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Abstract: In the frame of a survey of potentially endophytic N2-fixing Burkholderiaassociated with maize in Mexico,
its country of origin, the soil of an indigenous maize field near Oaxaca was studied. Under laboratory conditions, plant
seedlings of two ancient maize varieties were used as a trap to select endophyte candidates from the soil sample.
Among the N2 fixers isolated from inside plant tissues and able to grow on PCAT medium, the most abundant isolates
belonged to genusBurkholderia(API 20NE, rrs sequences). Representative isolates obtained from roots and shoots of
different plants appeared identical (rrs and nifH RFLP), showing that they were closely related. In addition, their 16S
rDNA sequences differed from describedBurkholderiaspecies and, phylogenetically, they constituted a separate deep-
branching new lineage in genusBurkholderia. This indicated that these isolates probably constituted a new species. An
inoculation experiment confirmed that these N2-fixing Burkholderia isolates could densely colonize the plant tissues of
maize. More isolates of this group were subsequently obtained from field-grown maize and teosinte plants. It was hy-
pothesized that strains of this species had developed a sort of primitive symbiosis with one of their host plants, teo-
sinte, which persisted during the domestication of teosinte into maize.
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Estrada et al.Résumé: Lors d’une étude desBurkholderiaendophytes fixatrices d’azote associées au maïs dans son pays d’origine,
le Mexique, le sol d’un champ de maïs traditionnel de la région d’Oaxaca a été étudié. Des jeunes plantes de maïs de
deux variétés traditionnelles furent utilisées comme pièges, en conditions de laboratoire, pour sélectionner les souches
candidates endophytes à partir du sol. Les tissus de ces plantes montrèrent la présence de bactéries fixatrices d’azote
poussant sur le milieu PCAT, identifiées commeBurkholderia(API 20NE). Ces isolats présentaient des profils de re-
striction identiques pour les gènesnifH et rrs. Leurs séquences 16S rDNA différaient de celles des espèces connues de
Burkholderiaet l’étude de leur phylogénie a montré qu’ils constituaient un phylum séparé. Ces résultats suggèrent
qu’ils constituent une nouvelle espèce deBurkholderia. Un essai d’inoculation en serre a montré que cette bactérie
était bien capable de coloniser densément les tissus du maïs. De nouveaux isolats comparables furent obtenus
ultérieurement de maïs au champ et même de téosinte. Ces résultats permettent d’émettre l’hypothèse que des souches
de ce type deBurkholderiaont développé une sorte de symbiose primitive avec la téosinte, qui a été préservée durant
sa domestication en maïs.

Mots clés: bactéries endophytes, fixation d’azote,Zea mays, Burkholderia.
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Introduction

Hebbar et al. (1992a) first reported the occurrence and
abundance ofPseudomonas cepaciain the rhizosphere of
maize in some soils in the United States and Australia. At
that time our knowledge of this bacterial group was limited,
and novel data have changed our perception of it signifi-

cantly. First, this taxon was transferred to a new genus,
Burkholderia (Yabuuchi et al. 1992), asBurkholderia
cepacia, along with six other species ofPseudomonas. This
B. cepacia species was then found to include five
(Vandamme et al. 1997), and later, seven (Vandamme et al.
2000; Coenye at al. 2001b) closely related genomic species,
forming what is now called the “cepacia complex”
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(Vandamme et al. 1997). Other species of environmental or-
igin were then added to this genus, includingBurkholderia
graminis(Viallard et al. 1998),B. caribensis(Achouak et al.
1999), B. kururiensis (Zhang et al. 2000),B. ubonensis
(Yabuuchi et al. 2000),B. caledonicaand B. fungorum
(Coenye et al. 2001a), andB. sacchari(Brämer et al. 2001).
The current number of describedBurkholderiaspecies is 25,
of which many could correspond to what Hebbar et al.
(1992a) described asP. cepacia.

