parts such as the lefthand part of the 11.4 kb EcoRI
fragment or the 8.7 kb EcoRl fragment showed more intense or weaker
hybridization with bacteroid RNA. It is clear however that the whole region
present in clone ARleH6 and adjacent parts is actively expressed during
symbiosis.

Possible functions of the sym-plasmid regions which are actively expressed
during symbiosis were analysed by constructing Tn5 mutations using the
procedure for site-directed Tn3 mutagenesis described in chapters II and
III.

Phenotypes of TnS mutants

Nif and Fix phenotypes

The positions of the Tn5 mutations in the two regions of the sym-plasmid
presented in Fig. 1 are also indicated in this figure. In chapter II a
number of these mutants have already been described such as the mutants 2,
5, 116A and 6, all in pifD, which have Fix~ Nifu{*)p K™ phenotype, i.e.
they are defective in nitrogen fixation, do not synthesize the two CI
polypeptides and show a reduced production of nitrogenase CII. Likewise in
chapter III we have reported on mutants 2403, 2406 and 2107 in the nifA
gene having a Fix~ Nif(HDK) ™ phenotype and mutants 2108, 2110, 2112 and
2113/14 in the 23kD-fixABC cluster having a Fix Nif (HDK)* phenatype.

A Fix"Nif(HDK}" phenotype was also observed for many of the mutants
obtained by inserting Tn% in parts of the sym-plasmid which were found to
be actively transcribed during symbiosis. These include in the region
represented in the upper part of Fig. 1 the mutants 25A01 (adjacent to the

nifK coding region and within the same strongly expressed fragment), 1902
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and 1904 (in a weakly expressed 4.0 kb EcoRI fragment), 2701 (in a strongly

expressed 4.3 kb EcoRI fragment) and 3001 and 3002 {(both in a moderately
expressed 1.65 kb EcoRI fragment). TnS5-insertions 4001, 3901, 73/107, 1601,
1901, 1905, 2501, 2702, 2703, 3006 and 3407 in fragments of the sym-plasmid
region shown in the upper part of Fig. 1, which are transcribed at

different levels in bacteroids, had no effect on the acetylene-reduction
capacity.

Ih the region represented in the lower part of Fig. 1 insertion 5004 (in a
strongly expressed sequence of an 11.4 kb EcoRI fragment) conferred a Pix™

Nif (HDK)* phenotype, whereas mutants 5002, 3303, 3305 and 3308 had no effect on
symbiotic properties. Mutant 3311 remarkably showed a reduced nitrogen fixing
ability (Fix‘/+; approximately 8% of the wild type level}, while normal
quantities of CI and CII were observed. This region might be homologous to nifQ
in K.pneumeniae, which plays a role in the sequestration of molyhdate for
FeMo-cefactor synthesis, because of its position relative to nifA and nifB and

the leaky Fix~ phenotype (Dixon, 1984).

Nod phenotypes

It has recently become clear that only a limited number of Rhizobium genes is
involved in recognition of the host plant and nodule development, and that there
are common nodulation genes required for the root hair curling (hac) response
which appear to be highly conserved among Rhizobium species (Long et al. 1982;
Downie et al. 1983a; Kondorosi et al. 1984; Schefield et al. 1984; Djordjevic et
al. 1985; Lamb et al. 1985). We took advantage of this interspecies homology for
detection of the nod region in PRE, by screening the sym plasmid bank with
pRmSL26 carrying hac and common nodulation genes from R.meliloti (Long et al.
1982} as a probe. In this way we selected BamH! clone ARleMt, the insert of
which consists of the successive BamHl fragments of 7.1 kb, 3.7 kb, 2.5 kb and
2.6 kb indicated in the lower part of Fig. 1. The homology with R.meliloti nod
genes mainly resides in the 4.1 kb and 1.4 kb EcoRI fragments of the insert.
Among the Tnd mutants in this regiaon three different types of variation in
nodulation behaviour were observed upon inoculation of pea seeds. At three times
between 14 and 30 days after inoculation two plants at a time were examined for

nodulation with each Tn5 mutant. The mutants 202 and 203 (see Fig. 1, lower




96

part) were completely defective in nodulation (Nod™}. Two other mutants, 201 and
204, showed delayed nodule development: in these two cases the nodules did not
appear before 21 days after inoculation, which is at least 5 days later than
with the parent wild type bacteria under our conditions. The number of nodules
was about the same as upon inoculation with wild type PRE bacteria, but the
nodules appeared mainly on young lateral roots. This type of delayed nodulation
response is indicated with Nod*/~. The two Nod~ and two Nod'/~ mutations occur
in the 4.1 kb EcoRl fragment. Mutant 101 with a Tn5 insertion in the adjacent
1.4 kb EcoRl fragment did not show aberrant nodulation behaviour, but further to
the right, in the left hand portion of the 8.7 kb EcoR]l fragment two other

mutations 3302 and 3304 with an effect on nodulation were obtained. These
mutants showed a strong reduction in the number of nodules produced on the
roots. The nodules showed effective nitrogen fixation {(Fix*) but in comparison
with the wild type the number of nodules was only § to 10% at day 15 after
inoculation. This phenotype is indicated with Nod™/*.

