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Abstract

Rhizosphere and endophytic Azospirillum brasilense isolates recovered from sugarcane plants and the reference strains Sp7
and Cd were analyzed for plasmid occurrence. All of the 26 A. brasilense isolates analyzed harbored from five to eight
replicons. Several strains contained small plasmids from 45 to 70 kb, but all of the isolates harbored other plasmids ranging
from 100 to 290 kb and two megareplicons of approximately 1700 and over 1800 kb. Most of the strains contained a replicon
with a size of either 570 or 630 kb, and another large 910- or 980-kb replicon. The 1700-kb megareplicon and some others
around 600 kb strongly hybridized to 16S rDNA genes, while the 910- or 980-kb replicons hybridized only slightly. This
suggests that the A. brasilense genome is composed of multiple minichromosomes instead of a single circular chromosome. The
apparent genome complexity of A. brasilense deserves to eventually be resolved by complete genome sequencing. ß 1999
Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The genus Azospirillum consists of ¢ve species, A.
lipoferum, A. brasilense, A. amazonense, A. haloprae-
ferans, and A. irakense [1]. This genus comprises
free-living N2-¢xing rhizosphere bacteria which are
associated with the root of many wild and cultivated
plants from all over the world [2]. Azospirillum spe-

cies have been used worldwide in many experiments
to inoculate a great variety of agriculturally impor-
tant crops. The positive responses to inoculation
which were frequently observed (for review see [3])
prompted numerous studies on the ecology, physiol-
ogy and genetics of Azospirillum.

The presence of plasmids and `minichromosomes'
in Azospirillum species, varying in size from 42 to
1850 MDa (ca. 60 to 2775 kb) has been described
[4]. However, the description of the minichromo-
somes was based only on their large size. In addition,
other studies [5^10] using di¡erent methods showed
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that Azospirillum strains contained from one to as
many as six plasmids, ranging in size from 4 to
370 MDa (ca. 6 to 550 kb), but the presence of
minichromosomes in Azospirillum was not con-
¢rmed. A. brasilense exoB1 and exoC genes, and
genes involved in the chemotactic response and in-
doleacetic acid biosynthesis were localized on the p90
(ca. 135 kb) `megaplasmid', whereas the Azospirillum
nifHK genes [9], and the exoB2, nodG, and other nif
genes were chromosomally located (for review see
[11,12]).

During the last few years it has been proposed that
endophytic bacteria may be more important than
rhizosphere bacteria in promoting plant growth, be-
cause they achieve close contact with the plant [13].
Recently, it has been demonstrated that only some
strains of A. brasilense have the ability to colonize
the inner root tissues at high densities, while other
strains are restricted to the rhizosphere environment
and only formed microcolonies on the root surfaces
[14].

Because the plasmids may confer some advantage
to strains which harbor them, and play an important
role in bacterium-plant interactions [15,16], we con-
sidered it of interest to look for the occurrence of
speci¢c plasmids in rhizosphere and endophytic iso-
lates of A. brasilense that could contribute to the
¢tness of this bacterium in the sugarcane plant envi-
ronment.

2. Materials and methods

2.1. Locations and sugarcane cultivars

Plants (8^10 months of age) were collected from
several regions of Mexico as far as 1500 km apart.
The origins of the sugarcane plant varieties and rhi-
zosphere samples used for recovery of bacterial iso-
lates are listed in Table 1.

2.2. Isolation and identi¢cation

Azospirillum isolates were recovered from rhizo-
sphere soil and from inside sugarcane stems under
the conditions described previously [17], but stalk
segments were surface sterilized and treated as in
[18]. Only one of the many isolates recovered from

each plant or rhizosphere sample was designated a
strain. Isolate identi¢cation was based on colony
morphology in culture media and the classical bio-
chemical and physiological tests reported for Azo-
spirillum species [2,19]. A. brasilense strains Sp7
(ATCC 29145), kindly provided by J. Do«bereiner,
and Cd (ATCC 29729), kindly provided by Y.
Okon, were used as references.

2.3. Plasmid content and DNA hybridization

Twenty-four A. brasilense isolates (11 rhizospheric
and 13 endophytic) were analyzed for plasmid con-
tent. Plasmid pro¢les were determined by a modi¢ed
Eckhardt agarose gel electrophoresis technique as
described previously [20] with the following modi¢-
cations: A. brasilense isolates were cultivated in NFb
medium (pH 6.8) supplemented with NH4Cl (0.02%)
and yeast extract (0.1%), the lysis solution contained
6 mg ml31 of lysozyme, and electrophoresis was car-
ried out at 85 V for 10 h at 8³C. Plasmid molecular
masses were estimated by comparison with those of
Rhizobium meliloti strain 1021, which contains two
megaplasmids [21], R. etli CFN 42, with six plasmids
[22] and Escherichia coli HB101 harboring pRK 2013
[23]. Plasmids were transferred from gels to nylon
¢lters by the Southern procedure. Southern blots of
A. brasilense isolates were hybridized as described
previously [24] both with an E. coli 16S rRNA
gene internal fragment from vector pKK3535 [25]
corresponding to nucleotides 80^653, and in inde-
pendent experiments, with an A. brasilense 16S
rDNA probe, obtained by PCR ampli¢cation with
the reported primers fD1 and rD1 [26], in order to
distinguish chromosomal and megaplasmid DNA.
32P-labelled probes were prepared using the Redi-
prime DNA labelling system (Amersham Interna-
tional).