In a more recent survey conducted in France, Hebbar et
al. (1994) confirmed that “B. cepacia” could be abundant in
some maize fields. Identification was based upon API strips
that, again, precluded precise identification. Recently, more
surveys of maize-associatedBurkholderia have been pub-
lished in Europe that take into account recent changes in the
taxonomy ofBurkholderia. Two species have been shown to
be abundant in a maize field studied in France: a new spe-
cies, B. graminis (Viallard et al. 1998), andB. cepacia
genomovar III (Balandreau et al. 2001). The latter is aB.
cepaciacomplex genomic species involved in the “cepacia
syndrome” (Isles et al. 1984). In three regions of Italy, Fiore
et al. (2001) collected 120cepacia complex isolates from
maize fields. These isolates belonged to several species, viz
B. cepacia sensu stricto (genomovar I),Burkholderia
vietnamiensis(genomovar V; Gillis et al. 1995),B. ambifaria
(genomovar VII; Coenye et al. 2001c), and B. cepacia
genomovar III. At that time,B. cepaciacomplex strains had
been isolated only from non-native plants: maize in Europe
and wheat and lupin in Australia (Balandreau et al. 2001).
As maize is native to Mexico, it was felt that a comparison
of maize-associatedBurkholderiaspecies from Mexico and
Europe would be of interest.

In the course of a survey of the predominant N2-fixing
bacteria in Mexico, Estrada-de-los-Santos et al. (2001)
found thatB. vietnamiensiswas the predominant N2-fixing
bacterial partner in the state of Morelos. In other regions of
Mexico, otherBurkholderia isolates were obtained that did
not fit the present state of taxonomy of this genus. Among
these isolates, some were obtained from stem and surface-
sterilized roots, suggesting an endophytic life style. The
present article presents recent data on the biology, ecology,
and taxonomy of some of theseBurkholderia isolates ob-
tained from an area where maize was grown following an-
cestral practices. These isolates were characterized in the
frame of a France–Mexico collaborative program on the di-
versity changes in maize-associatedBurkholderiaduring the
domestication of the host plant and its exportation to Eu-
rope.

Materials and methods

Maize plants and soil sampling
The rhizosphere soil of the indigenous maize Tsaa poo’p

mook (cv. Piedra blanca) was sampled from a field in
Totontepec, in the mountains near the city of Oaxaca, Mex-
ico. The field had always been cultivated in the Indian way,
without fertilizers or pesticides. Three soil samples were col-
lected 3 m apart around the field, in February, during the dry
season 3 months after harvest.

Media and growth conditions of bacteria
All bacterial strains used in this study are listed in Ta-

ble 1. N-free semisolid LGI medium (Döbereiner et al.
1995) was modified by increasing the cane sugar from 5 to
10 g/L, omitting the vitamins, and adjusting the pH to 6.5.
This modified medium, called LGIM, was used for the en-
richment and enumeration of N2-fixing bacteria. Vials con-
taining 5 mL of N-free LGIM medium were sterilized at
121°C for 20 min, and filter-sterilized cycloheximide
(20 µg/mL) was added. To isolate and cultivate N2-fixing
bacteria, LGIM agar plates supplemented with 50 mg of
yeast extract/L were used. When dealing withBurkholderia,
a modification of the selective PCAT medium (Burbage and
Sasser 1982) was used: tryptamine and chlorothalanil were
omitted and bromothymol blue (75 mg/L) was added. The
pH was adjusted to 5.7 and the medium was sterilized at
121°C for 20 min. The incubation temperature was 29°C.

Isolation and enumeration
The rationale for isolating endophytic N2-fixing bacteria

was based on using plant seedlings as a trap to select
endophyte candidates from the soil sample, followed by
maceration of plant tissues, dilution, and inoculation of ap-
propriate selective media.

This strategy was applied here to isolate the most abun-
dant N2-fixing endophytic Burkholderia associated with
maize. For this purpose, seeds of two indigenous maize vari-
eties (Piedra blanca and Rojo) were surface-sterilized with a
bleach solution (1.2% hypochloride) for 6 min. Seeds were
then washed three times in sterile distilled water and trans-
ferred to LB (Luria–Bertani) agar plates to germinate (at
29°C). After germination, individual seedlings were trans-
ferred to 250-mL flasks containing sterile vermiculite (90 g).
Flasks with plants were inoculated with 5 g of rhizosphere
soil resuspended in 100 mL of water and incubated at 29°C
in a growth cabinet. Control seedlings received only 100 mL
of water. Plant tops were left growing outside the flasks
through plastic foam plugs. After 15 and 30 days of growth,
the whole plants were washed in sterile distilled water and
immediatly surface-sterilized by immersion in 1% chlora-
mine T for 10 min. After washing three times in sterile dis-
tilled water, roots were separated from shoots and some
samples were rolled on LB agar plates to check for surface
sterilization. Roots or shoots were then macerated in a
blender in 10 mM MgSO4·7H20 to give a 10–1 dilution. Ten-
fold serial dilutions were used to inoculate (in triplicate) N-
free semisolid LGIM. After 96–120 h of incubation, vials
were assayed for acetylene reduction activity (ARA), as de-
scribed previously (Mascarúa-Esparza et al. 1988).
Nitrogenase-positive vials with a surface pellicle were repli-
cated into N-free semisolid LGIM, incubated for 96 h, and
once more assayed for ARA. Bacterial growth from
nitrogenase-positive vials was then streaked onto LGIM agar
plates and incubated for 72–96 h. In general, two to three
morphological types of colonies were observed. All the col-
ony types were numbered and only one representative of
each type was transferred to N-free semisolid LGIM and as-
sayed for ARA as described above. Thereafter, all the acety-
lene-reducing colonies were checked for purity and their
ability to grow on modified PCAT agar plates. At this stage,
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Taxonomy Source Ecology

