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Abstract Sugarcane is an important crop around the
world. Burkholderia genus has emerged as an
important plant associated bacteria in the last years.
In this study, the occurrence of Burkholderia species
associated with two sugarcane varieties cultivated in
Mexico was assessed. Burkholderia species were
isolated with and without diazotrophs enrichment

from sugarcane. Burkholderia strains were identified
using a semi-selective set of primers and clustered by
restriction analysis of 16S rRNA. The isolates were
characterized by 16S rRNA, recA and nifH sequence
analysis, whole-cell protein patterns, and plant-growth
promotion (PGP) characteristics. Diazotrophic B.
unamae and B. tropica were predominant using
diazotroph enrichment method. Non-diazotrophic B.
cepacia complex (Bcc) species were predominant
without enrichment. Among non-diazotrophs, B.
tropica was identified. The diazotrophic Burkholderia
species exhibit in vitro PGP activities: biosynthesis of
indolic compounds, phosphate solubilization, side-
rophores production and acdS gene presence, which
encodes the enzyme ACC (1-aminocyclopropane-1-
carboxylate) deaminase. The present study confirms
the broad environmental and geographic distribution
of diazotrophic B. unamae and B. tropica, and reveals
the riches of Bcc and other Burkholderia species
associated with sugarcane field-grown in Mexico.
This work also shows the potential activities in PGP.
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Introduction

Sugarcane is an important crop for the production of
ethanol in Brazil (Boddey et al. 1991). In the last few
years it has gained interest as a biofuel to reduce
carbon emissions (Goldemberg 2006). In Brazil, the
amount of fertilizer applied to sugarcane is very low,
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around 50 kg N/ha (Urquiaga et al. 1992), compared
to the amount (120 to 300 kg N/ha) in producing
countries. What is interesting is that neither sugarcane
yields nor soil N reserves appear to diminish after
decades of culture (Boddey et al. 1991). This is
believed to be due to the high biological nitrogen
fixation (BNF) present in some Brazilian sugarcane
varieties, which has been observed in the range from
60 to 80% of total plant nitrogen (Boddey et al. 1991;
Urquiaga et al. 1992). In the years 1980-1990s several
diazotrophic species were isolated from both the
rhizosphere and inner tissues of many sugarcane
varieties (Patriquin et al. 1980; Rennie et al. 1982;
Cavalcante and Döbereiner, 1988; Fuentes-Ramírez et
al. 1993; Olivares et al. 1996; Asis et al. 2000). For a
long time, the endophytic bacteriumGluconacetobacter
diazotrophicus was proposed as the strongest candidate
responsible for plant-associated BNF observed in
sugarcane (Boddey et al. 1995; James 2000), but it
was not clearly confirmed (Sevilla et al. 2001).
However, G. diazotrophicus is able to promote and
improve sugarcane growth (Sevilla et al. 2001; Muñoz-
Rojas and Caballero-Mellado 2003), probably through
hormonal effects because of its ability to produce
indoleacetic acid (IAA) (Fuentes-Ramírez et al. 1993).
Field experiments using micropropagated sugarcane
varieties inoculated with N2-fixing bacteria mixtures
(Azospirillum amazonense, Herbaspirillum spp., G.
diazotrophicus and Burkholderia tropica) revealed
variable effects, either increases or decreases in yield,
but the estimation of the BNF contribution was not
always correlated with the stem yield, suggesting that
BNF was not the unique plant growth-promoting effect
mediated by inoculation with the mixture of bacteria
(Oliveira et al. 2006).

Burkholderia species are widely distributed in the
natural environment, but they are found in various
animal species, in humans, and in the hospital
environment (Compant et al. 2008), especially the B.
cepacia complex (Bcc) species have been isolated
from patients with cystic fibrosis (Mahenthiralingam
et al. 2005). Until recently, Bcc bacteria consisted of
nine species (Coenye and Vandamme 2003), but
several additional novel species (Vanlaere et al.
2008, 2009) have presently increased the number to
seventeen species. Later on year 2002, novel N2-
fixing Burkholderia species, e.g., B. unamae, B.
tropica and B. silvatlantica, have been isolated from
rhizosphere and inner tissues of field-grown sugar-

cane varieties, using N-free culture media for enrich-
ment of diazotrophs (Caballero-Mellado et al. 2004;
Reis et al. 2004; Perin et al. 2006a, b). Further studies
have revealed that these N2-fixing species exhibit one
or more plant growth promoting activities, such as
mineral phosphate solubilization, ACC deaminase
(Caballero-Mellado et al. 2007; Onofre-Lemus et al.
2009) and IAA biosynthesis (unpublished results), but
also other activities of interest in biocontrol and
bioremediation (Caballero-Mellado et al. 2007). Re-
cently, a study focused on defining the community of
cultivated endophytic bacteria (using a rich nitrogen
culture medium) in sugarcane plants grown in Brazil
revealed the predominance of isolates closely related
to the Burkholderia cepacia complex (Bcc), particu-
larly to B. cenocepacia isolates from cystic fibrosis
(CF) patients, and many of these isolates were able to
produce the antifungal pyrrolnitrin (Mendes et al.
2007). In addition, a similar work was carried out to
evaluate the diversity of Burkholderia species from
sugarcane (Luvizotto et al. 2010). This study showed
that most of the isolates were affiliated with the Bcc.
Even though all of the Bcc species have been isolated
from CF patients, B. cenocepacia has been the
predominant species recovered (Coenye and Vandamme
2003; Reik et al. 2005). B. cenocepacia CF strains
have been shown to possess transmissibility factors
such as the cblA gene, encoding giant cable pili (Sajjan
et al. 1995; Mahenthiralingam et al. 1997), and the
epidemic strain marker regulator or esmR gene, named
as B. cepacia epidemic strain marker (BCESM)
(Mahenthiralingam et al. 1997), which is part of a
genomic island (Baldwin et al. 2004). Nevertheless,
cblA and esmR genes have been found in a few Bcc
environmental isolates (Mahenthiralingam et al. 1997;
Richardson et al. 2001), but only a reduced number of
these have been analyzed. In spite of the N2-fixing B.
vietnamiensis that has been found in close association
with important crop plants (Estrada-de los Santos et al.
2001), and its ability to promote plant growth (Van
Trân et al. 2000), its taxonomical position as a member
of the Bcc has limited its potential use in agriculture.