3. Results and discussion

The occurrence of plasmids in 24 A. brasilense
isolates recovered from the rhizosphere and from in-
side sugarcane stems of di¡erent varieties cultivated
in widely separated geographic regions was analyzed.

All of the sugarcane isolates analyzed, as well as
strains Sp7 and Cd, harbored from ¢ve to eight rep-

FEMSLE 8958 30-8-99

J. Caballero-Mellado et al. / FEMS Microbiology Letters 178 (1999) 283^288284



licons (Table 1; Fig. 1A). Each A. brasilense strain
showed a unique pro¢le and the molecular size of the
replicons ranged from 65 to over 1800 kb, but their
sizes were in most cases greater than 510 kb. It is
noteworthy that the plasmid pro¢les were highly re-
producible using the modi¢ed Eckhardt technique, as
we observed in at least 20 horizontal gels. In the
present study, replicons harbored by A. brasilense
strains with a molecular size lower than 630 kb ap-
pear to correspond with those plasmids described
previously in a majority of studies [5^10].

Although a variety of pro¢les were observed, all of
the A. brasilense strains harbored two megareplicons
of approximately 1700 and over 1800 kb (Table 1;
Fig. 1A). Because the size of the megaplasmids in R.
meliloti 1021 (used by us as markers) is well estab-
lished [21], our results clearly demonstrate the pres-
ence of replicons in A. brasilense with sizes greater
than 1500 kb, and con¢rm the data reported by

Wood et al. [4]. In addition, 18 strains (75% of the
isolates) contained a large 980-kb replicon and four
other isolates (17%) harbored a replicon of 910 kb.
Moreover, 20 strains (83% of the isolates) contained
another replicon with a size of 630 kb. Several
strains contained small plasmids from 45 to 70 kb,
but all of the A. brasilense strains harbored other
plasmids in the range from 100 to 290 kb, including
apparently the p90 `megaplasmid' frequently ob-
served in A. brasilense isolates [5,9]. In general, no
obvious relationships could be established between
the presence of a particular plasmid and the habitat
from which the A. brasilense isolate was recovered,
since conserved plasmids are maintained in both rhi-
zosphere and endophytic isolates of this bacterial
species. Nevertheless, we cannot be sure that plas-
mids of the same apparent size in the di¡erent A.
brasilense strains correspond to the same replicon.

Surprisingly and interestingly, the 1700-kb mega-

Table 1
Origin of the strains, numbers and sizes of replicons in A. brasilense strains

Locality Cultivar Strain Number of replicons Replicon sizes (kb)

Veracruz CP 72-2086 Rh-Ab06 7 100, 115, 145, 595, 980, 1700, s 1800
Veracruz CP 72-2086 Rh-Ab07 7 130, 145, 630, 740, 910, 1700, s 1800
Puebla MY 55-14 Rh-Ab23 7 130, 270, 595, 630, 980, 1700, s 1800
Morelos MEX 69-749 Rh-Ab35 7 140, 270, 570, 630, 980, 1700, s 1800
Morelos CP 29-203 Rh-Ab44 7 145, 270, 630a, 980, 1700, s 1800
Veracruz CP 70-1210 En-Ab55 7 120, 150, 570, 630, 980, 1700, s 1800
Veracruz L 78-56 En-Ab61 7 65, 140, 510, 630, 980, 1700, s 1800
Veracruz S. spontaneum En-Ab65 7 70, 140, 570, 630, 980, 1700, s 1800
Puebla MY 55-14 En-Ab79 7 75, 130, 240, 570, 980, 1700, s 1800
Puebla MEX 57-473 En-Ab81 7 140, 175, 630, 740, 910, 1700, s 1800
Puebla MEX 69-749 Rh-Ab28 6 135, 140, 570, 980, 1700, s 1800
Puebla MEX 57-473 Rh-Ab29 6 130, 145, 595, 980, 1700, s 1800
Morelos MEX 69-290 Rh-Ab36 6 70, 130, 630, 740, 1700, s 1800
Morelos MEX 69-290 Rh-Ab38 6 130, 270, 630, 980, 1700, s 1800
Veracruz PT 49-143 En-Ab58 6 70, 145, 630, 980, 1700, s 1800
Veracruz Z MEX 55-32 En-Ab62 6 70, 130, 630, 980, 1700, s 1800
Veracruz TUC 72-14 En-Ab64 6 145, 295, 630, 980, 1700, s 1800
Sinaloa Z MEX 56-78 En-Ab71 6 135, 145, 630, 980, 1700, s 1800
Puebla MEX 57-473 En-Ab75 6 145, 175, 630, 910, 1700, s 1800
Puebla Cristal En-Ab76 6 145, 630, 685, 910, 1700, s 1800
Morelos CP 72-2086 En-Ab82 6 130, 150, 630, 980, 1700, s 1800
Puebla MY 55-14 Rh-Ab21 5 140, 630, 980, 1700, s 1800
Morelos CP 29-203 Rh-Ab46 5 140, 630, 980, 1700, s 1800
Veracruz CP 70-1210 En-Ab56 5 150, 630, 740, 1700, s 1800

