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Homology was previously detected between the DNA restriction fragments containing Rhi- 
zobium meliloti nodulation genes and the 90-MDa plasmid, ~90, of Azospirillum brasilense Sp7. 
Two DNA loci from Sp7 genome that complement mutations in the exopolysaccharide synthesis 
genes, exoB and exoC, of R. meliloti were also shown to be present on the plasmid. A more 
detailed characterization of the plasmid was undertaken to establish its physical map and to 
localize the nod homologies and other specific regions. Six loci were mapped, the region homologous 
to the nodulation genes, nodPQ, of R. meliloti, the exoB and exoC mutation-correcting loci, a 
locus for Ap resistance, a b/a homology region different from the Ap resistance locus, and a region 
necessary for the maintenance of p90 as an independent replicon. Mobilization into Agrobacterium 
tumefaciens of p90-TnS-Mob was obtained at a frequency of 10m4, with the plasmid helper pJB3JI. 
Self-transfer of p90 was not demonstrated. Fragments of p90 hybridized with a plasmid of 90 
MDa present in most A. brasilense and some A. lipoferum strains, suggesting a plasmid family 
in Azospirillum. 0 1990 Academic Press, IX. 

Azospirillum is a group of nitrogen-fixing 
bacteria which associate with the roots of 
plants, but, in contrast with Rhizobium-le- 
gume symbiosis, there is no formation of dif- 
ferentiated plant structures. Various green 
house and field inoculations have shown that 
Azospirillum promotes to some extent plant 
growth and yield (reviewed by Dijbereiner and 
Pedrosa, 1987; Okon and Hadar, 1987) by 
mechanisms that may not be primarily tied to 
their nitrogen-fixing ability (Van-Berkum and 
Bohlool, 1980). 

Four species of Azospirillum are known: A. 
brasilense, A. lipoferum, A. amazonense, and 
A. halopraeferens (reviewed by Dobereiner and 
Pedrosa, 1987). Although the presence of 
plasmids in A. brasilense and A. lipoferum has 
been known for some time, little information 
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on these plasmids is presently available (see 
Klingmiiller, 1983; also reviewed by Elmerich, 
1986). All Azospirillum strains examined to 
date contain at least one plasmid, some as 
many as six, the size of which ranges from 4 
MDa to over 300 MDa (Franche and Elmer- 
ich, 1981; Plazinski et al., 1983). In addition, 
the Al 1 prophage was shown to be maintained 
as a plasmid in A. lipoferum Br17 lysogenic 
strains (Elmerich et al., 1982). Michiels et al. 
( 1985) reported the cloning in Escherichia coli 
of a 5.9-kb plasmid from A. brasilense R07. 
One of the megaplasmids of A. brasdense Sp7 
was tagged after random mutagenesis of the 
strain with a suicide plasmid containing Tn5 
Mob (Vanstockem et al., 1987). Similar tag- 
ging was also obtained with a 150-MDa plas- 
mid of A. lipoferum 4B which was subse- 
quently mobilized into A. tumefaciens (Bally 
and Givaudan, 1988). Until recently, no phe- 
notype was associated with Azospirillum plas- 
mids (see Elmerich, 1986). It could not be 
demonstrated that the main nitrogen fixation 
gene cluster is plasmid-borne (Plazinski et al., 
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1983; Vieille et al., 1989; Galimand et al., 
1989), precluding its use as a plasmid phe- 
notypic marker. No information on the plas- 
mid content of A. amazonense and A. halo- 
praeferens is as yet available. 

In R. meliloti and A. tumefaciens some of 
the genes involved in the interaction with 
plants are carried on plasmids. R. meliloti 
contains two megaplasmids. One of these, 
pSym, carries the nod and hsn genes, for nod- 
ule organogenesis and host specificity, respec- 
tively, and the nif and fix genes involved in 
symbiotic nitrogen fixation (reviewed by Long, 
1989). Some of the exo genes involved in the 
synthesis of exopolysaccharides are carried by 
the second megaplasmid (Finan et al., 1986). 
A fragment containing nodHFEG of R. meli- 
loti (also designated the hsn region) hybridized 
in a Southern blot with several DNA fragments 
of A. brasilense strain Sp7 (Fogher et al., 1985). 
This enabled the cloning of a lo-kb EcoRI 
fragment, resulting in pAB502 (Elmerich et 
al., 1987) which was shown to originate from 
the 90-MDa plasmid, designated ~90, of strain 
Sp7 (Galimand et al., 1988; Vieille et al., 
1989). Homology to the hsn probe in pAB502 
was limited to the DNA region located down- 
stream from nodG, where two new nodulation 
genes, nodP and nodQ, have now been iden- 
tified (Cervantes et al., 1989; Schwedock and 
Long, 1989). DNA sequencing revealed the 
presence of open reading frames in Azospiril- 
lum with high similarity to R. meliloti nodPQ 
(C. Vieille and C. Elmerich, manuscript in 
preparation). Two other DNA loci from Sp7 
genome that correct exoB and exoC mutations 
in R. meliloti (Michiels et al., 1988) were also 
shown to be present on p90 (Michiels et al., 
1989). These two DNA regions play a role in 
exopolysaccharide (EPS)3 synthesis in Azospi- 
rillum, since their inactivation by transposon 
mutagenesis resulted in the production of EPS 
with decreased molecular weight (Michiels et 
al., 1988). Most Azospirilltlm strains are re- 
sistant to ampicillin (Franche and Elmerich, 

3 Abbreviations used: EPS, exopolysaccharide; Ap, am- 
picillin; Km, kanamycin; Sm, streptomycin; Rif, rifam- 
picin; Tc, tetracycline; SDS, sodium dodecyl sulfate. 