Even though many bacteria, mainly nitrogen fixers,
have been isolated from both the rhizosphere and inner
tissues of sugarcane plants, little is known at present
about the sugarcane plant-associated Burkholderia
community, and it is not known which bacteria of this
genus could be, at least potentially, strong candidates in
promoting sugarcane growth without health risks.
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This work was aimed at revealing the Burkholderia
species associated with two sugarcane varieties
planted in two distant geographical regions of
Mexico, with the possibility of using some of them
for improving sugarcane plant growth. A high
diversity of Burkholderia species associated with the
sugarcane crop was found. In addition, we confirmed
that some Burkholderia species exhibit in vitro plant
growth promoting activities such as biosynthesis of
indolic compounds, production of siderophores, phos-
phate solubilization, and detection of the acdS gene
encoding ACC (1-aminocyclopropane-1-carboxylate)
deaminase.

Materials and methods

Locations and sugarcane cultivars

Sugarcane plants (field-grown for 8 to 10 months)
var. MEX 69–290 and CP 72–2086 were collected
from two sugarcane-growing regions of Mexico as far
as 300 Km apart, in Tuxtepec, Oaxaca State (18°05′
22″ Lat N; 96°08′27″ Long W; 374 m.a.s.l.), and
Cuautla, Morelos State (18°48′30″ Lat N; 98°56′21″
Long W; 1560 m.a.s.l.). Whole plants were sampled
by excavating the roots to a depth of 25–30 cm. The
pH of soils in Tuxtepec ranged from 4.50-4.90, and in
Cuautla had a pH of 4.80.

Isolation and culture conditions

From each location, sixteen sugarcane plants of each
variety were randomly collected with a distance of
10 m between plants. Samples of rhizosphere-
rhizoplane, as well as surface-sterilized roots and
stems of sugarcane were analyzed for recovery of
diazotrophic and non-diazotrophic Burkholderia iso-
lates as described previously (Perin et al. 2006a).

Briefly, for diazotrophic Burkholderia isolates,
sugarcane roots were excised from sixteen plants
and loosely adhering soil was removed; then roots
were grouped into four samples, each comprising four
root systems. Afterward, a portion of root was cut into
small pieces (1 cm) and five grams of each root
sample was vortexed at 3000 rpm for 3 min in 10 mM
MgSO4·7H2O (Mgsol) containing 0.01% (vol/vol)
Tween 20. This suspension was considered to contain
bacteria from the rhizosphere-rhizoplane (Rh-Rz), and

the solution was serially diluted and used for the
bacterial isolation; 100 μl aliquots were placed in
vials containing 5 ml of N-free semisolid BAz
medium, used as an enrichment culture of N2-fixing
Burkholderia (Estrada-de los Santos et al. 2001), and
incubated at 29°C for four to five days. Vials showing
a fine subsurface pellicle were transferred to fresh
semi-solid BAz medium, and after incubation for 4–
5 days growth was transferred once more to fresh
BAz medium, and new growth streaked out on semi-
selective BAc agar plates (Estrada-de los Santos et al.
2001). Colonies with different morphology were
purified and assayed for nitrogenase activity by the
acetylene reduction activity (ARA) method (Burris
1972). ARA positive colonies were maintained in
20% glycerol at −80°C prior to characterization; ARA
negative colonies were discarded. Other root portions
(group of 4 roots) were washed with tap water and
subsequently immersed for 5 min with agitation in
full-strength bleach solution containing Tween 20 and
rinsed three times in sterile water; five grams of each
root were macerated in a blender to give a 10–1

dilution and serially diluted for bacterial isolation.
Stems were cut in 10–15 cm pieces, immersed in 96%
alcohol and flamed for 30–45 seconds; thereafter,
stems were surface sterilized as mentioned above for
the roots. The rind was discarded under sterile
conditions, and five grams of each stem (group of 4
stems) were macerated in a blender to give a 10–1

dilution and tenfold serially diluted for bacterial
isolation. N-free semi-solid BAz medium and BAc
agar plates were used for isolation and pure cultures
as described above for the roots.

The isolation of non N2-fixing Burkholderia was
carried out without enrichment of diazotrophic spe-
cies. The isolates were obtained from rhizosphere-
rhizoplane, as well as from surface sterilized roots and
stems, by inoculating tenfold-diluted samples directly
on BAc agar plates, and further colony purification
was done on this culture medium. Colonies were
assayed for nitrogenase activity by the ARA method
(Burris 1972). Purified colonies were preserved in
20% glycerol at −80°C prior to analysis.

Assignment of bacterial isolates to the genus
Burkholderia

PCR amplifications were performed with cell lysate
suspensions of bacterial isolates obtained as described
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by Vandamme et al. (2002b). A list of primers used is
given in Online Resource 1. When PCR amplification
was not obtained from cells lysate genomic DNA
from isolates was extracted and purified using
published protocols (Ausubel et al. 1987) and then
used for PCR assays. Bacterial isolates were pre-
sumptively assigned to the genera Burkholderia-
Ralstonia by amplifying the 16S rRNA gene with
primers BuRa-16-1 and BuRa-16-2 using the PCR
conditions described previously (Bauernfeind et al.
1999), or with the GB-F/GB-R primer pair and
conditions described by Caballero-Mellado et al.
(2007). ARA positive isolates were confirmed as
belonging to the genus Burkholderia by amplifying
the 16S rRNA genes with the GB-F/GBN2-R primer
pair specific for the group of N2-fixing Burkholderia,
except B. vietnamiensis, and very closely related
species with identity higher than 97% between their
16S rDNA sequences (e.g., B. caribensis, B. graminis
and B. phytofirmans) using the PCR conditions
described previously (Perin et al. 2006a).