The Nod*/~ mutants 201 and 204 have a wild type Hac (hair curliing) phenotype,
whereas the Nod™ mutants 202 and 203 were Hac'' i.e. they showed extremely
strong root hair curling. Mutants 3302 and 3304 (Nod"*) were not examined for
their root hair curling behaviour.

The three different types of nod mutations in PRE roughly correspond with the
five classes of nodulation mutants described by Downie et al. (1985) for
R.leguminosarum 248. Our Nod™ mutants seem to belong to either his class I (nodC
or hac), class I1 (nodD) or class III (nodAB}; the Nod~/* mutants resemble class
IV mutants, whereas the Nod*/~ mutants are similar to class V mutants (Rossen

et al. 1984a; Schmidt et a&l. 1984; Tordk et al. 1984: Downie et al. 1985).

Organization of symbiotic genes on the R.leguminosarum PRE sym plasmid

We have identified two regions of 52 kb and 48 kb respectively on the 350 kb
sym-plasmid of R.leguminosarum PRE. The region of 52 kb harbors the nifHDK

operon and at least seven other functional fix regions, This latter conclusion
is based on the various rates of transcription found for various parts of the 52
kKb region. The region of 48 kb contains a nodulation region and a cluster of fix
genes including the nifA gene which regulates the expression of all other nif
genes. For nifA, its direct neighbours nifB and the fixABC cluster and the 23 kb
gene the coding regions have been identified as described in chapter IV. In this
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chapter we have shown that the 48 Kb segment contains at least two additonal fix
regions, based on the determination of the rates of transcription of different
parts. The nod region has a total length of 10 kb and is located approximately 7
kb downstream from nifB. We have not yet established physical linkage between
the 52 kb and 48 kb gym-plasmid regions. It is apparent that the distance
between the nifHDK operon and the nod region and the second fix cluster is
considerable and amounts to at least 35 kb. This implies that the functional sym

reglons are more spread aver the gsym-plasmid than in R.lepuminosarum 248 or in

R.meliloti, where the sym genes have a more compact organization. In the 200 kb
sym-plasmid of R.leguminosarum 248 the nifHDOK operon and a second fix cluster,
which contains nifA and nifB (indicated with fixY and fixZ in R.leguminosarum
248) are only 27 kb apart and in this 27 kb stretch the 10 kb nod region (Bownie
et al., 1983b; Rossen et al., 1984b)is comprised. In R.meliloti the cluster with
nifA, nifB and £ixABC is located about 1 kb upstream from the nifH promoter,
whereas the pod region is found within 30 kb downstream from nifK (Long et ail.,
1982; Zimmerman et al. 1983; Kondorosi et al., 1984}.

In order to establish the physical map of the entire sym-plaswmid and to

characterize other R.leguminosarum PRE genes involved in symbiotic nitrogen

fixation in future experiments gene libraries will have to be screened with RNA
probes, purified from bacteroids in various stages of nodule development. This
will hopefully lead to a better insight in the sequential order of expression of
symbiotic genes and in the regulatory mechanisms acting during the interaction

of Rhizobium with legume hosts.
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Chapter VI
Summary and conclusions

Bacteria of the genera Rhizobium and Bradyrhizobium are uniqgue in their
guality to form nitrogen-fixing root nodules in symbiosis with leguminous
plants. In fast-growing Rhizobium bacteria the genes involved in host
recognition and nodule development (nod) and in nitrogen fixation (nif or
fix) are located on large sym-plasmids (for recent review see e.g, Ausubel,
1984).

The aim of the present investigations was to identify symbiotic genes in
R.leguminosarum PRE and to study their expression in bacteroids. Sym-
plasmid clone banks were constructed in order to analyse its physical
organization and to isolate relevant fragments (see chapters II and V). The
selection of sym-plasmid regions essential for symbiotic nitrogen fixation
was primarily based on DNA sequence homology with specific cloned genes
{probes) from other Rhizobium species or Klebsiella.

In chapter II the detection of the nitrogenase structural genes by Southern
hybridization with a R.meliloti nifHDK probe, pRmR2 (Ruvkun and Ausubel,
1980} is described. The nifHDK operon was functionally characterized by
site-directed transposon Tn5 mutagenesis and by mapping of protein coding
regions after expression of cloned Rhizobium DNA sequences in E.coli mini-
cells.