1981; Boggio et al., 1989). An ampicillin P- 
lactamase gene, bla, from strain Sp7 was 
cloned in E. coli and was shown to be present 
in several copies in the genome (Verreth et al., 
1989). When this bla gene was used as a probe 
against a plasmid extract of Sp7, it hybridized 
with p90 suggesting that one or more of the 
bla gene copies were plasmid-borne (Verreth 
et al., 1989). 

To facilitate the study of the biological and 
physical properties of ~90, it was necessary to 
purify the plasmid and to establish its physical 
map. The present work also reports the local- 
ization of the nod, bla, and exo genes described 
above. The plasmid region required for its 
maintenance as an independent replicon was 
also localized. Additionally, transfer properties 
of the plasmid were examined as well as the 
extent of the homology between plasmids of 
the same size in other A. brasilense and A. 
lipoferum strains, The data suggest that most 
of the 90-MDa plasmids present in Azospiril- 
lum strains share conserved regions. 

MATERIALS AND METHODS 

Bacterial strains and plasmids. The bacte- 
rial strains and plasmids employed in the 
present work are listed in Table 1. 

Media and growth conditions. E. coli and 
Agrobacterium strains were grown in LB me- 
dium (Maniatis et al., 1982) at 37 and 30°C 
respectively. Complete medium for Azospiril- 
lum was nutrient broth (Gauthier and Elmer- 
ich, 1977) and the minimal medium was as 
described by Galimand et al. (1989). Unless 
otherwise stated, antibiotics were used in the 
following final concentrations &g/ml): am- 
picillin (Ap) 100, kanamycin (Km) 20, strep- 
tomycin (Sm) 200, rifampicin (Rifj 100, and 
tetracycline (Tc) 5. 

Azospirillum plasmid extraction and puri- 
fication ofp90. Preparations for plasmid profile 
analyses and vertical slab gel electrophoresis 
were performed according to the method of 
Kado and Liu (198 1) as previously reported 
(Vieille et al., 1989). 

Plasmid p90 was purified from 600 ml of 
an overnight culture of strain 7030 grown in 
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nutrient broth supplemented with Sm. Alka- 
line lysis protocol of Casse et al. (1979) was 
adapted to Azospirillum. Cells, about 2 g fresh 
weight, were collected by centrifugation and 
resuspended in 100 ml sterile buffer (50 mM 

Tris-HCl, 20 mu EDTA, pH 8.0). Gentle lysis 
of the cells and dissociation from the mem- 
brane-chromosome complex was achieved by 
adding 1% sodium dodecyl sulfate (SDS) final 
concentration and 300 pg/ml of Pronase E 
preincubated at 37°C for 2 h. The lysate was 
incubated at 37 “C (30 min to 1 h) until a clear 
pinkish solution of high viscosity was obtained. 
The pH was raised to 12.45 by dropwise ad- 
dition of 3 N NaOH, with stirring at low speed. 
Usually about 2.9 ml of NaOH was required. 
After 10 min at pH 12.45, renaturation of the 
plasmid was achieved by lowering the pH to 
8.5, by addition of about 24 ml of sterile 2 M 

Tris-HCl, pH 7.5. The lysate was allowed to 
stand for 10 min at room temperature. De- 
natured macromolecules and cell debris were 
precipitated by dropwise addition of sterile 5 
M NaCl with gentle mixing to a final concen- 
tration of 1 M and after incubation for at least 
1 h at 4°C they were removed by centrifu- 
gation according to the procedure described 
by Guerry et al. ( 1973). DNA contained in the 
clear supernatant was concentrated by cen- 
trifugation on a cushion containing 2 ml sterile 
glycerol and 10 pg ethidium bromide accord- 
ing to Labigne-Roussel et al. ( 198 1). After 3 
h of centrifugation at 25,000 rpm in an SW27 
Beckman rotor, the fluorescent ring above the 
glycerol base was recovered by piercing the side 
of the tube with a large gauge needle. DNA 
samples were pooled and supercoiled plasmid 
was separated from linear DNA by cesium 
chloride-ethidium bromide equilibrium gra- 
dient ultracentrifugation. Plasmid DNA was 
kept in TE buffer (10 mM Tris, 1 mM EDTA, 
pH 8.0). 

Molecular biology techniques. Plasmid con- 
struction, transformation, isolation of total 
DNA, restriction analysis, and DNA hybrid- 
ization were performed using conventional 
techniques (Maniatis et al., 1982). DNA pack- 
aging kits were obtained from Stratagene (San 
Diego, CA). 

Cloning of thep90 restriction fragments. The 
list and size of p90 restriction fragments are 
reported in Table 2 and the relevant plasmid 
subclones are reported in Table 1. The XhoI 
fragments were cloned in the cosmid vector 
pVKlO0 except for the largest one, estimated 
at 48 kb (No. I), which could not be packaged, 
and the smallest one of 8 kb (No. 5). The 
BamHI fragments were purified from a pre- 
parative agarose gel and cloned in pBR322 or 
in pBR329. The largest BamHI fragment, es- 
timated at 33 kb, could not be cloned. Some 
of the BamHI fragments (Nos. 2, 3a, and 5) 
overlapping the largest XhoI fragment (No. l), 
were subcloned in the cosmid vector pLA29- 
17. The Hind111 fragments Nos. 2, 3, and 2 
+ 5, cloned in pVKlO0, were obtained by col- 
ony hybridization of a gene library of Hind111 
fragments of Sp7 DNA (Bozouklian et al., 
1986) with p90 plasmid clone inserts BamHI 
Nos. 5 and 3 (see Table 2). Plasmids were kept 
in E. coli strain S 17.1 and/or C600. 