Clustering of Burkholderia isolates using amplified
16S rDNA restriction analysis (ARDRA)

Primers fD1 and rD1 were used for the amplification
of the 16S rRNA gene (Weisburg et al. 1991) from all
isolates, using the PCR conditions described previ-
ously (Estrada-de los Santos et al. 2001). The PCR
amplified 16S rRNA genes (ca. 1.5 kb) were
restricted with AluI, DdeI, HaeIII, HhaI, HinfI, MspI,
and RsaI. The restriction fragments were separated by
electrophoresis in 3% agarose gels, and the restriction
patterns were compared. Each isolate was assigned to
an ARDRA genotype, defined by the combination of
the restriction patterns obtained with the seven
restriction endonucleases (Estrada-de los Santos et
al. 2001), and compared to 16S rDNA genotypes of
type and reference strains belonging to each N2-fixing
Burkholderia species.

Assignment of bacterial isolates to N2-fixing
Burkholderia species

All of the ARA positive isolates, belonging to the
different ARDRA genotypes, and those ARA negative
ones that showed the same or very similar ARDRA
pattern with those ARA positive isolates were subjected
to identification of N2-fixing Burkholderia species using

species-specific primers and conditions described previ-
ously (Online Resource 1) (Wong-Villarreal and
Caballero-Mellado 2010). At least 10% of the total
isolates were subjected to 16S rRNA gene sequencing
and SDS-PAGE of whole-cell proteins assays to confirm
their identification. These isolates were randomly
chosen from the different Burkholderia ARDRA groups
that were identified with species-specific primers. The
isolation source (location and sugarcane varieties) was
also taken into account for selecting the strains. When
PCR products using species-specific primers were not
amplified, identification of isolates at the species level
was based in 16S rRNA gene sequencing and SDS-
PAGE assays as described below.

Assignment of bacterial isolates to Bcc species

All the ARA negative, except for those that showed the
same or very similar ARDRA pattern with the ARA
positive isolates, were subjected to a duplex PCR
targeting Bcc-specific 16S rRNA and recA genes using
the primers and PCR conditions described previously
(Online Resource 1) (Ramette et al. 2005). Around
10% of these isolates identified with Bcc-specific
primers, randomly chosen from each ARDRA geno-
type and isolation source (location and sugarcane
varieties), were subjected to recA gene sequencing to
confirm their identification as members of the Bcc.

PCR-amplification and sequencing of 16S rRNA
and recA genes in Burkholderia

To obtain 16S rRNA sequences, PCR products
amplified with primers fD1 and rD1, were cloned
into the pCR2.1 vector according to the manufacturer
instructions (Invitrogen). 16S rRNA genes were
restricted in fragments from 850- and 650-bp using
the enzyme EcoRI and subcloned into vector pUC18.
To obtain recA gene sequences, PCR-amplified
products were obtained using the BCR1/BCR2
primers, specific for Bcc species only, and the
conditions described previously (Mahenthiralingam
et al. 2000). The 16S rRNA and recA gene sequences
were determined at Macrogen Inc. (Korea). These
sequences were deposited in the NCBI/GenBank
database. The 16S rRNA and recA gene sequences
were compared with previously published sequences
from Burkholderia species and related bacteria such
as Ralstonia and Pandorea.
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PCR-amplification and sequencing of nifH genes
and Southern blot assays

To confirm nitrogen fixation in all of the ARA
positive isolates, nifH genes were PCR-amplified
with primers IGK (Poly et al. 2001) and NDR-1
(Valdés et al. 2005) using the conditions described
previously (Perin et al. 2006a). The reaction amplified
a 1.2-kb fragment comprising the complete nifH gene,
the intergenic spacer region, and the 5′ end of the nifD
gene (Valdés et al. 2005). In addition, presence of
nifH genes was investigated in PCR amplification
assays in ARA negative isolates that showed an
identical ARDRA profile to N2-fixing isolates or with
diazotrophic species identified with species-specific
primers. Presence or absence of nifH genes in those
ARA positive and negative isolates was further
confirmed in Southern blot assays using conditions
previously described (Estrada-de los Santos et al.
2001). PCR-amplified nifH genes from B. tropica
Ppe8T and B. unamae MTl-641T were used as 32P-
labelled probes in independent assays. Representa-
tive ARA positive Burkholderia isolates from each
species, recovered from different locations and
sugarcane varieties, were randomly chosen for nifH
gene sequencing. To obtain nifH sequences, PCR
products were cloned into the pCR2.1 vector
according to the manufacturer’s instructions (Invi-
trogen), and the nifH gene sequences were deter-
mined at Macrogen Inc. (Korea). The nifH gene
sequences were compared with previously published
nifH from Burkholderia species and related N2-
fixing bacteria. These sequences were deposited in
the NCBI/GenBank database.

SDS-PAGE of whole-cell proteins

Preparation of whole-cell proteins from a representa-
tive number of Burkholderia isolates, corresponding
to each ARDRA genotype or N2-fixing species
identified, and SDS-PAGE assays, were performed
as described by Estrada-de los Santos et al. (2001).

