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This article reports the identification of a putative P-transporter operon in the genome of a Burkholderia sp.
living in the cytoplasm of the arbuscular mycorrhizal fungus Gigaspora margarita. Its presence suggests that
Burkholderia sp. has the potential for P uptake from this environment. This finding raises new questions
concerning the importance of intracellular bacteria for mycorrhizal symbiosis.

Arbuscular mycorrhizal fungi (AMF) are obligate biotrophic
organisms which establish symbiotic associations with root tis-
sues of more than 80% of land plants. The level of complexity
of arbuscular mycorrhizal symbiosis is especially increased by
the presence of intracellular bacteria inside AMF. The initial
observation by Mosse (15) that AMF harbor structures called
bacterium-like organisms (BLOs) has been amply confirmed
by other authors (for a review, see reference 22). However, as
these BLOs cannot be grown in culture media (11, 22), their
bacterial nature has been the subject of debate. Only recently,
Bianciotto et al. (2) have demonstrated that true viable bacte-
ria live in the spores of Gigaspora margarita (BEG 34) and
move via the mycelium to its structures in the root of the host
plant. These bacteria belong to the genus Burkholderia and
constitute a homogeneous population present throughout the
fungal life cycle. Four of five AMF species of the Gigaspora-
ceae have been shown to possess intracellular Burkholderia
organisms, confirming that they are widespread (3).

Morphological observations show that Burkholderia multi-
plies both inside the fungal spore and in the mycelium during
differentiation of the colonization structures (4). This suggests
that they possess all the biosynthetic machinery for DNA rep-
lication and energy production. Hence, it would be expected
that they also possess a P-uptake system to accomplish their
basal metabolism. It is well known that AMF take up P from
the soil and transfer it to plants (23). We therefore wondered
whether intracellular bacteria interact with the P uptake and
transport by the fungus, i.e., by incorporating P; from the
fungal cytoplasm where they live. Two phosphate transport
systems have been described in bacteria: a low-affinity phos-
phate inorganic transport system and a high-affinity phosphate-
specific transport (Pst) system (5, 24, 28). These systems are
multisubunit permeases composed of a soluble substrate-bind-
ing protein and a membrane-bound complex containing two to
four proteins (5). To investigate the role of Burkholderia sp. in
fungal P metabolism and its possible shunting off in P transfer
from the fungus to the plant, we looked for bacterial genes
involved in P transport. We have cloned and characterized an
operon for a Pst-like system. This would seem to be the first
operon described in a bacterium living in the cytoplasm of an
AMF.
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G. margarita Becker and Hall (isolate BEG 34) and Gigas-
pora rosea Nicolson and Schenck (isolate BEG 9) spores were
recovered from pot cultures of Trifolium repens L. by wet
sieving (7). Spores of a Scutellospora sp. were collected from
sand dunes in Migliarino (Pisa, Italy). All spores were rinsed
five times with sterile, filtered, and distilled water, surface
sterilized with 4% chloramine-T and 300-ppm streptomycin for
30 min, and then rinsed seven times for 1 h (total) with sterile,
filtered, and distilled water (2). Approximately 100 surface-
sterilized spores were crushed with a plastic pestle in 300 wl of
lysis buffer (50 mM Tris-HCI [pH 8], 25 mM Na-EDTA, 100
mM NaCl, 1% [wt/vol] sodium dodecyl sulfate, 0.1% [vol/vol]
Triton X-100 and 0.1% [vol/vol] B-mercaptoethanol) and then
treated with proteinase K (final concentration, 50 pg/ml) at
60°C for 1 h and with DNase-free RNase for 30 min at 37°C.
Proteins were precipitated with 0.1 volume of 5 M potassium
acetate and the supernatant was treated with 1 volume of
phenol-chloroform (1/1). The genomic DNA was then precip-
itated under standard conditions (21).

After compilation of sequences for the PstC protein (Esch-
erichia coli, Enterobacter cloacae, Pseudomonas aeruginosa,
Aquifex aeolicus, and Synechocystis sp.), degenerate oligonucle-
otide primers were designed as described by Numberg et al.
(18) (forward, 5'-TCIAT]T or C]GT[A or C]TA[T or C]GG[T
or GJATGTGG-3'; reverse, 5'-[T or AJAT[T or CJA[A or
G][A or GJAAIT or G]A[A or G]CATIT or CJA[A or G]IC
C-3"). A 522-bp DNA fragment of the pstC gene was amplified
with these primers by PCR. Conditions for PCR and thermal
parameters were as described by McPherson et al. (12). The
amplified DNA was purified from agarose gel with the QIAEX
IT Gel Extraction Kit (Qiagen) and cloned into pGME plasmid
(Promega, Madison, Wis.). Plasmid DNA was isolated as de-
scribed by Sambrook et al. (21). Sequencing was performed
with an Applied Biosystems model 370A DNA sequencer (Ge-
nome Express Society, Grenoble, France).

A genomic library constructed for G. margarita and shown to
be also representative of the bacterial genome (27) was
screened for identification and sequencing of the five compo-
nents of the Pst system in Burkholderia sp. For the screening,
the probe consisted of the 522-bp DNA fragment of the pstC
gene obtained with the degenerated primers defined above.
The ECL Direct DNA Labelling and Detection System (Am-
ersham, Little Chalfont, England) was used as recommended
by the manufacturer. Sequencing was performed as described
above. Sequences were analyzed with PC/GENE software (In-
telliGenetics, Inc., Mountain View, Calif.), and the similarity
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FIG. 1. Gene order on the genome of Burkholderia sp. The arrows indicate the directions of transcription. Vertical lines delineate the extent of the genes, and

numbers and boxes indicate the size of the intergenic regions in base pairs.

searches of the EMBL data bank were carried out by using the
FASTA program from the Wisconsin Package 8 (Genetics
Computer Group, Madison, Wis.) or the BLAST software
available through the National Center for Biotechnology In-
formation. After sequence alignment, the phylogenetic tree
was constructed by the neighbor-joining method from the soft-
ware package Clustal X.