The nif-regulatory nifA gene, which in K.pneumoniae is invoalved in the
activation of all other nif operons, also appears to be evolutionary
conserved among nitrogen-fixing organisms (Dixon, 1984; Ausubel et al.,
1985}. In chapters III and IV the identification and characterization of

the R.leguminosarum PRE nifA locus is reported. Significant homology was

found with K.pneumoniae nifA (Riedel et al., 1979), a R.meliloti symbiotic
regulatory gene and E.coli ntrC, a gene invelved in the regulation of
several nitrogen assimilation pathways (Szeto et al., 1984). Tn5 insertions
in the pifA gene resulted in mutants which produced ineffective root
nodules with bactercids in which the synthesis of components I and II of
nitrogenase encoded by the nifHDK operon was inhibiteg, This observation
confirmed that the nifA type locus in the sym plasmid of R.leguminosarum

has indeed a function in the regulation of the expression of the
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nitrogenase praoteins. The regulatory nifA gene in PRE encodes a 59 KD
protein. There was no functional complementation of Rhizobium nifa
mutations by the K.pneumoniae nifA polypeptide in bacteroids or in free-
living cultures. In addition a coding region immediately downstream from
nifA hybridized specifically with R,leguminosarum 248 fixZ, a homologue of
the K.poeumoniae nifB locus involved in FeMo-cofactor production {(Rossen
et al., 1984).

Furthermore, as described in chapter V, a 10 kb nod region has been mapped
on the PRE sym-plasmid approximately 7 kb downstream from the nifB
homologous gene, based on the homology with an R.meliloti probe carrying
nod-genes pRmSL26 {Long et al., 1982). Three different classes of Nod

phenotypes, i.e. deficient, reduced and delayed in nodulation, resulted

from TnS mutations in this region, and confirmed that this region of the
sym plasmid contains nodulation genes.

Besides the determination of interspecies DNA homologies, we also used an
alternative approach for the detection of sym genes. This was based on the
observation of Krol (1982) that certain sym-plasmid regions are exclusively
transcribed during endosymbiosis. In chapters II] and V we show that
screening of a sym-plasmid clone bank of PRE with labeled bacteroid RNA
from 17 days old pea root nodules resulted in the isolation of two non-
overlapping stretches of DNA each about 50 kb long and including the
nifHDK operon and the nifA - nifB - nod cluster respectively.

Subfragments of the two sym-plasmid segments showed different levels of
hybridization with bacteroid RNA suggesting the presence of a number of
different genes. Tnd mutations in these subfragments further demonstrated
that indeed they carry different functional fix genes.

A contiguous cluster of such f£ix loci has been analysed in more detail and
was shown to encode 23, 29, 42 and 50 kD polypeptides {chapter IV). This
region of the PRE sym-plasmid resembles the fixABC opercn in R.meliloti,
as judged from hybridization data, molecular weipghts of proteins and the
location upstream from nifA - nifB (Ausubel et al., 1985; Weber et al.,
1985): the 23 kD fix gene presumably represents a distinct transcriptional
unit.

Fig. 1 in chapter V gives an overall picture of the present knowledge of
the organization of the symbiotic genes on the gsym-plasmid of
R.leguminosarum PRE. The genetic crganization of sym-plasmids has been
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compared for different rhizobial species; remarkable similarities exist
e.g. conservation of the fixABC - nifA - nifB cluster, but in general

the R.leguminosarum PRE sym-plasmid shows larger distances between and

shifts in the location of symbiotic genes.
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Chapter VI
Samenvatting

Rhizobium bacterién bezitten het vermogen om stikstof uit de lucht te
binden en om te zZetten in ammonia en wel uitsluitend in symbiose met
vlinderbloemige planten. De waardplant wordt cp die manier voor een
belangrijk gedeelte in zijn stikstofhehoefte voarzien. Deze symbiontische
stikstoffixatie is dan ook van grote betekenis in de landbouw, zowel voor
de produktie van eiwitrijke peulvruchten als voor de toepassing ais
groenbemesting,

De interactie van rhizobia met een specifieke gastheer leidt tot de vorming
van gespecialiseerde structuren ap de plant, de wortelkncllen. Binnen deze
organen bevinden zich in bepaalde cellen gedifferentieerde vormen van de
bacterie, de bacteroiden welke de stikstoffixatie verzorgen met behulp van
het enzym nitrogenase. Dit proces en vooral de genetische achtergronden
hiervan worden uitgebreid behandeld in hoofdstuk 1. De genen in Rhizobium
die betrokken zijn bij de waardplant-herkenning, infectie en
knelontwikkeling (nod) en bij de stikstoffixatie (fix of nif) liggen op een
groot zogenaamd sym-plasmide.