Detection of bacterial activities involved in plant
growth promotion

Phosphate solubilization, siderophores and indolic
compound production was analyzed only in around
10% of isolates randomly selected from each N2-

fixing Burkholderia species and taking into account
the isolation source (locality and sugarcane varieties).

Phosphate solubilization and siderophores produc-
tion methods were those described in detail previous-
ly (Caballero-Mellado et al. 2007). Briefly, for
phosphate solubilization (Ca3(PO4)2 as the sole
phosphorous source) and siderophores detection
assays, the isolates were grown in the iron-restricted
Casamino acid liquid medium supplemented with
succinic acid (3 g/liter) for 18 h at 29°C with
reciprocal shaking (250 rpm). The cultures were
harvested and the pellets washed and adjusted to an
OD of 0.25 at 600 nm. Aliquots of washed cultures
were inoculated on NBRIP (National Botanical
Research Institute's phosphate growth médium) and
CAS-CAA (Chrome azurol S-casamino acids) agar
plates with a multipoint replicator, and then incubated
at 29°C; on NBRIP medium, the phosphate solubili-
zation halo around colonies and colony diameters
were measured after 5 days of incubation, and on
CAS-CAA plates orange halos formed around the
colonies on blue agar were considered indicative of
siderophores production after 72 h. Halo size was
determined by subtracting colony diameter from the
total diameter.

Indole compound biosynthesis For detection of in-
dole compounds the bacteria were grown in BSE
liquid medium for 18 h at 29°C with reciprocal
shaking (250 rpm). The bacterial cultures were
harvested, adjusted to an optical density of 0.2 at
600 nm and then 100 ul were inoculated to 5 ml
liquid medium described by Jain and Patriquin
(1985) added with tryptophan to a final concentra-
tion of 10 mM. The cultures were grown for 18 h at
29°C with reciprocal shaking (250 rpm). The
colorimetric Salkowski reaction for the detection of
indole compounds was performed using the named
PC (Pilet and Chollet) technique described previous-
ly (Glickmann and Dessaux 1995). Absorbance
values were interpolated in a standard curve to
determine IAA concentration.

ACC (1-aminocyclopropane-1-carboxylate) deam-
inase activity was not determined, but instead PCR-
amplification of the acdS gene, encoding ACC
deaminase, was assessed. For PCR-amplification of
partial acdS genes, primers 5’ACC and 3’ACC were
used, according to the conditions described previously
(Caballero-Mellado et al. 2007). A 785 bp segment
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containing the central region of the acdS gene was
amplified.

Detection of transmissibility marker genes

cblA and esmR genes were investigated using specific
primers CBL1/CBL2 and BCESM1/BCESM2, re-
spectively, using PCR conditions described previous-
ly (Sajjan et al. 1995; Mahenthiralingam et al. 1997).
In addition, total DNA from ARA positive Burkhol-
deria isolates was digested with EcoRI, and restric-
tion fragments were electrophoresed and transferred
from gels to nylon filters by the Southern procedure,
and hybridized as described previously (Estrada-de
los Santos et al. 2001). PCR-amplified cblA and esmR
genes from B. cenocepacia strain J2315T were used as
32P-labelled probes.

Results

Isolation

Three hundred ninety-eight isolates were recovered
with both isolation methods. Ninety-five pure isolates
that showed nitrogenase activity, as measured by the
ARA method, were recovered on BAc agar plates
from Rh-Rz and surface sterilized roots with previous
enrichment of N2-fixing Burkholderia in N-free
semisolid BAz medium (Table 1); the isolates were
commonly recovered from vials inoculated with
samples (100 μl aliquots) from 10-1 or 10-2 dilutions
(data not shown). In contrast, 303 isolates were

recovered on semi-selective BAc agar plates, without
enrichment, from Rh-Rz, surface sterilized roots and
stems (Table 2); the isolates were recovered from
plates inoculated with samples from 10-1 to 10-7

dilutions (data not shown). The 303 isolates did not
show nitrogenase activity.

Identification of the isolates as Burkholderia
using 16S rRNA specific primers

All of the 398 isolates gave a PCR-amplified product
of the correct size both with primers BuRa-16-1/
BuRa-16-2 (size 409-bp) and GB-F/GB-R (size 1100-
bp), confirming their taxonomic status as members of
the genera Burkholderia-Ralstonia. ARA positive
isolates, except for 4, were confirmed as belonging
to the genus Burkholderia by amplifying the 16S
rRNA genes with the GB-F/GBN2-R primer pair
specific for Burkholderia N-fixing species (Table 1).
In addition, 91 ARA negative isolates, recovered
directly on BAc agar plates (without enrichment of
diazotrophs) from the Rh-Rp samples and plant
tissues of sugarcane were confirmed as belonging to
the genus Burkholderia with the GB-F/GBN2-R
primers (Table 2).

Clustering of Burkholderia isolates using ARDRA

The 398 isolates were clustered using ARDRA and
compared to different Burkholderia species already
described. The 95 acetylene-reducing isolates associ-
ated with sugarcane varieties, had identical or very
similar ARDRA genotypes to the species B. tropica,

Locality and variety Species identified with GB-F/GBN2-R
primers and by PCR-SSPb

Source and No. of isolates

Rh-Rpc Rootsd Stemsd

Tuxtepec, Oaxaca

CP 72–2086 B. unamae 33 0 0

B. tropica 4 0 0

B. vietnamiensis 3 0 0

MEX 69–290 B. unamae 5 1 0

Cuautla, Morelos

CP 72–2086 B. unamae 7 2 0

B. tropica 28 2 0

MEX 69–290 B. tropica 7 2 0

B. caribensis 1 0 0

Table 1 Isolation of
N2-fixing Burkholderia
species associated with
sugarcane varietiesa

a Isolation: enrichment of
diazotrophs in N-free
semisolid BAz culture
medium.
b GB-F/GBN2-R primer pair
specific and PCR species-
specific primers, except B.
vietnamiensis.
c Rhizosphere and rhizoplane
d Surface sterilized
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B. unamae, B. vietnamiensis and B. caribensis (data
not shown). From the 303 ARA negative isolates, 91
were identified with the GB-F/GBN2-R primer pair
specific for N2-fixing Burkholderia species group,
having identical or very similar ARDRA genotypes to
B. tropica and B. caribensis (data not shown). The
rest of the ARA negative isolates (212) were identical
or very similar to Bcc species and B. gladioli (data
not shown).