Cd 8 45, 130, 140, 145, 570, 630, 1700, s 1800
Sp7 6 130, 570, 630a, 1700, s 1800

`Rh' refers to isolates recovered from rhizosphere soil and `En' to endophytic isolates. Bold numbers indicate the replicons that strongly
hybridized with 16S rDNA genes. Numbers in italics show the size of the replicons that have slight homology to 16S rDNA genes.
aApparently, there are two replicons.
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replicon and some replicons around 600kb strongly
hybridized to 16S rDNA genes, while the 910- or
980-kb replicons hybridized only slightly, except in
strain En-Ab55 (Table 1; Fig. 1B). Reference strains
Sp7 and Cd also contained replicons hybridizing to
these genes. The same hybridization pattern was ob-
tained using either the E. coli or A. brasilense 16S
rDNA probe (data not shown). Bacterial chromo-
somes could be de¢ned as essential (mega)replicons
which contain genes encoding indispensable func-
tions for normal growth [16]. On this basis, the pres-
ence of 16S rRNA genes in at least two di¡erent
replicons in all of the A. brasilense strains analyzed

suggests that the genome of this species consists of
multiple (mini)chromosomes instead of a single cir-
cular chromosome. In the last few years, similar
chromosome multiplicities have been described for
species such as Rhodobacter spheroides [27], Agrobac-
terium tumefaciens [28], Burkholderia (formerly Pseu-
domonas) cepacia [29] and Brucella spp. [30]. Re-
cently, the presence of 16S rRNA genes on two
replicons found in Vibrio parahaemolyticus has
been described [31]. The molecular sizes of replicons
containing 16S rRNA genes in all these species were
close to, or higher than 1.0 Mb, but in A. brasilense
these genes were found both in one of the mega-

Fig. 1. A: Example of electrophoretic pro¢le of plasmids in A. brasilense obtained by a modi¢ed Eckhardt procedure. B: Autoradiogram
of a Southern blot of the plasmid pro¢le after hybridization with a 16S rDNA probe of E. coli. Endophytic strains: EnAb79 (lane 1),
EnAb55 (lane 4), EnAb71 (lane 12), EnAb64 (lane 13), EnAb75 (lane 14). Rhizospheric strains: RhAb06 (lane 2), RhAb07 (lane 3),
RhAb23 (lane 5), RhAb28 (lane 9), RhAb29 (lane 10). A. brasilense reference strains: Cd (lane 6), and Sp7 (lane 8). Bacterial strains used
as markers: R. meliloti 1021 (lane 7) harboring pSym-a (1340 kb), and pSym-b (1700 kb); R. etli CFN 42 (lane 11) harboring plasmids a
and b (150 kb), plasmid c (270 kb), plasmid d (sym plasmid, 390 kb), plasmid e (510 kb), and plasmid f (630 kb); E. coli HB101 (lane
15) harboring pRK 2013 (48 kb).
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replicons and in `small' replicons, either 570 or
630 kb, but usually not on both small replicons
when each was present in the same strain. Therefore,
replicons around 600 kb in A. brasilense correspond
to the smallest chromosomes described in any bacte-
rial species up to date. Because di¡erences in the size
and number of chromosomes can be explained by
rearrangements resulting from homologous recombi-
nation between the rrn loci [32], it would be of in-
terest to compare rRNA genes on the di¡erent rep-
licons contained in A. brasilense.

Surprisingly, we did not observe hybridization to
16S rRNA genes on the largest (s 1800 kb) mega-
replicon of A. brasilense, as might have been ex-
pected considering its very large size. However, the
presence of other housekeeping genes on the largest
megareplicon remains to be determined. It could de-
¢ne the existence of a secondary chromosome in A.
brasilense, as has been suggested previously for sim-
ilarly complex genomes [32].

Recently, it has been suggested that ``we should
not be surprised if more of the bacteria we regard
as having a simple circular chromosome for a ge-
nome turn out to have a genome with a high degree
of physical plasticity and several replicons with or
without rrn operons and other housekeeping genes''
[32]. This is especially true for A. brasilense, and
perhaps for other Azospirillum species. The apparent
genome complexity of A. brasilense revealed in this
study deserves to eventually be resolved by complete
genome sequencing.
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Mellado, J. (1988) Acetylene reduction and indoleacetic acid
production by Azospirillum isolates from Cactaceous plants.
Plant Soil 106, 91^95.

[18] Fuentes-Ram|̈rez, L.E., Jimënez-Salgado, T., Abarca-Ocam-
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