Endophytic strains
CFN-BM04 Burkholderiasp. This work Roots of 15-day-old maize cv.

Rojo
CFN-BM16 Burkholderiasp. This work Shoots of 15-day-old maize

cv. Rojo
CFN-BM229 Burkholderiasp. This work Shoots of 15-day-old maize

cv. Piedra blanca
CFN-BM242 Burkholderiasp. This work Roots of 15-day-old maize cv.

Piedra blanca
CFN-BM265 Burkholderiasp. This work Shoots of 30-day-old maize

cv. Piedra blanca
CFN-BM273 Burkholderiasp. This work Roots of 30-day-old maize cv.

Piedra blanca
LMG 19232 (WS 11.7) Burkholderia cepaciagnv. III Balandreau et al. 2001 Wheat shoot endophytes

(South Australia)
Maize rhizosphere strains
CFN15 Azospirillum lipoferum This work Maize rhizosphere (Mexico)
ATCC 700544T (C4D1M) Burkholderia graminis Viallard et al. 1998 Maize rhizosphere (France)
C3B1M (R-13371) Burkholderia cepaciagnv. III Balandreau et al. 2001 Maize rhizosphere (France)
m35b (R-13370) Undetermined Balandreau et al. 2001 Maize rhizosphere (France)
Reference strains (used as 16S rDNA sequences)
Ral-3 Burkholderia ambifaria Coenye et al. 2001c Soybean rhizosphere
ATCC 23061T Burkholderia andropogonis Gillis et al. 1995 Plant pathogen
LMG 19076T Burkholderia caledonica Coenye et al. 2001a Soil
LMG 18531T Burkholderia caribensis Achouak et al. 1999 Vertisol microaggregates in

Martinique
ATCC 25418T Burkholderia caryophylli Yabuuchi et al. 1992 Carnation pathogen
ATCC 25416T Burkholderia cepacia(gnv. I) Yabuuchi et al. 1992 Onion sour skin
LMG 12614 Burkholderia cepacia

(gnv. III)
Vandamme et al. 1997 Cystic fibrosis sputum (U.K.)

LMG 18941 Burkholderia cepacia
(gnv. VI)

Coenye et al. 2001b Cystic fibrosis sputum
(U.S.A.)

ATCC 33664T Burkholderia cocovenenans Gillis et al. 1995 Fermented coconut (Bongkrek)
LMG 16225T Burkholderia fungorum Coenye et al. 2001a Fungal associate
LMG14190T Burkholderia glathei Vandamme et al. 1997 Fossil soil
ATCC 33617T Burkholderia glumae Urakami et al. 1994 Rice pathogen
ATCC 10248T Burkholderia gladioli Yabuuchi et al. 1992 Gladiolus bulb pathogen
KP23T Burkholderia kururiensis Zhang et al. 2000 Soil
LMG 13010T Burkholderia multivorans

(gnv. II)
Vandamme et al. 1997 Cystic fibrosis sputum

(Belgium)
LMG 2247T Burkholderia phenazinium Viallard et al. 1998 Soil
LMG 9035T Burkholderia plantarii Urakami et al. 1994 Rice pathogen
Strain 1026b Burkholderia pseudomallei Yabuuchi et al. 1992 Melioidosis
ATCC 15958T Burkholderia pyrrocinia Vandamme et al. 1997 Soil
LMG 14294T Burkholderia stabilis

(gnv. IV)
Vandamme et al. 2000 Cystic fibrosis sputum

(Belgium)
ATCC 700348T Burkholderia thailandensis Brett et al. 1998
LMG 16020T Burkholderia vandii Urakami et al. 1994 Orchid rhizosphere
LMG 10929T Burkholderia vietnamiensis