Assignment of bacterial isolates to N2-fixing
Burkholderia species and phylogenetic analysis
of 16S rRNA gene sequences

The 95 ARA positive isolates subjected to PCR-
amplification using the Burkholderia species-specific
primers, yielded a fragment of the expected size for B.
tropica and B. unamae, but 4 isolates (e.g., CACua-
242 and CATux-151) did not yield the PCR-amplified
product expected with any of the species-specific
primers tested (Table 1). The 16S rRNA genes from
approximately 10% of the diazotrophic isolates,
randomly chosen from each Burkholderia species
(identified specific primers and according to the
isolation source), were sequenced and then compared
with available 16S rRNA sequences from all of the
Burkholderia species. The analysis of this gene
showed levels of identity higher than 99% with type
or reference strains of B. tropica and B. unamae.
Similarly, those 4 diazotrophic isolates that did not

yield a PCR-amplified product with any of the
species-specific primers tested, showed levels of
identity higher than 99% with type or reference
strains of B. vietnamiensis or B. caribensis. The
NCBI GenBank accession numbers of 16S rRNA
sequences for each strain are indicated in Online
Resource 2.

Assignment of isolates recovered from cultures
without enrichment of diazotrophs to Burkholderia
species and phylogenetic analysis of 16S rRNA gene
sequences

Two hundred and ten isolates recovered from cultures
without enrichment of diazotrophic Burkholderia
species were identified as members of the B. cepacia
complex using duplex PCR targeting Bcc-specific
16S rRNA and recA genes (Table 2). Since the recA
gene affords greater discriminatory power than the
16S rRNA gene for the identification of the Bcc
species, recA gene was analyzed and sequenced from
at least 10% of the isolates, randomly chosen taking
into account the ARDRA genotype and isolation
source; the gene in most of these isolates, usually
showed levels of identity in the range of 99-100%
with type or reference strains of the species B.
cepacia (e.g., CATux-17, CATux-44), B. cenocepacia
(e.g., CACua-06, CACua-23), or B. contaminans (e.g.,
CATux-190, CACua-04), but also, though exception-
ally, with B. seminalis (e.g., CATux-02), and B. latens

Locality and variety Species identified with duplex PCR
Bcc SPb and by PCR-SSPb

Source and No. of isolates

Rh-Rpc Rootsd Stemsd

Tuxtepec, Oaxaca

CP 72–2086 B. tropica 1 0 9

Bcc 46 35 7

MEX 69–290 B. tropica 0 1 0

Bcc 35 25 2

Cuautla, Morelos

CP 72–2086 B. tropica 38 5 0

B. caribensis 1 8 0

Bcc 38 0 0

MEX 69–290 B. tropica 10 6 0

B. caribensis 10 2 0

B. gladioli 2 0 0

Bcc 22 0 0

Table 2 Isolation of
non-diazotrophic
Burkholderia species
associated with sugarcane
varietiesa

a Isolation of Burkholderia
without enrichment of
diazotrophs in N-free
semisolid BAz

culture medium
bDuplex PCR using
Bcc-specific primers, and
PCR species-specific
primers or unidentified
c Rhizosphere and rhizoplane
d Surface sterilized
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(e.g., CATux-199), all non-diazotrophic species of the
Bcc. Nevertheless, the recA gene from some isolates,
recovered in this study, showed 100% identity with 2
different Bcc species, for example, isolates CATux-65
(either B. cenocepacia or B. cepacia), CATux-38 and
CATux-161 (B. cepacia or B. anthina) (Table 2). The
NCBI GenBank accession numbers of recA gene
sequences for each strain are indicated in Online
Resource 2. Additional molecular test are required for
a definitive identification of such isolates at the species
level; no further identification was attempted. On this
basis, all of the 210 isolates are further referred to in
the text as Bcc species (Table 2). In addition, 93
isolates did not yield the PCR-amplified products with
duplex PCR using Bcc-specific primers (Table 2).
From these 93 isolates, 70, 21 and 2 isolates were
further identified as B. tropica, B. caribensis and B.
gladioli, respectively, either analyzing 16S rRNA gene
sequences and/or by using PCR species-specific
primers. Surprisingly, all of the 70 isolates identified
as B. tropica, recovered from cultures without enrich-
ment of diazotrophs, were incapable of fixing nitrogen
(ARA assays were negative).

Protein electrophoregrams

Some ARA positive and negative isolates showed
identical or almost identical SDS-PAGE protein
profiles to those from type strains of B. unamae, B.
tropica and B. caribensis (data not shown); isolates
identified as B. vietnamiensis showed only similar
protein profiles with those of type strains of these
species (data not shown). Surprisingly, those 70 ARA
negative isolates, recovered from cultures without
enrichment of diazotrophic Burkholderia species,
showed identical or almost identical protein profiles
to those from type and reference strains of the N2-
fixing species B. tropica (data not shown).