Mutagenesis and conjugation. Site-directed 
mutagenesis of Sp7 and derivatives was per- 
formed with pAB502 containing TnS-Mob 
insertions or a Km cartridge inserted in nodP 
(see Fig. 3A), as previously described (Gali- 
mand et al., 1988, 1989). It was checked by 
hybridization of plasmid extracts with a probe 
containing TnS-Mob or the Km cartridge that 
the transposon or cartridge had recombined 
into p90 (Galimand et al., 1988). It was also 
checked by hybridization of total DNA with 
a pAB502 insert, whether the TnS-Mob or Km 
cartridge had recombined into the right loca- 
tion in ~90. In most cases, the recombination 
event corresponded to a single crossing-over 
leading to the integration of the mutated 
pAB502. In a few cases correct homogeniza- 
tion was obtained, in particular for insertion 
3 1 in 700 1 and for the Km cartridge in Sp7 
(Fig. 3A). Thus three tagged plasmids were 
used in the conjugation and curing experi- 
ments: p90-pAB502-Tn5-Mob3 1, p90-Tn5- 
Mob3 1, and p90-nodP::Km. Conjugation was 
performed as previously described (Galimand 
et al., 1989). The transfer frequencies were ex- 
pressed per number of recipients. Techniques 
for plasmid curing were performed according 
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TABLE 1 

BACTERIAL STRAINSANDPLASMIDS 

Strains/plasmids Relevant characteristics Source or reference 

Strains 
Escherichia coli 

C600 
s17.1 

Agrobacterium tumefaciens 
GM19023 

Azospirillum brasilense 
SP7 
7001 
7030 

sp13 
Sp245 
Sp246 
R07 

Azospirillum lipoferum 
SpBr17 
SpUSASa 

Plasmids 
pBR322 
pBR329 
pVKlO0 
pLA29-17 
pJB3JI 

~A~100 
pD15 
pD56 
pABl9 

Relevant p90 subclone 
plasmids 

Derivative of pUCl8 
pAB502 

Derivatives of pBR322 
pAB390 
pAB908 
pAB920 

Derivatives of pBR329 
pAB153 
pAB 189 
pAB274 

Derivatives of pVK 100 
pAB290 
pAB590 

ku, trp, recA, lacy, ri m;, RifR, cloning host. 
pro, thi, hsdR, recA, chromosomal integration 

of RP4-2-Tc: :Mu-Km: :Tn7, SmR, TpR, 
Tra+, strain for conjugal transfer, cloning 
host. 

Rifn, SmR, derivative of C58 cured of pTi and 
PAT. Recipient strain. 

Wild-type strain (ATCC 29 145). 
SmR derivative of Sp7. 
SmR derivative of Sp7, lacks 115-MDa plasmid. 

Source of plasmid ~90. 
Wild-type strain. 
Wild-type strain. 
Wild-type strain. 
Wild-type strain. 

Wild-type strain (ATCC 29709). 
Wild-type strain. 

ApR, TcR, replicon ColE 1. 
ApR, TcR, CmR, replicon ColEl . 
TcR, KmR, IncP, Trr-, cos. 
Ten, KmR, IncP, Tra-, cos. 
TcR, CbR, Tra+, IncP, KmS derivative of 

R68.45. 
Azospirillum bla gene cloned in pLAFR1. 
exe- group C-complementing plasmid. 
exoBF-complementing plasmid. 
ApR, CmR, contains Sp7 nifgenes. 

ApR, IO-kb EcoRI, nodPQ. 

ApR, 3.8-kb BamHI fragment No. 8. 
ApR, 15-kb BamHI fragment No. 4. 
ApR, 13-kb BarnHI fragment No. 5. 

ApR, 18-kb BamHI fragment No. 3a. 
ApR, 25-kb EarnHI fragment No. 2, exoB. 
ApR, 18-kb BamHI fragment No. 3b, exoC. 

TcR, 20-kb XhoI fragment No. 3, nodPQ 
TcR, 27-kb XhoI fragment No. 2a, exoB. 

J. Collins 
Simon et al., 1983 

Rosenberg and Huguet, 1984 

Tarrand et al., 1978 
This laboratory 
Franche and Elmerich, 198 1 

Tarrand et al., 1978 
Bakiani et al., 1983 
Baldani et el., 1983 
Franche and Elmerich. 198 1 

Tarrand et a/., 1978 
Tarrand et al., 1978 

Bolivar et al., 1977 
Soberon et al., 1980 
Knauf and Nester, 1982 
Allen and Hanson, 1985 
J. Beringer 

Verreth et al., 1989 
Leigh et al., 1985 
Long et al., 1988 
Galimand et al., 1989 

Vieille et al., 1989 

This work 
This work 
This work 

This work 
This work 
This work 

This work 
This work 
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TABLE l-Continued 

BACTERIAL STRAINSANDPLASMIDS 

Strains/plasmids Relevant characteristics Source or reference 

pAB890 
pAB958 
pAB958A 
pAB959 
pAB1039 
pABll60 
pAB1734 

TcR, 27-kb XhoI fragment No. 2b. 
TcR, 9-kb XhoI fragment No. 4a. 
TcR, ApR, 9-kb XhoI fragment No. 4a. 
TcR, Ap’, 5.8-kb PstI deletion of pAB958A. 
TcR, 17.5-kb Hind111 fragment No. 3. 
TcR, 20-kb Hind111 fragment No. 2, exoC. 
TcR, 20-kb and 12.5-kb Hind111 fragments (Nos. 

2 and 5), exoC, nodPQ. 

This work 
This work 
This work 
This work 
This work 
This work 
This work 

pAB 1790 TcR, 20-kb and 9-kb X/z01 fragments (Nos. 3 
and 4b), nodPQ. 