(gnv. V)
Gillis et al. 1995 Rice rhizosphere

LMG 16407T Pandorea apista Coenye et al. 2000a Cystic fibrosis patient
(Denmark)

LMG 18087T Pandorea pnomenusa Coenye et al. 2000a Cystic fibrosis patient (U.K.)
LMG 18819T Pandorea sputorum Coenye et al. 2000a Cystic fibrosis patient (U.S.A.)
LMG 18106T Pandorea pulmonicola Coenye et al. 2000a Cystic fibrosis patient

(Canada)

Table 1. Strains used in this study.
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the corresponding most probable numbers (MPN) of PCAT-
growing and ARA-positive isolates were calculated using
the McCrady tables. All the isolates were maintained in 20%
glycerol at –80°C until analyzed. One colony of each mor-
phological type per plate from the highest dilution was se-
lected for further analysis. These precautions allowed us to
focus on the most abundant N2-fixing population and to
avoid analyzing several colonies belonging to the same
clone.

Phenotypic identification
The isolates were presumptively identified using the API

20NE system (bioMérieux, La Balme les Grottes, France).
The results were interpreted using the API analytical profile
index, which provided percentage of identification.
Azospirillum identification was based on biochemical tests,
as described previously (Mascarúa-Esparza et al. 1988).

DNA preparation
DNA was extracted by thermal shock. From one to three

colonies were dispersed in 50µL of sterile water; tubes were
heated to 100°C in boiling water and then put in liquid N2
for a few seconds. Cell debris was centrifugated down and
the supernatant used for PCR.

16S rDNA and nifH amplification
The oligonucleotides used to amplify the 16S rDNA gene of

strain BM273 (see Table 1) were described previously (Normand
et al. 1992; Viallard et al. 1998). The forward primer was FGPS-
1509′-153(5′ATGGA(AG)AG(TC)TTACATCCTGGCTCA 3′),
with a Tm of 66–70°C, calculated after Suggs et al. (1981);
the reverse primer was FGPS4-281bis (5′AAGGAGGGG
ATCCAGCCGCA 3′), with a Tm of 66°C. The 16S rDNA
gene of strain BM16 (see Table 1) was PCR-amplified with
the primers fD1 (5′ AGAGTTT GATCCTGGCTCAG 3′) and
rD1 (5′ AAGGAGGTGATCCAGCC 3′) (Weisburg et al. 1991).
PCR was performed directly in a final volume of 50µL
under a thin layer of paraffin oil; the reaction mixture
contained 1µL of extracted DNA, 5µL of buffer (10 µM
Tris-HCl (pH 8.2); 1.5 mM MgCl2, 50 mM KCl; 0.01%

w/v gelatin), 20 µM of each dNTP (Pharmacia Biotech,
U.S.A.), 0.5µM of each primer, and 2.5 U of Taq DNA
polymerase (Gibco-BRL, Cergy-Pontoise, France). Amplifi-
cations were carried out on a Perkin Elmer dry-block
thermocycler, using the following program: 3 min at 95°C;
followed by 35 cycles of denaturation (1 min at 95°C), an-
nealing (1 min at 55°C), and extension (2 min at 72°C); with
a final extension of 10 min at 72°C. To check for amplifi-
cation efficiency, 5µL of the amplification product was run
on a 2% horizontal agarose gel in TBE buffer (0.1 M Tris,
90 mM boric acid, 1 mM EDTA, pH 8.4) at 4 V/cm. The
PCR amplification products were visualized by ethidium
bromide staining. For amplified ribosomal DNA restriction
analysis (ARDRA), approximately 200 ng of the amplified
16S rDNA gene fragment (ca. 1.5 kb) was restricted with 5
U each of endonucleasesAluI, DdeI, HaeIII, HhaI, HinfI,
MspI, and RsaI. The restriction-fragment patterns were de-
termined by electrophoresis in 3% agarose gels and com-
pared.