PCR-amplification and sequencing of nifH genes
and Southern blot assays

All 95 of the acetylene-reducing isolates, recovered in
enrichment culture of N2-fixing Burkholderia, yielded
a PCR product of the expected size of 1.2 kb (data not
shown) with the nifH primers used. The analysis of
nifH gene sequences from representative ARA posi-
tive isolates showed levels of identity higher than
99% with type or reference strains of B. tropica, B.

unamae, B. ferrariae and B. vietnamiensis. The NCBI
GenBank accession numbers for the nifH gene
sequences of these isolates are HQ115045 to
HQ115059. These results confirmed the diazotrophic
ability of the Burkholderia isolates. In addition, in
those 70 isolates identified as B. tropica that had no
ARA, PCR amplification of nifH genes was negative,
and hybridization signal with nifH gene probes was
negative as well in Southern blot assays (data not
shown), which confirmed their inability to fix N2.

Detection of bacterial activities involved in plant
growth promotion

The phosphate solubilization ability was variable
among the diazotrophic Burkholderia species tested
(Table 3). B. tropica and B. unamae exhibited on
NBRIP medium with Ca3(PO4)2 as the sole P source,
a slight higher phosphate-dissolving capability than B.
caribensis and B. vietnamiensis isolates.

All of the diazotrophic Burkholderia isolates tested
were able to produce siderophores on CAS medium
agar plates (Table 3). In this medium, Burkholderia
isolates formed orange haloes (indicative of side-
rophore production) with diameters up to 18.5 mm.
The single diazotrophic B. caribensis strain (CACua-
242, which lost the diazotrophic ability) and other two
non-diazotrophic strains of this species showed
diameter haloes from 17 mm.

The indole biosynthesis determination showed that
all strains tested produced IAA to a different extent,
ranging from 0.03 to 19.3μg/ml in B. tropica and 0.2 to
12.4 μg/ml in B. unamae (Table 3). These values were
similar to those presented previously for Bcc members
(Luvizotto et al. 2010), except for B. tropica CACua-
88 that produced 19.3 μg/ml, or B. vietnamiensis
CACua-151 that produced 16.4 μg/ml. B. caribensis
strains produced significatively higher amount of IAA
than any of the Burkholderia species tested.

All of the N2-fixing Burkholderia strains analyzed,
except B. tropica isolates (Table 3), yielded a 785-bp
DNA fragment (data not shown) using the specific
primer pair 5´ACC/3´ACC, which suggests that these
species could express ACC deaminase activity.

Transmissibility marker genes

Two transmissibility factors associated with the
highly transmissible epidemic strains of B. cenocepa-
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cia were analyzed both by PCR-amplification and
Southern blot assays. Neither cblA and esmR marker
genes were detected among Bcc bacteria nor among
diazotrophic species (all strains designed in Tables 1
and 2) either by PCR-amplification or 32P-hybridiza-
tion assays (data not shown).

Discussion

A total of 398 pure isolates recovered on semi-
selective BAc agar plates from the environment of
two sugarcane varieties cultivated in Mexico were

identified as belonging to the genus Burkholderia.
Ninety-five isolates were recovered after enrichment
of N2-fixing bacteria in semisolid BAz medium, and
303 isolates directly on BAc agar (without a previous
enrichment of diazotrophic Burkholderia). The N2-
fixing ability was demonstrated in all 95 isolates,
except in the isolate CACua-242 further identified as
B. caribensis, by means of ARA assays and con-
firmed with the detection of nifH genes amplified by
PCR assays, and nifH sequences; the isolate CACua-
242 lost the ability to reduce acetylene when tested in
further ARA assays, and PCR-nifH amplification was
not obtained. In addition, it has been suggested that

Species Phosphate Siderophore IAA synthesis
(μg/ml)a

acdS gene
amplificationsolubilizationa productionb

Halo size (mm)

B. unamae

CATux-4 4.0±1.0 16.0 1.3±0.7 +

CATux-28 4.0±0 10.0 0.6±0.2 +

CATux-40 4.0±0 18.5 10.5±1.8 +

CATux-89 4.0±0 12.5 2.2±2.3 +

CATux-92 3.3±0.6 9.0 0.5±0.5 +

CATux-95 4.0±0 10.0 0.2±0.4 +

CATux-271 3.7±0.6 12.5 9.3±3.0 +

CATux-299 3.3±0.6 11.5 2.0±0.4 +

CATux-328 3.7±0.6 18.5 1.2±0.6 +

CATux-332 4.0±0 17.5 2.3±0.3 +

CACua-9 5.0±1.7 7.5 8.0±2.5 +

CACua-24 4.0±0 9.0 12.4±1.2 +

B. tropica

CACua-2 3.7±0.6 12.9 8.5±2.2 -

CACua-24 3.5±0.5 13.0 0.03±0.1 -

CACua-50 3.0±1.7 13.0 3.9±1.9 -

CACua-61 3.7±1.2 11.5 15.6±1.6 -

CACua-87 3.3±0.6 12.9 16.0±3.0 -

CACua-88 3.7±0.6 9.8 19.3±5.0 -

CACua-92 4.0±1.0 13.0 13.9±1.0 -

CACua-93 3.5±0.9 12.8 12.3±5.3 -

CACua-100 3.7±0.6 13.0 12.3±3.7 -

CACua-143 3.7±0.6 13.0 4.7±0.9 -

B. caribensis

CACua-89 3.3±0.6 16.8 50.5±1.3 +

CATux-242 2.9±0.1 17.0 56.8±4.1 +

B. vientamiensis

CACua-29 3.0±0 13.5 1.2±0.1 +

CACua-151 3.3±0.6 17.0 16.1±2.1 +

Table 3 Detection of
bacterial activities involved
in plant growth promotion

Strains assessed correspond
to representatives indicated
in Tables 1 and 2 and
protein electrophoregrams.
a Values are the means of
three replicate cultures ±
standard deviations.
b Values represent the mean
of two replicate cultures.