Doel van het onderzoek beschreven in dit proefschrift was de identificatie
van symbiontische genen in R.leguminosarum PRE, met o.a. de erwt (Pisum
sativum) als waardplant, en de karakterisering van hun funktie(s) in
bacteroiden. Hiertoe werd een kloonbank van het betreffende sym-plasmide
geconstrueerd, waaruit DNA fragmenten werden geselecteerd die essentieel
zijn voor symbiontische Np-fixatie. De selectie berustte in eerste
instantie op het zoeken naar homologieén met specifieke genen uit andere
Rhizobium soorten of uit de vrijlevende stikstofbinder Klebsiella

pneumoniae.

In hoofdstuk II wordt de detectie beschreven van de drie genen pifH, nifD
en nifK, die cederen voor de structurele eiwitten van het enzym
nitrogenase. Die drie genen maken deel uit van één operon, het nifHDK
operon. Dit operon werd functioneel geanalyseerd door middel van
plaatsgerichte transposon TnS mutagenese en door localisering van
eiwitcoderende sequenties middels expressie van gecloneerde DNA fragmenten

in E.coli minicellen.
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In de hoofdstukken IEI en IV wordt de identificatie {op grond van

DNA-hybridisaties met K.pneumoniae en R.meliloti probes) beschreven van het

nifA locus, dat verantweordelijk is voor positieve regulatie van de
expressie der overige nif operons. Tn5 mutaties in dit nifA gen, op grond
van minicelresultaten coderend voor een 59 kD polypeptide, verhinderden
inderdaad de synthese van de nitrogenase eiwitten. Er werd geen functionele

complementatie in bacteroiden gevonden van R.leguminosarum PRE nifA

gemuteerd met Tn5 door het K,pneumoniae nifA polypeptide.

Verder werd aangetoond dat stroomafwaarts aangrenzend aan nifA een gen is
gelacaliseerd dat homologie bezit met R.leguminosarum 248 fixZ en
K.pneumoniae nifB; dit gen is betrokken bij de synthese van een essentiéle
FeMo-cofactor van het nitrogenase enzym.

Ook de nodulatiegenen op het PRE sym-plasmide werden in kaart gebracht
(hoofdstuk V) en wel op ongeveer 7 kb vanaf de nifB homologie. De
opsporing gebeurde door hybridisatie met een R.meliloti nod probe. Deze
groep nod-genen kan worden onderscheiden in drie verschillende klassen op
grond van het effect van mutaties. Sommige mutanten gaven in het geheel
geen knolvorming meer, andere leidden tot gereduceerde knolvorming en weer
andere tot sterk vertraagde knolontwikkeling.

Een tweede methode om essentiéle sym genen te ontdekken is gebaseerd op de
conclusie uit het proefschrift van Krol (1982) dat bepaalde delen van het
PRE sym-plasmide uitsluitend tot expressie komen tijdens endosymbiose met
de erwt. De screening van de sym-plasmide kloonbank met radiocactief gemerkt
bacteroide RNA uit 17 dagen oude wortelknollen, leidde tot de isolatie van
twee niet-overlappende DNA gebieden, die respectievelijk het nifHDK operon
en de nifA - nifB cluster omvatten {(hoofdstuk III en V). Subfragmenten

van deze DNA kloons met verschillende expressie-niveau's in bacteroiden
werden gemuteerd met Tn5. Uit de resulterende fenotypes bleek de
aanwezigheid van verschillende functionele fix-genen op het gsym-plasmide.
Een cluster van dergelijke fix loci werd nader geanalyseerd en bleek te
coderen voor 23, 29, 42 en 50 kD eiwitten (hoofdstuk IV). Dit deel van het
PRE sym-plasmide dat strcomopwaarts aansluit aan nifA - nifB - nod
vertoont grote gelijkenis met het FixABC operon in R meliloti.

Iin Fig. 1 in hoofdstuk V wordt een overzichtsbeeld van onze huidige kennis
emtrent de organisatie van symbiontische genen op het sym-plasmide van

R.leguminosarum PRE gegeven. De genetische organisatie van sym-plasmiden
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werd onderling vergeleken voor verschillende Rhizobium scorten; er bestaan
opmerkelijke overeenkomsten zoals de conservering van het fixABC - nifa -

nifB cluster, maar in het algemeen vertoont het R.leguminosarum PRE sym-

plasmide grotere afstanden tussen en verschuivingen in de ligging van de

verschillende symbiontische genen.
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