PCR primers used fornifH amplification (Poly et al.
2001) were forward primer IGK (5′ TGCGA(TC)CC
(CG)AA(AG)GC(CG)GACTC 3′), with a Tm of 62–68°C,
and reverse primer GEM2 (5′AT(CG)GCCATCAT(TC)TC(AG)
CCGGA 3′), with a Tm of 60–64°C. PCR amplifications
were performed in a total volume of 50µL. The final con-
centration of each primer was 0.5µM. Other reagents were
200 mM of each dNTP, 2 U of Expand High Fidelity DNA
polymerase, and 1× PCR buffer (as specified by the manu-
facturer; Boehringer Mannheim). PCR was run for 30 cycles
of 1 min at 94°C (denaturation), 1 min at 55°C (annealing),
2 min at 72°C (extension), with a final extension of 7 min at
72°C for the last cycle. Amplification products were submit-
ted to electrophoresis in a 2% agarose gel and stained with
ethidium bromide. For restriction fragment length polymor-
phism (RFLP) analysis, approximately 200 ng of the ampli-
fied nifH gene fragment (ca. 0.324 kb) was restricted with 5
U each of the endonucleasesHaeIII, NdeII, MnlI, and
FNU4H1, following the manufacturer’s recommendations.
The restriction-fragment patterns were determined by elec-
trophoresis in 8% acrylamide gels, stained with Zyber
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Biotechnological strains (used as 16S rDNA sequences)
DhA-54 Burkholderiasp. Moore depositor, 1998 Grows on resin acids
LB400 Burkholderiasp. Erickson and Mondello

1992
Grows on chloro-biphenyl

N2P5 Burkholderiasp. Mueller et al. 1997 PAH (polycyclic aromatic
hydrocarbon) degrader

N2P6 Burkholderiasp. Mueller et al. 1997 PAH (polycyclic aromatic
hydrocarbon) degrader

N3P2 Burkholderiasp. Mueller et al. 1997 PAH (polycyclic aromatic
hydrocarbon) degrader

RP007 Burkholderiasp. Laurie and Lloyd-Jones
1999

PAH (polycyclic aromatic
hydrocarbon) degrader

VUN10013 Burkholderiasp. Boochan et al.
depositors, 1998

PAH (polycyclic aromatic
hydrocarbon)

Note: Type strains are indicated by a superscript T; CFN, Centro de Investigaci\n sobre Fijaci\n de Nitr\geno, Universidad Nacional Aut\noma de
México, Cuernavaca, México; gnv., genomovar; ATCC, American Type Culture Collection, Rockville, Md., U.S.A.; LMG, Culture Collection,
Laboratorium voor Microbiologïe, State University of Ghent, Ghent, Belgium.

Table 1 (concluded).
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Green, photographed under UV (302 nm) light, and com-
pared.

DNA sequencing and phylogenetic analysis
For strain BM273, the 16S rDNA gene andnifH were se-

quenced by Genome Express S.A. (Grenoble, France). For
strain BM16, the 16S rDNA sequence was obtained with an
ALF sequencer (Pharmacia Biotech).

DNA sequences were aligned using the multiple align-
ment CLUSTAL W software (Thompson et al. 1994). Sites
involving insertions–deletions (indels) were excluded from
all analyses. Evolutionary distances between sequence pairs
corrected for multiple substitutions were computed using the
Jukes and Cantor (1969) model. The phylogenetic tree was
inferred using the neighbor-joining (NJ) method (Saitou and
Nei 1987). Bootstraps were performed as previously de-
scribed (Felsenstein 1985). The PHYLO_WIN and SEA-
VIEW graphic tools for phylogenetic analyses were used
(Galtier et al. 1996).

Endophytic colonization of maize
To test the endophytic behaviour of bacterial isolates, the

maize indigenous cultivar Rojo and the hybrid cultivar B-
555 were used. Seeds were surface-sterilized with
hypochloride and germinated as described in Isolation and
enumeration, above. Germinated seeds were inoculated by
immersing roots in a bacterial suspension containing washed
cells (1 × 107 CFU/mL) of a mid-logarithmic-phase culture.
Seedlings were then transferred to a 250-mL flask contain-
ing sterile vermiculite (90 g) and 90 mL of a N-free nutrient
solution composed of (mg/L): K2HPO4 54, KH2PO4 109,
NaCl 12, CaCl2 344, MgSO4·7H2O 185, FeSO4·6H2O 1,
ZnSO4·7H2O 1, H3BO3 1, CuSO4·5H2O 0.03, MnSO4·4H2O
0.1, and Na2MoO4·2H2O 0.03. Two plants of each cultivar
were inoculated with isolate BM16 and, as a control, two
other plants were inoculated withAzospirillum lipoferum
CFN15, a strain isolated from the rhizosphere of maize cv.
Rojo during another survey in the same location. As an ab-
solute control, two plants were left uninoculated. After
15 days, the plants were harvested and surface-sterilized
with chloramine T. Roots and shoots were macerated sepa-
rately and diluted; the bacterial cells were quantified by the
MPN method. For each sample, aliquots of the highest-
dilution tubes were streaked onto modified PCAT agar
plates. For each plate, three colonies were characterized by
multilocus enzyme electrophoresis (MLEE) profiles, follow-
ing the procedures described by Caballero-Mellado et al.
(1995), to verify that these colonies corresponded to the in-
oculated isolates.