+: Gene amplification
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N2-fixing ability is used as a distinctive feature for the
delineation of Burkholderia species, which is partic-
ularly useful for the differentiation of the Bcc species
(Caballero-Mellado et al. 2004), except B. vietna-
miensis, the single species in the Bcc capable of
fixing nitrogen. On the basis of diazotrophy and
protein profile electrophoregrams, as well as molec-
ular tests (PCR amplification with Burkholderia
species-specific primers, and 16S rRNA sequences)
the diazotrophic isolates associated with sugarcane
plants were identified as B. tropica, B. unamae and B.
vietnamiensis. In addition, both the lack of ARA and
non-detection of nifH genes, along with recA gene
sequences, allowed the presumptive identification of
most isolates as B. cepacia, B. cenocepacia and B.
contaminans. However, though less frequently, B.
seminalis, B. latens and B. anthina were also
identified.

In early studies a few B. unamae isolates were
recovered from sugarcane plants field-grown in
Mexico (Caballero-Mellado et al. 2004), and few B.
tropica isolates were recovered from within sugarcane
stems cultivated in Brazil, and from the rhizosphere of
sugarcane in South Africa (Reis et al. 2004).
Recently, a predominant association of B. unamae
with sugarcane plants field-grown in Mexico was
clearly observed, but only a very limited number of
isolates of this species were recovered from plants
cultivated in Brazil (Perin et al. 2006a); additionally,
B. tropica was isolated in very low numbers from
sugarcane plants grown in Mexico, and isolates of this
species were not recovered from sugarcane cultivated
in Brazil, but in contrast, many B. silvatlantica strains
were isolated (Perin et al. 2006a, b).

In the present study, B. unamae and B. tropica N2-
fixing isolates were found predominant among the
diazotrophic Burkholderia species associated with
both sugarcane varieties analyzed (using a previous
enrichment of diazotrophic Burkholderia). Though
there is not a clear predominance of B. unamae or B.
tropica N2-fixing isolates, it is remarkable that the
highest frequencies of diazotrophic isolates were
obtained from sugarcane variety CP 72–2086 sampled
in both regions. Interestingly, while B. unamae was
highly predominant in the variety CP 72–2086
cultivated in Tuxtepec, B. tropica was highly pre-
dominant in this same variety, but in plants grown in
Cuautla, Morelos. Likewise, highest frequencies of

isolates belonging to Bcc species and non-
diazotrophic B. tropica isolates from the sugarcane
variety CP 72–2086 were recovered (without a
previous enrichment of diazotrophic Burkholderia).
Such highest isolation frequency of Burkholderia
isolates from the sugarcane variety CP 72–2086 than
from the variety Mex 69–290 could be related with
more favorable conditions in the environment of
variety CP 72–2086, for example, type of constituents
and/or higher production of root exudates usable for
the bacteria as carbon sources. Regardless of the
specific favorable conditions, the results show the
importance of the sugarcane variety in the plant-
bacteria interaction, and it could explain the different
rates of BNF estimated among sugarcane cultivars
(Boddey et al. 1991; Urquiaga et al. 1992;
Yoneyama et al. 1997; Hoefsloot et al. 2005) or
differences in the sugarcane growth mediated by
inoculation with bacterial mixtures (Oliveira et al.
2006). Specific interactions with the sugarcane
variety and diazotrophic bacteria have been sug-
gested (Oliveira et al. 2006, 2009).

Interestingly, all of the strains (e.g., CACua-100,
CATux-102, CATux-138, CACua-161), recovered
directly on semi-selective BAc agar plates (without
enrichment of diazotrophic Burkholderia; Table 2),
identified as B. tropica did not show ARA, and both
PCR amplification as well as hybridization of nifH
genes were negative. Although the absence of
plasmids seems to be a rule more than an exception
in strains of N2-fixing Burkholderia species, the nif
genes and the N2-fixing ability in B. tropica strains
has been showed to be located on a 450–600 kb
plasmid (Martínez-Aguilar et al. 2008). The loss of
such a plasmid in many B. tropica strains could
explain the non-detection of nif genes and the lack of
ARA, which seems to be a common event in this
species, as observed occur with the lack of the
symbiotic plasmid (p42d) that contains genes control-
ling nodulation and nitrogen fixation in the α-
Rhizobia R. leguminosarum (Soberón-Chávez and
Nájera, 1989; Segovia et al. 1991). While in two B.
caribensis strains (TJ182 and TJ183) genes required
for nodulation (nodA) and nitrogen fixation (nifH)
have been identified (Chen et al. 2003), their presence
is unknown in other strains of this species (Achouak
et al. 1999), including the type strain MWAP64T

analyzed previously (Estrada-de los Santos et al.
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2001; unpublished results). Perhaps the loss of
diazotrophy in B. caribensis CACua-242, activity
initially detected in this strain, but not in other B.
caribensis strains (e.g., CACua-89, CACua-186,
CACua-192, CACua-201) isolated in the absence of
selective pressure (enrichment of diazotrophs) in this
study, could be related with the loss of plasmids. Such
loss of diazotrophy in B. caribensis justifies further
detailed studies, both of isolation in enrichment
cultures under nitrogen fixing conditions, as well as
to determine if such ability is plasmid-encoded. The
nifH gene and the N2-fixing ability in B. vietnamien-
sis MMi-302 have been showed to be located on the
chromosome 3 (Martínez-Aguilar et al. 2008). How-
ever, the loss of N2-fixing activity in several CF B.
vietnamiensis strains has been previously docu-
mented, but diazotrophy was detected among B.
vietnamiensis strains isolated from plants (Menard et
al. 2007), which has been confirmed in the isolates of
this species recovered in the present study. Regard-
less, the isolation of B. tropica strains unable of fixing
nitrogen suggests a bias in previous studies in the
isolation of this species, as usually B. tropica has been
recovered in enrichment culture of diazotrophic
Burkholderia (Reis et al. 2004; Perin et al. 2006a;
Caballero-Mellado et al. 2007; Wong-Villarreal and
Caballero-Mellado 2010). Previously, N2-fixing bac-
teria have not been isolated from a commercially
grown South African sugarcane cultivar when bacte-
ria were cultivated without enrichment of diazotro-
phic populations (Hoefsloot et al. 2005).