This work 

Derivatives of pLA29- 17 
pAB92 1 
pABl54 
pAB190 

TcR, 13-kb BarnHI fragment No. 5. 
TcR, 18-kb BarnHI fragment No. 3a. 
TcR, 25-kb BarnHI fragment No. 2, exoB. 

This work 
This work 
This work 

to standard protocols (reviewed by Trevors, 
1986). 

RESULTS 

Purijkation and Physical Map of ~90 

Strain 7030 was chosen for the purification 
of ~90. It is a derivative of the wild-type A. 
brasilense Sp7 that has lost the 115MDa plas- 
mid (Franche and Elmerich, 198 1). Several 
conventional techniques were used in the pu- 
rification of p90 and the best yield was ob- 
tained (see Materials and Methods) after al- 
kaline lysis followed by the removal of dena- 
tured material by NaCl precipitation and 
concentration of the DNA by centrifugation. 
The typical yield of p90 under these conditions 
was 1 OO- 150 pg DNA/g cell mass, wet weight. 

Figure IA shows an agarose gel restriction 
pattern of p90 totally digested with XhoI, 
BarnHI, HindIII, EcoRI, SalI, and PstI. The 
sizes of the restriction fragments (see Table 2 
for the first four endonucleases) were estimated 
from the migration on the gel and from the 
restriction analysis performed on the various 
subclones of the plasmid. Fragments have been 
numbered in decreasing order of sizes. It can- 
not be excluded that some fragments below 
0.5 kb are missing. The sum of the restriction 

fragments led to a size of 148 kb, which is in 
agreement with the determination obtained 
from the relative migration of the whole plas- 
mid (Franche and Elmerich, 198 1). 

To establish the physical map of p90 shown 
in Fig. 2, each of the XhoI, BarnHI, and 
Hind111 cloned fragments was labeled with 32P 
and used as a probe against plasmid digests. 
An example of the mapping is shown in Fig. 
1 B and 1 C. This enabled the identification of 
the restriction fragments shared by clones that 
overlapped and the establishment of the map, 
knowing the physical map of the various sub- 
clones. 

Localization of nodPQ genes, exoB and 
exoC Mutation-Correcting Loci, and 
Ampicillin Resistance Loci on the 
Physical Map of p90 

R. meliloti nodPQ homologous genes. The 
physical map of the IO-kb EcoRI fragment of 
pAB502 is shown in Fig. 3A. This fragment 
carries the nodPQ hybridizing region on a 3.5- 
kb SmaI-EcoRI fragment (C. Vieille and C. 
Elmerich, in preparation). Several criteria were 
used to demonstrate that the pAB502 insert 
originated from ~90. (i) The fragment hybrid- 
ized with a 90-MDa plasmid from most Azo- 
spirillum strains tested, including strains Sp7 
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TABLE 2 

p90 ENIXNUCLEASE RESTRICTION FRAGMENT NUMBER~AND~IZES 

XhoI EarnHI Hind111 EcoRI 

No. Size No. Size No. Size No. Size 

1 48 1 33 1 48.5 la 16 
2a 21 2 25 2 20 lb 16 
2b 21 3a 18 3 17.5 2 12.1 
3 20 3b 18 4 13.5 3 11 
4a 9 4 15 5 12.5 4 10 
4b 9 5 13 6 11 5 9.6 
5 8 6 9.8 I 6 6 1.7 

I 1.5 8 5.2 I 1.3 
8 3.8 9 4.1 8 6.9 
9a 1.7 1Oa 2.5 9 6.5 
9b 1.7 lob 2.5 10 6.1 

10 1.5 11 2.2 11 6 
12 1 12 4.1 
13 0.9 13 3.9 

14a 3.1 
14b 3.1 
15a 2.1 
15b 2.1 
16 2.5 
17 1.9 
18 1.8 
19 1.7 
20a 1.5 
20b 1.5 
21 1.4 
22 0.9 

Note. Sizes are in kb. The fi-agments are numbered progressively as seen after electrophoresis on agarose gel, in 
decreasing order of size. - 

and 7030 (Vieille et al., 1989). (ii) Plasmid 
pAB502 was mutagenized with TnS-Mob and 
the insertions were recombined in the genome 
of strains Sp7,700 1, and 7030. Then, hybrid- 
ization of plasmid preparations was performed 
with a Tn5 probe. In all cases the probe hy- 
bridized to p90 (Galimand et al., 1988; Vieille 
et al., 1989). (iii) The fragment was used as a 
probe against a plasmid digest of p90, and it 
hybridized to the EcoRI fragment No. 4 of 
p90 (data not shown). This enabled us to 
localize nodPQ on the p90 physical map 
(Fig. 2). 

p90 loci that complement R. meliloti exoB 
and exoC mutations. Two DNA fragments of 
Sp7 genome that complement R. meliloti exoB 

and exoC mutations defective in calcofluor 
white binding activity have been found to 
originate from p90 (Michiels et al., 1988, 
1989). The precise location of these loci was 
deduced by hybridization of p90 digests with 
the exoB- and exoC-complementing fragments 
(Michiels et al., 1989). Although contained in 
the same plasmid, exoB and exoC are not ad- 
jacent, but are about 45 kb apart (Fig. 2). By 
Southern blot hybridization, a 6.1-kb Sal1 
fragment, containing the exoB-complement- 
ing locus, hybridized with p90 fragments XhoI 
No. 2 and EcoRI No. 1, which are both doub- 
lets, and BumHI No. 2. These data are con- 
sistent with the established physical map of 
the 16-kb EcoRI fragment that contains the 
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FIG. 1. Restriction pattern of p90 DNA and hybridiza- 
tion with two of its internal fragments. (A) Agarose gel 
electrophoresis of ~90 DNA digests. (B and C) Autora- 
diogram alter hybridization, respectively, with 27-kb XhoI 
(No. 2b) and 13-kb BamHI (No. 5) restriction fragments. 
Time of exposure to Kodak X-OMAT films was 2 h at 
-80°C. Restriction endonucleases: 1, XhoI; 2, BarnHI; 3, 
HindIII; 4, EcoRI; 5, SalI; and 6, &I. The size scale is 
in kb. 

exoB-complementing locus (see Michiels et al., 
1989). The exoC mapped to a 2.5-kb EcoRI 
fragment No. 16, contained in the 20-kb 
Hind111 No. 2 fragment. 