Nucleotide sequence accession numbers
Sequences were deposited in GenBank under the acces-

sion numbers AF312214 (isolate BM16) and AF312213
(isolate BM273).

Results

Estimation and identification of the Burkholderia
population

Following inoculation of vials containing N-free semisolid
LGIM with plant macerates, large pale-yellow surface pelli-

cles were observed. After plating dilutions on LGIM agar,
three morphological colony types were obtained. All were
gram-negative bacteria. The most abundant colonies were
yellow, 2–3 mm in diameter, round, mucous, smooth, and
convex with translucent margins. When transferred to modi-
fied PCAT medium, these colonies were 1–2 mm in diame-
ter, round, white, smooth, and convex with entire margins,
and the surrounding medium turned blue. Colonies with this
morphology ranged from 5 × 102 to 9 × 103 CFU/g root
(fresh weight) of and from 5 × 102 to 2.2 × 105 CFU/g shoot
(fresh weight). Colonies of the other two morphology types
were smaller and represented less than 102 CFU/g root or
shoot (fresh weight). It is important to point out that the
analysis of uninoculated plants showed the presence of very
few bacterial colonies and that these were clearly different
morphologically from those found in inoculated plants.

For a preliminary identification, PCAT-growing and ARA-
positive isolates were used to inoculate API 20NE strips.
Among the 38 selected isolates, only 14, originating from
different inoculated plants, matched known taxa in the API
data base. Four isolates corresponded toEnterobacter
cloacae, three toAzospirillum spp., and one toKlebsiella
pneumoniae. Six isolates belonging to the most abundant
N2-fixing colonies were identified asB. cepacia. The per-
centage of identification ranged from 86.2 to 99.7%, which
is considered acceptable for a genus level determination.
Further characterization focused on the group of isolates be-
longing to Burkholderia.

16S rDNA data
ARDRA of the six isolates that were presumptively iden-

tified as B. cepaciashowed that they all gave identical re-
striction patterns with seven different endonucleases. Two
isolates, BM273 and BM16, obtained from the highest dilu-
tions, were selected for 16S rDNA sequencing. The former
was isolated from roots of maize cv. Piedra blanca and the
latter from the shoot of maize cv. Rojo (Table 1). Their se-
quences were 99.9% similar.