In many studies, Bcc species have commonly
been isolated worldwide from maize rhizosphere
(Balandreau et al. 2001; Di Cello et al. 1997;
Dalmastri et al. 1999; Fiore et al. 2001; Ramette et
al. 2005; Payne et al. 2006; Zhang and Xie 2007), but
studies on the Bcc occurrence in other crop plants, for
instance in sugarcane, are very scarce (Mendes et al.
2007; Omarjee et al. 2008; Luvizotto et al. 2010). In
the present study, although recA gene was not
sufficient for a clear identification at the species level
among the Bcc bacteria isolated from the rhizosphere
and surface sterilized roots and stems of sugarcane, B.
contaminans, B. cenocepacia and B. cepacia were the
predominant species and less frequently, B. seminalis
and B. latens. Although the recA gene sequences from
some isolates, e.g., CATux-147, showed 100% iden-
tity with 2 different Bcc species (B. cepacia and B.

contaminans), it could be explained taking into
account the date when the gene sequences were
deposited in the GenBank data base (some before a
novel species was proposed). For example, accession
number for sequence AAN76885 identify to B.
cepacia (Payne et al. 2005), and acc. no. CAP18006
identify to B. contaminans, a novel species described
very recently (Vanlaere et al. 2009). Nevertheless, the
deposit date of gene sequences cannot explain other
cases. Thus, the association of B. anthina with
sugarcane plants should be confirmed using addition-
al taxonomical features, aside from the recA gene,
since isolates CATux-38 and CATux-161 showed
100% identity in their recA genes with this species
(e.g., acc. no. CAD67594) and with B. cepacia (e.g.,
acc. no. AAN74668) as well, both species described
many years ago (Yabuuchi et al. 1992; Vandamme et
al. 2002). Regardless of these examples, this study
extends our knowledge on the Bcc species associated
with field-cultivated sugarcane plants, as the previous
study on endophytic Burkholderia associated with
this crop revealed only the presence of B. cepacia and
B. cenocepacia among the Bcc species (Mendes et al.
2007) or Bcc strains not further identified at species
level (Luvizotto et al. 2010). It has been suggested
that the rhizosphere of maize seems to be a favorable
environment for Bcc bacteria, probably due to their
ability to metabolize at high rates maize root exudates
(Alisi et al. 2005). This appears to be true for
sugarcane as well, but in higher rates, since six Bcc
species were identified among the isolates recovered
from sugarcane rhizosphere and its endophytic envi-
ronment. In addition, other non-Bcc species such as
B. caribensis and B. gladioli and N2-fixing species
were also found.

B. tropica, B. unamae and B. xenovorans exhibit
several potential activities involved in plant growth
promotion, bioremediation or biological control. The
ability of these species was analyzed by testing
mechanisms such as mineral phosphate solubilization,
siderophores production, ACC deaminase activity and
biodegradation of phenol or benzene (Caballero-
Mellado et al. 2007). In the present work, it is shown
that N2-fixing strains identified as B. unamae, B.
tropica, B. caribensis and B. vientamiensis have the
ability to solubilize phosphates, produce siderophores,
synthesize indole compounds and also contain the
acdS gene for ACC deaminase activity, which
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promotes plant growth by lowering plant ethylene
level (Glick et al. 1994, 1998). The acdS gene was
absent on B. tropica strains, according to the results
shown before (Onofre-Lemus et al. 2009). Previously,
we have observed that B. unamae MTl-641T

promote tomato plant growth through ACC deami-
nase activity (Onofre-Lemus et al. 2009). Addition-
ally, some B. tropica and B. unamae strains tested in
our laboratory were beneficial to maize plant growth,
up to 30% in dry weight (unpublished results). Given
the potential activities involved in plant growth
promotion by the Burkholderia strains isolated in
this study and the results observed with tomato and
maize plants, it would be worthwhile to carry out
sugarcane plant inoculation experiments, both in pot
and in the field. It would be interesting to analyze if
Burkholderia could be a contributor to plant growth
under natural conditions.

Although cblA and esmR genes, related to transmis-
sibility, have mainly been found in clinical isolates of
B. cenocepacia as well as in other species of B.
cepacia complex, both genes have also been identified
among a restricted number of environmental isolates of
B. cenocepacia and B. cepacia (Mahenthiralingam et
al. 1997; Clode et al. 2000; Richardson et al. 2001;
Bevivino et al. 2002). In the present study, cblA or
esmR were not detected in any of the plant-associated
N2-fixing or non diazotrophic Burkholderia isolates
analyzed, including the Bcc members, which confirms
their restricted presence in clinical and in a few
environmental isolates of B. cepacia complex. More-
over, the null BCESM detection in these Burkholderia
populations also suggests the absence of the genomic
island detected in B. cenocepacia clinical isolates
(Baldwin et al. 2004), which fulfils all the character-
istic features of a bacterial pathogenicity island (Hacker
and Kaper 2000).

In conclusion, the present study confirms the broad
environmental and geographic distribution of the N2-
fixing species B. unamae and B. tropica, and reveals
the riches of Bcc and other Burkholderia species
associated with sugarcane field-grown in Mexico, but
also the absence the cblA and esmR genes among the
isolates of these Burkholderia species, which have
commonly been found in clinical isolates of B.
cenocepacia and other Bcc species. This work also
shows the potential activities performed by these
species to promote plant growth.
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