In R. meliloti, exoB is on the second mega- 
plasmid, pRmeSU47b (Finan et al., 1986), 
while exoC is chromosomal. Mutation in these 
two loci led to a deficiency in EPS production 
and to a Fix- phenotype on alfalfa. Michiels 
et al. ( 1988) reported that the two Azospirillum 
loci restored calcofluor binding activity to R. 
meliloti exoB and exoC mutants, respectively, 
the exo&complementing locus restored also 
a Fix+ phenotype, whereas the exoc-comple- 
menting locus did not. In addition, the two 
Azospirillum DNA regions did not hybridize 
with R. meliloti total DNA. So they designated 
these loci as exoB and exoC mutation-cor- 
recting loci, because it was not proven that 
complementation was due to similar exoB or 
exocgenes. Since we purified ~90, we decided 
to perform hybridization between p90 digests 
and probes carrying R. meliloti exoB and exoC 
loci. The R. meliloti exoB probe was a 1.5kb 
EcoRI fragment purified from pD56. The 
exoC probe was a 2.7-kb EcoRI fragment pu- 
rified from pD 15. No hybridization was de- 
tected with plasmid restriction fragments, 

suggesting that the so-called exo-comple- 
menting loci were not similar to R. meliloti 
exoB and exoC genes (data not shown). How- 
ever, hybridizing EcoRI and PstI fragments of 
20 and 14 kb, respectively, were detected with 
total DNA of strain Sp7 when the R. meliloti 
exoC was used as a probe (data not shown). 
This implies the existence of a region sequen- 
tially similar to the R. meliloti exoC in the 
Azospirillum genome, in the chromosome or 
a plasmid other than ~90. No signal was found 
with exoB. 

Ampicillin resistance genes. Verreth et al. 
( 1989) have cloned from Sp7 an Ap resistance 
gene. When used as a probe this gene hybrid- 
ized with several restriction fragments in total 
DNA and with ~90, suggesting the existence 
of multiple copies in the Sp7 genome (Verreth 
et al., 1989). We therefore examined the var- 

FIG. 2. Physical map of ~90 and localization of fimc- 
tions. Restriction endonucleases; X, XhoI; B, BarnHI; H, 
HindIII; and R, EcoRI. The scale on the outermost circle 
is in kb. The coordinates 0 and 148 (not shown) coincide. 
The fragment number is by decreasing size according to 
electrophoretic migration; “a” and “b” indicate doublet 
bands. The functions localized are indicated in the inner 
circle. “nodPQ” is the locus which hybridizes to the nodPQ 
genes of R. meliloti. “bla” is the locus for the TEM- l-type 
p-lactamase gene. “Ap” is the locus for the second am- 
picillin gene which confers resistance on A. tumefaciens. 
“exoB” and “exoC” are the loci that functionally com- 
plement mutations in the exopolysaccharide synthesis 
genes, exoB and exoC, respectively, in R. meliloti. “ori?” 
indicates a DNA region necessary for the maintenance of 
the plasmid as an independent replicon. 
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FIG. 3. Physical maps of pAB502 and of the ampicillin locus of p90. (A) Physical map of the IO-kb EcoRI 
fragment carried by pAB502, and localization of the nodPQ genes. Dark triangle, T&Mob insertion 3 1; 
light triangle, Km resistance cartridge (a 2.3-kb XhoI fragment purified from Tn5) inserted into the XhoI 
site in no&. (B) Restriction map of the DNA region which conferred Ap resistance to A. tumefaciens. 
Orientation of the fragments with regard to the orientation of the Km resistance gene of the vector pVKlO0 
is indicated by the arrow. pAB958 (not shown) contained the same fragment as pAB958A, but in the opposite 
orientation. pAB959 carries a 5.8-kb PstI deletion indicated by the dotted line. pAB958, pAB958A, and 
pAB1039, but not pAB959, conferred ampicillin resistance to A. tumefaciens. Restriction sites: B, BumHI; 
H, HindIII; P, &I; R, EcoRI; S, SalI; Sm, SmaI; and X, XhoI. 

ious clones of pVK 100 and pLA29- 17, which 
contain XhoI, HindIII, or BumHI inserts (see 
list in Table 1) and cover the entire p90 plas- 
mid, for Ap resistance in E. coli (S17.1) and 
in A. tumefuciens (GM19023). None conferred 
resistance up to 20 &ml Ap in E. coli, but 
pAB958, pAB958A, and pAB1039 conferred 
resistance to A. tumefuciens up to 100 pg/ml. 
The physical map of these plasmids is shown 
in Fig. 3B. Plasmids pAB958 and pAB958A 
contained the same fragment in opposite ori- 
entation. The minimal inhibitory concentra- 
tion for Ap determined in solid media for E. 
coli strains carrying pAB958 and pAB1039 
was less than 5 pg/ml. In contrast, pAB958A 
conferred resistance up to 10 &ml. These re- 
sults suggested that the Ap resistance marker 
was carried by the XhoI fragment No. 4a and 
that the low expression of ampicillin resistance 
in E. coli was dependent on a promotor carried 
by the vector. A deletion of the internal 5.8- 
kb PstI fragment abolished this resistance in 
both E. coli and A. tumefaciens. When used 