The 16S rDNA sequences of isolates BM273 and BM16
were aligned with those of all 16S rDNA sequences pres-
ently available for the genusBurkholderia and with se-
quences of the closely related genusPandoraea, using 1435
positions. Phylogenetic relationships between the 41 selected
sequences of this data set were inferred using the Jukes and
Cantor (1969) distance-matrix method and a parsimony anal-
ysis. The two approaches gave similar results (Fig. 1), with
the following main significant observations: (i) all 16S
rDNA sequences from the genusBurkholderiaformed a dis-
tinct cluster that was clearly separate from sequences of the
closely related genusPandoraea(for 100% of the bootstrap
replicates using the distance-matrix method and among
100% of the 44 most parsimonious trees requiring 558
steps); (ii ) sequences of isolates BM273 and BM16 clearly
belonged to the cluster ofBurkholderiasequences, but rep-
resented a distinct novel lineage within this group; (iii ) the
closest 16S rDNA neighbor of the BM273 and BM16 se-
quences could not be identified with a high confidence level
using this data set. Multiple analyses were performed to
identify the sequences affecting the resolution of the phylo-
genetic relationships. Two sequences were found to affect
the robustness of the analyses, viz. the 16S rDNA sequences
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Fig. 1. Phylogenetic analysis of 16S rDNA sequences from a representative set ofBurkholderiastrains, including isolates BM273 and BM16
from maize. Phylogenetic relationships were estimated using 16S rDNA sequences from most if not all species ofBurkholderiaand represen-
tative sequences from species of the closely related genusPandoraea. Distances were computed according to Jukes and Cantor (1969), and
the tree was built using the neighbor-joining (NJ) method (Saitou and Nei 1987); 1328 DNA sites (of which 106 are informative) were used.
Horizontal distances on the NJ tree are proportional to evolutionary divergences expressed in substitutions per 100 sites. Scale is given on the
NJ tree and some distances are given on the tree branches. Bootstrap values above 85% are given in ovals for the original data set and in
squares for values derived from the same data set but not considering the Ban-23061 and Bgl-14190 16S rDNA sequences. Vertical separa-
tions are for clarity only. Asterisks indicate lineages observed among 100% of the most parsimonious trees (44 trees, requiring 558 steps) that
were derived from the same data set. The parsimony analysis was performed using the DNAPARS program of the PHYLIP package
(Felsenstein 1985). GenBank accession numbers for the 16S rDNA sequences used are indicated following “#”. Species type strains are fol-
lowed by “T”.
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of Burkholderia andropogonis(Ban-23061) andB. glathei
(Bga-14190). The NJ phylogenetic tree (distance-matrix
method) obtained with the modified data set (39 sequences
instead of 41, excluding the above two sequences) clearly
showed a cluster of sequences, designated “A”, comprising
the cepacia complex, Burkholderia gladioli, B. cocovene-
nans, B. plantarii, B. vandii, B. glumae, B. pseudomallei, B.
thailandensis, andB. caryophilli. The cepacia complex was
well individualized in 92% of bootstraps. French maize iso-
lates m35b and C3B1M were members of this complex;
strain C3B1M belongs toB. cepaciagenomovar III, whereas
m35b belongs to another undescribed species of thiscepacia
complex (Balandreau et al. 2001). In the NJ tree, another
cluster appeared, designated “B,” that included the other se-
quences fromBurkholderiaand the sequences from isolates
BM273 and BM16 (Fig. 1). The closest named species of
the latter appeared to beB. kururiensis; however, the num-
ber of substitutions differentiating them fromB. kururiensis
is much larger than the number differentiating any other two
species inside the genusBurkholderia, showing that they are
separate species. It is noteworthy that this data set did not
position theB. andropogonisand B. glathei sequences and
that these could still be part of either of these two main clus-
ters. Within cluster A, several subgroups could be resolved
with a high confidence level (see Fig. 1), but within cluster
B, no significant subgroups could be detected.

Endophytic status of Burkholderia strains
We selected isolate BM16, which had been recovered

from the highest dilution of shoot tissue, to test endophytic
behaviour. Following inoculation with isolate BM16, large
numbers of bacterial colonies were recovered from surface-
sterilized plant tissues: up to 103 CFU/g root (fresh weight)
and up to 105 CFU/g shoot (fresh weight). The identity of
these colonies was confirmed by MLEE profiles. In contrast,
no bacteria were recovered from the inside tissues of control
plants, either uninoculated or inoculated withA. lipoferum
CFN15.

Nitrogen fixation
As mentioned above, allBurkholderia isolates could re-

duce acetylene. We tested the presence ofnifH genes in iso-
lates BM273 and BM16 by PCR usingnifH-specific
primers. The PCR products obtained gave identical RFLP
patterns (data not shown), confirming the close relationship
between these two strains. The BM273nifH gene has been
partially sequenced (324 bp). The closest sequence found in
GenBank (using BLAST) corresponded to thenifH1 gene of
Rhizobiumsp. strain ORS571 (Norel and Elmerich 1987).

Discussion

Several published reports show that nonpathogenic bacte-
ria can be present in tissues of many species of healthy
plants (Döbereiner et al. 1993; Reis et al. 2000), including
sugar cane (Cavalcante and Döbereiner 1988), coffee
(Jimenez-Salgado et al. 1997), pineapple (Tapia-Hernández
et al. 2000), maize (McInroy and Kloepper 1995a, 1995b),
rice (Engelhard et al. 2000), wheat, and lupin (Balandreau et
al. 2001). The nature, numbers, and localization of these

endophytic bacteria are diverse. Bacteria involved include
Gluconacetobacter diazotrophicus, Herbaspirillum spp.,
Azoarcusspp., andBurkholderiaspp.