as a probe against total DNA of strain Sp7, 
the 15-kb BamHI insert (No. 4) of pAB908 
containing the XhoI No. 4a fragment revealed 
a single band (data not shown) in contrast to 
the report of Verreth et al. (1989). This sug- 
gested that the Ap resistance marker identified 
above was different from the multiple blu ho- 
mology regions present in Sp7 genome. Hy- 
bridization was performed with a 2.4-kb 
BumHI-EcoRI fragment purified from pAp- 
100 which carried the blu gene cloned by Ver- 
reth et al. ( 1989). When used as probe against 
total DNA of strain Sp7 it revealed two major 
EcoRI fragments of 20 and 3.9 kb, plus some 
less intense bands (data not shown). The 20- 
kb band corresponded to the size of the EcoRI 
fragment carrying the probe. Hybridization 
was performed with a p90 digest (data not 
shown). The blu probe hybridized to the 3.9- 
kb EcoRI fragment No. 13 which overlapped 
the XhoI fragments Nos. 2b and 3, the Hind111 
fragments Nos. 6, 8, and 12, and the BumHI 
fragments Nos. 1 and 9b. This allowed us to 
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localize the blu homology region (Fig. 2). The 
localization did not correspond to the local- 
ization of the Ap resistance marker described 
above and which was mapped on the 9-kb 
XhoI fragment No. 4a (Figs. 2 and 3B). This 
suggested that p90 contained two discrete re- 
gions, the first one conferring Ap resistance 
on Agrobacterium and the second hybridizing 
to the blu gene as described by Verreth et al. 
( 1989). The two regions did not cross-hybrid- 
ize, whereas the blu probe hybridized with the 
bfu homology region carried by pBR322 (data 
not shown). The latter result is in agreement 
with the nucleotide sequence data obtained 
in Dr. Vanderleyden’s laboratory (personal 
communication) that revealed large regions of 
similarity between Azospirillum bla and that 
of Tn3. This strongly suggested the existence 
of two different ampicillin resistance markers 
on p90. 

Transfer Properties of p90 

The Ap resistance markers carried by p90 
cannot be used as selective markers for transfer 
of the plasmid into E. coli. Moreover, no Ap 
resistant transconjugants were obtained in 
crosses between Sp7 and A. tumefaciens 
GM19023. To examine transfer properties of 
~90, the plasmid was tagged with TnS-Mob 
and a Km cartridge was introduced into the 
XhoI site of nodP (see Fig. 3A). No Km resis- 
tant transconjugant was obtained in the 
following crosses: 700 1 (p90-Tn5-Mob3 1) 
X GMI9023,7030(p90-pAB502-Tn5-Mob3 1) 
X GM19023, Sp7(p90-no&:Km) X GMI- 
9023, and Sp7(p90-nodP:Km) x SpBr17, 
suggesting either that the p90 was not self- 
transmissible under the conditions assayed or 
that the plasmid could not replicate in Agro- 
bacterium and in A. lipoferum. The mobilizing 
plasmid pJB3JI was then introduced into 
Sp7(p90-Tn5-Mob3 1) and 7030(p90-pAB502- 
TnS-Mob31) and these strains mated with 
GMI9023. Similar results were obtained with 
both donors. Km resistant transconjugants of 
GM19023 were obtained at a frequency of 
10P4. The plasmid content of the transconju- 
gants was analyzed on agarose gels. An 
example is shown in Fig. 4. The donor 

PE. 4. Transfer of p90 into A. tumefaciens. Agarose gel 
electrophoresis of plasmids extracted from Azospirillum 
strains and Agrobacterium transconjugants into which ~90 
was mobilized. Lanes 1 and 8, 7030 (p90-pAB502-TnS- 
Mob3 1 + pJB3JI); 2, recipient A. tumefaciens GM19023 
(cured of pTi and PAT); 5-l: Agrobacterium transcon- 
jugants; 3, GM19023 (pJB3JI); and 4, A. lipoferum Sp- 
USASa plasmid profile used as molecular size marker. Size 
is indicated in MDa, C indicates migration of linear DNA, 
and dot indicates the migration of the I30-MDa plasmid 
hardly visible on the figure. 

was 7030(p90-pAB502-Tn5-Mob3 1 + pJB3JI) 
(lanes 1 and 8). The recipient GM19023 was 
devoid of plasmid DNA (lane 2). In all trans- 
eonjugants examined a single plasmid was 
found (lanes 5-7) whose migration was similar 
to that of the largest plasmid of A. lipoferum 
strain USASa, estimated at 130 MDa (lane 4). 
This strongly suggested that p90 and pJB3JI 
were recovered as a cointegrate molecule. The 
cointegrate molecule was purified and its re- 
striction pattern was compared to that of p90 
after digestion with BamHI and XhoI. Most 
of the fragments were identical but additional 
bands were found with the cointegrate (data 
not shown). The relative migration, in agarose 
gel, of the cointegrate molecule was unchanged 
after 20 generations of strain GM19023(p90- 
pAB502-Tn5-Mob3 1 -pJB3J 1) in liquid me- 
dium in the absence of selective pressure 
(without Km). 