Data presented in this study show that, in Mexico, soils
under conditions of traditional sustainable agriculture con-
tain bacterial populations of a new group of N2-fixing
Burkholderia. These isolates are able to colonize maize tis-
sues in large numbers—up to 9 ×103 CFU/g root (fresh
weight) and up to 2.5 ×105 CFU/g shoot (fresh weight)—fol-
lowing seed inoculation, without any disease symptoms.
This level of internal colonization in maize is comparable
with levels found by Hebbar et al. (1992a, 1992b) in Kairi
(Australia). The population level ofBurkholderiasp. found
internally associated with rice roots in Italy by Engelhard et
al. (2000) is also comparable. Direct localization studies
have not yet been performed to confirm the endophytic habit
of theseBurkholderia isolates, but strong evidence comes
from the inoculation experiment comparingBurkholderia
isolate BM16 and a rhizosphere isolate ofA. lipoferum,
CFN15. As expected, onlyBurkholderiaisolate BM16 could
colonize the plant tissues. In addition, in the uninoculated
control treatment in this experiment, noBurkholderiacolo-
nies were found in plant tissues, showing that the seeds did
not carry any endophyticBurkholderia.

During preparation of this report, more endophytic iso-
lates of this newBurkholderiagroup (identified by ARDRA)
were obtained directly from field-grown maize plants in
Mexico. Population levels were comparable with those re-
ported here (up to 103 CFU/g root (fresh weight) and up to
105 CFU/g shoot (fresh weight)). In addition, similar
endophytic isolates were obtained from teosinte plants grow-
ing in Tepoztlan, 35 km from Cuernavaca in the state of
Morelos, Mexico.

No maize endophyticBurkholderiawere described in It-
aly by Fiore et al. (2001). In two preliminary experiments
conducted near Lyon (France), K. Ophel-Keller (personal
communication) studied surface-sterilized maize stems and
found no endophytes (on PCAT); in contrast, using the same
methodology, endophyticBurkholderia were obtained from
surface-sterilized stems and roots of wheat and lupin in Aus-
tralia. Their densities were very low in planta, ranging from
101 to 102/g tissue (fresh weight). These isolates belong to
B. cepaciagenomovar III (Balandreau et al. 2001); they do
not fix nitrogen and are similar to other rhizosphere bacteria,
suggesting that their presence results from an opportunistic
inwards colonization from the rhizosphere. In the present
study, the large internal populations seen without coincident
disease symptoms, and the ability to fix nitrogen, suggest a
possible contribution to the nitrogen nutrition of the host
plants, which is consistent with the traditional indian way of
growing maize without nitrogen fertilizers.

Some reports ofBurkholderia closely associated with
plants have included 16S rDNA sequencing. Three almost
complete 16S rDNA sequences are found in GenBank that
are very similar (99%) to the 16S rDNA sequences of iso-
lates BM273 and BM16. These are for strains PPe8 (acces-
sion No. AJ420332), AB98 (AF164045), and TFD3
(AF184929). Strain PPe8 represents a group of “isolate E”-
type bacteria isolated by Döbereiner et al. (1993) from sug-
arcane, as reported by Hartmann et al. (1995), who classified
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them asBurkholderiasp. Strain AB98 was isolated from a
pineapple fruit (Magalhaes et al. 2001). PPe8 and AB98 16S
rDNA have been provisionally assigned the name
Burkholderia tropicalis (Magalhaes et al. 2001). Strain
TFD3 is a 2,4-D-degradingBurkholderia isolated in Michi-
gan (Velicer et al. 1999). These three strains and our isolates
display a high level of sequence similarity and therefore
probably represent a single species. 16S rDNA sequences
and phylogeny support the idea that this group is probably a
new species of the genusBurkholderia. A taxonomically
valid description of this species is in preparation.

Strains of the newBurkholderiagroup found in this study
are remarkable for being both endophytic and able to fix ni-
trogen. These features support the hypothesis that members
of this species developed a sort of primitive symbiosis with
teosinte, one of their host plants, that persisted during the
domestication of teosinte into maize. Most likely, this asso-
ciation was lost when maize was exported as seeds from
America to Europe during the sixteenth century. Research is
in progress to confirm the absence of this N2-fixing
Burkholderia group in maize cultivated in Europe and to
evaluate the possibility that inoculation with it could im-
prove maize growth. Results obtained withB. vietnamiensis
inoculation (Tran Van et al. 2000) have already shown the
very high potential ofBurkholderiaas plant growth promot-
ing rhizobacteria. Moreover this practice might decrease
maize colonization by potentially hazardousB. cepacia
genomovar III (Balandreau et al. 2000).
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