Isolation of Cured Strains and Identification 
of a DNA Fragment Necessary for the 
Maintenance of p90 as an 
Independent Replicon 

Since p90 has been tagged with Km mark- 
ers, it was possible to test various curing pro- 
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cedures. Classical curing agents such as acri- 
dine orange, heat, or SDS treatments were 
used without success. In a few cases Km sen- 
sitive derivatives were obtained, but they still 
carried p90. A protocol of curing based on in- 
compatibility was assayed. The different frag- 
ments of p90 cloned in pVKlO0 or pLA29- 
17 (see Table 1) were introduced by conjuga- 
tion into 700 1 (p90-Tn5-Mob3 1) and Sp7(p90- 
no&‘Xm). Selection was made for Tc resis- 
tance, with the hope of obtaining Km sensitive 
derivatives devoid of p90. Except for pAB 1160 
and pABf734, plasmids were transferred at a 
frequency of lop5 into the three recipients and 
were comaintained with p90 as judged by aga- 
rose gel analyses (data not shown). Plasmids 
pAB 1160 and pAB1734, whose apparent 
transfer frequency was 10F7 or less, carry the 
20-kb Hind111 fragment No. 2. After careful 
reisolation of the transconjugants containing 
pABl160, it was possible to obtain Km sen- 
sitive segregants apparently cured of ~90. The 
plasmid profiles of these Km sensitive deriv- 
atives showed different rearrangements of the 
resident (~90) and superinfecting (pAB 1160) 
plasmids. Figure 5 shows the plasmid profile 
of four Km sensitive transconjugants (lanes 4 
to 7) derived from strain 7001(p90-Tn5- 
Mob3 1) (lane 3). Two of the Km sensitive de- 
rivatives (lanes 4 and 5) harbor the 115-MDa 
plasmid, in addition to a plasmid of size sim- 
ilar to that of pAI (lane 8), but have ap- 
parently lost the ~90. In lane 6, plasmids of 
sizes similar to those of p90 and p 115 are vis- 
ible, but an increase in size of pAB 1160 is ob- 
served, whereas in lane 7 no plasmid whose 
migration is similar to that of either p90 or 
pAB 1160 is seen? and the stronger intensity of 
the 115 MDa band suggests that it could be a 
doublet or that p90 and pAB 1160 have formed 
a cointegrate. The wild-type strain Sp7 and its 
derivative devoid of the 1 I5-MDa plasmid, 
7030, are shown in lanes 1 and 2, respectively. 

The identification of the apparently cured 
strains as Azospirhm was confirmed by 
growth properties, general morphology, and 
hybridization pattern with the nifgene cluster 
contained in pAB19 (data not shown). This 
strongly suggested that pAB 1160 encodes an 

AL. 

Ro. 5. Agarose gel electrophoresis of plasmid prepa- 
rations from strains apparently cured of p90. The size scale 
is in MDa and C indicates the migration of linear DNA. 
Lanes: 1, Sp7; 2, 7030; 3, 7OOl(p90-TnS-Mob31); 4 to 7, 
four Km’ transconjugants derived from 700 1 (p90-Tn5- 
Mob31); and 8, E. co/i S17-1 (pABll60). 

incompatibility function. To check for the ab- 
sence of p90, hybridization with total DNA of 
several transconjugants was performed with 
probes of plasmid fragments, including 
pAB153, pAB390, pAB890, and pAB920. 
Hybridization signals were obtained with each 
probe (data not shown) suggesting that the ap- 
parently cured strains still contain all or part 
of p90 integrated into the host chromosome. 

Piasmid Family in Azospirihm 

The IO-kb EcoRI insert of pAB502, ho- 
mologous to the nod genes of R. meliloti, was 
shown to hybridize with a plasmid of about 
90 MDa in most strains of A. brasilense. Ex- 
ceptions included strain R07, where homol- 
ogy was found with the 115-MDa and not with 
the 90-MDa plasmid and some strains of A. 
lipoferum (Vieille et al., 1989). Michiels et al. 
(1989) using exoB and exoC mutation-cor- 
recting loci as probes, also observed hybrid- 
ization with a 90-MDa plasmid of various A. 
brasilense and A. Zipoferum strains. The same 
observation was made using additional probes 
distributed around the p90 (27-kb XhoI No. 
2b; 15-kb and 13-kb BamHI Nos. 4 and 5; 20- 
kb Hind111 No. 2) and an example is shown 
in Fig. 6. This figure shows hybridizations ob- 
tained using the 13-kb BamHI fragment No. 
5 as probe against plasmid profiles of strains 
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FIG. 6. Plasmid family in Azospirihm. Left: Agarose 
gel electrophoresis of plasmids extracted from Azospirdlum 
strains. Right: Autoradiogram after hybridization with the 
I3-kb BamHI fragment (No. 5) of ~90. Lanes: 1, Sp7; 2 
and 3,703O; 4, Sp13; 5, SpUSASa; 6, R07; 7, Sp245; and 
8, Sp246. Time of exposure to Kodak X-OMAT films was 
2 days at -80°C. Size is indicated in MDa; C shows the 
migration of linear DNA. 

Sp7,7030, Sp13, SpUSASa, R07, Sp245, and 
Sp246. The extent of the homology for each 
probe used was not established. However, the 
probes constitute about 70% of the ~90, sug- 
gesting that conserved regions are widespread 
all around 90-MDa plasmids in Azospirillum. 

DISCUSSION 

Azospirillum strains are known to harbor 
several plasmids, but analysis of the functions 
they encode is only beginning. Localization of 
the homology with the R. meliloti pSym 
(no&Q region) on a 90-MDa plasmid of strain 
Sp7 (Elmerich et al., 1987; Vieille et al., 1989) 
led us to establish the physical map of the 
plasmid. An original~technique of purification 
was devised and a few functions were local&d 
on the physical map. Among others, genes hy- 
bridizing to nodPQ and the exoB- and exoC- 
complementing loci have been mapped (Fig. 
2). Further characterization of these regions 
will be reported elsewhere. 

The data reported here suggest that Azospi- 
rillum Sp7 carries two different types of B-lac- 
tamase genes: a TEM- 1 -type @-lactamase gene 
(bla) present in multiple copies, as originally 
described by Verreth et al. (1989), and an un- 
identified type present in a single copy. It is 
not known if all TEM- 1 -type copies are re- 
sponsible for ampicillin resistance in Azospi- 
rillum. The bla homology region carried by 
p90 was localized on a 3.9-kb EcoRI fragment. 
It does not correspond to the copy cloned in 

E. coli by Verreth et al. (1989) and expressed 
in this background. Moreover, the localization 
on the plasmid of another locus, which con- 
ferred ampicillin resistance to Agrobacterium, 
renders the situation even more complicated 
in terms of knowing which gene(s) is (are) re- 
sponsible for ampicillin resistance in Azospi- 
rillum. Over 20 biochemically distinct P-lac- 
tamases (EC3.5.2.6.), responsible for resistance 
to penicillins, cephalosporins, and related p- 
lactam antibiotics, are known to be chromo- 
somal or plasmid-borne in Gram-negative 
bacteria and novel ones are continually being 
described (Boissinot et al., 1987; Ouelette et 
al., 1988; reviewed by Bush, 1989). The en- 
zymes have been classified into four major 
types: TEM, OXA, CARB, and CEP (Leves- 
que and Jacoby, 1988). It is not uncommon 
to have plasmids coding for one to three p- 
lactamases; in addition to the chromosomally 
encoded enzyme (Sirot et al., 1987). Further 
analysis on the new ampicillin loci will allow 
us to assign it to a specific family. 

Large plasmids of the soil bacteria are often 
conjugative (Prakash and Atherly, 1986). Re- 
sults of conjugation experiments between 
strain A. brasilense Sp7 and E. coli or Agro- 
bacterium recipients suggested that p90 was 
not self-transmissible under the conditions as- 
sayed. The helper plasmid pJB3JI was used in 
trials of mobilization of p90 (Simon, 1984; 
Haas and Reimmann, 1989). In Sp7, p90 and 
pJB3JI coexist as independent replicons. 
When p90 was tagged with TnS-Mob, it was 
possible to. use pJB3JI to recover p90 as a 
cointegrate with the helper, in A. tumefaciens. 
This cointegrate molecule was stable in Agro- 
bacterium and the two plasmids were not re- 
solved. This suggests that the transfer into 
Agrobacterium was not a true mobilization 
and that the cointegrate molecule was formed 
because of the homology between pJB3JI and 
TnS-Mob. It is not possible to conclude 
whether the inability to observe self-transfer 
is due to the lack of Tra functions in ~90, or 
to the fact that the origin of replication of p90 
is not functional in Agrobacterium. In con- 
trast, the mobilization with pJB3JI of the 150- 
MDa plasmid of A. Zipoferum 4B resulted in 
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the recovery of the plasmid as an independent 
replicon in Agrobacterium (Bally and Givau- 
dan, 1988). 

Plasmids of the same incompatibility group 
cannot stably coexist in the same bacterium 
(reviewed by Novick, 1987; Couturier et al., 
1988). Strains apparently cured of p90 were 
obtained after introduction of a superinfecting 
plasmid, pABl160, containing the 20-kb 
Hind111 (No. 2) fragment from p90. This frag- 
ment partially overlaps the X/z01 fragment No. 
4b and the BarnHI fragment No. 5 which are 
both comaintained with p90. Thus, a DNA 
region involved in incompatibility is contained 
in the IO-kb XhoI-BumHI internal fragment 
of pAB 1160. Although not proven at this stage, 
it is tempting to speculate that the 1 0-kb frag- 
ment, which was shown to contain the exoC- 
correcting locus, also carries the origin of rep- 
lication of the plasmid. Further experiments 
are in progress to characterize this region. The 
apparently cured isolates still harbored ho- 
mology to p90 fragments. This indicates that 
part or all of the plasmid remains integrated 
in the host genome. This can be due to several 
factors. The DNA regions required for the 
maintenance are widespread on the plasmid 
and/or the plasmid may carry functions nec- 
essary for the host survival. 

In general, a plasmid of 90 MDa is found 
in all A. brasilense and in a few A. lipoferum 
strains, whereas other A. Zipoferum strains, 
such as strains 4B or SpBr 17, contain a 150- 
MDa plasmid (Franche and Elmerich, 198 1; 
Vieille et al., 1989). Self-transmission of p90 
could not be detected with SpBr 17. This may 
be due to the nonfunctionality of the repli- 
cation origin of p90, accounting for its absence 
in this strain. According to its size the plasmid 
could potentially encode 100 or more genes. 
Hybridization data reported here suggest that 
all p90 plasmids share conserved regions. It 
remains to establish the role of the genes en- 
coded by p90, in Azospirillum. Present data 
concerning exuB- and exoC-correcting loci 
(Michiels et al., 1988) and nodPQ (C. Vieille 
and C. Elmerich, manuscript in preparation) 
suggest that. they are functional in Azospiril- 
lum, although their exact role has not been 

established. At this stage, it is unknown 
whether 90-MDa plasmids constitute an in- 
compatibility group. The use of pABll60 
should help in answering this question. At the 
moment it is not clear whether the conserved 
regions carried by p90 are also plasmid-borne 
in Azospirillum strains which do not carry a 
plasmid of this size. 

Since p90 codes for EPS determinants, it 
might play a role in the maintenance of the 
structural integrity of the bacterial cell surface. 
In interaction with plants, it might also play 
a role in recognition, competitiveness, and 
host-specificity processes since it carries, in 
addition, functional genes homologous to R. 
meliloti nodulation genes. Azospirillum col- 
onizes preferentially the roots of grasses. The 
possible important role of the plasmid might 
account for difficulties encountered in obtain- 
ing p90-cured cells. Further analysis of p90 
functions is currently being investigated by the 
use of Azospirillum strains cured partially or 
completely of p90 and with p90 transferred 
into other hosts, like A. tumefaciens, where at 
least some of the genes might be functional. 
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