Specific primers were designed on two regions of the Pst
system. These were primer pair 1 (forward 1 [5'-TTTCTTGA
CTGAACTCTCGCCTGC-3'] and reverse 1 [S'-ATGTTTAG
GGCCTGTGCTCATCG-3']) and primer pair 2 (forward 2
[5'-TTCATCCGTCAAAGCAAAGCTGC-3'] and reverse 2
[5'-AGAGGCGTTCAAACAATTTCATGC-3')).

The complete nucleotide sequence of the genes coding for a
high-affinity P transporter was determined in the intracellular
Burkholderia of G. margarita. Six open reading frames (ORFs)
were detected. Five were identified on the basis of the similar-
ity of their amino acid sequences to those of known E. coli gene
products. ORF1 codes for a protein similar to PstS (50 and
61% identity in amino acid and nucleotide sequences, respec-
tively). ORF2 codes for a protein similar to PstC (65% identity
in both sequences). ORF3 contains a protein similar to PstA
(68% identity in both sequences). The fourth ORF codifies for
a protein similar to PstB (72 and 70% identity in amino acid
and nucleotide sequences, respectively). ORFS contains a pro-
tein similar to PhoU (40 and 59% identity in amino acid and
nucleotide sequences, respectively). Their predicted molecular
masses range from 36.26 kDa for the biggest (PstS) to 26.17
kDa for the smallest (PhoU). The last ORF had no significant
homologies. Figure 1 represents the gene order in the se-
quenced fragment, as well as the lengths of the intergenic
regions in the Pst operon, which range from 1 to 178 nt. The
organization of the P-transport system in Burkholderia sp. is
similar that of enteric bacteria. The gene order in the E. coli
chromosome is pstS, pstC, pstA, pstB, and phoU, and they are
transcribed in a counterclockwise direction (17, 24). Our re-
sults on the hydropathy properties of the five proteins in Burk-
holderia sp. also agree with those for E. coli and other bacteria
(5, 17, 24). In E. coli, PstS is a phosphate-binding protein,
located in the periplasmic space. PstA and PstC are hydropho-
bic and constitute the transmembrane channel of the Pst sys-
tem. PstB is also periplasmic and constitutes the ATP-binding
subunit, and PhoU is a transcriptional regulatory protein. All
these facts suggest that the genes of the Pst system in Burk-
holderia sp. are part of a single regulatory unit, which probably
constitutes an operon, as proposed for the other bacteria (9,
24).

Part of the C-terminal end of a putative protein similar to a
pyridoxal phosphate synthase of E. coli has been found in the
complementary DNA strand of the Pst operon. The DNA from
this putative gene is transcribed in the opposite direction to the
previous ones (Fig. 1).

The P-transport system reported here was first cloned after
PCR with degenerated primers on DNA from the complex of
fungus-bacteria and then identified from a genomic library also

containing representatives of the two genomes (27). Therefore,
it could be derived from the genome of either of the partners.
The lack of introns, characteristic of eukaryotic genes, which
give discontinuous ORFs, itself suggests a bacterial origin for
these genes. As a first step, the five genes were aligned with P
transporters from the mycorrhizal fungus Glomus versiforme
(8), from Medicago truncatula (10), or from Saccharomyces
cerevisiae (6). Notable differences in the sequences have been
found (data not shown), suggesting that this Pst operon is not
related to that of eukaryotic cells. To unequivocally demon-
strate that it represents genes from the intracellular Burkhold-
eria, specific primers were designed in two of its regions. When
these primers were used in PCR (Fig. 2), they successfully
amplified the expected fragment from DNA extracted from G.
margarita spores containing the intracellular Burkholderia and
from Scutellospora sp. spores. Scutellospora is a member of the
Gigasporaceae, and the isolate used possesses the same intra-
cellular Burkholderia as G. margarita (3). In contrast, no am-
plification occurred on DNA from the related species Gigas-
pora rosea (1), which is devoid of intracellular bacteria.

The nucleotide sequence of the Burkholderia pstB gene (the
most conserved in the Pst operon) was compared with those of
a variety of bacteria. As shown in Fig. 3, E. coli and Enter-
obacter cloacae were the closest relatives to Burkholderia. The
Pst system seems to be a widespread operon in bacteria, since
it has been found in free-living, intracellular, and symbiotic
bacteria, such as Bradyrhizobium japonicum (13). Curiously,
Buchnera aphidicola, another intracellular bacterium (16), is
located far from Burkholderia sp., suggesting that their origins
and evolutive pathways are different. It has been proposed that
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FIG. 2. Electrophoresis on 1.2% agarose gel for PCR products obtained with
specific primers designed in two regions of the Pst operon. M, 1-kb molecular
size marker. Lanes: 1 and 5, Scutellospora sp.; 2 and 6, G. rosea; 3 and 7, G.
margarita; 4 and 8, controls containing no DNA.
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FIG. 3. Phylogenetic tree of pstB sequences from Burkholderia sp. and other bacteria. Scale represents the estimated number of nucleotide substitutions per
sequence position. Branch lengths in the phylogram are directly proportional to the number of base replacements. EMBL accession numbers of sequences used to
construct the tree are as follows: Aquifex aeolicus, AE000720; Bacillus subtilis, D88802; Bradyrhizobium japonicum, AJ223073; Buchnera aphidicola, U11045; Burk-
holderia sp., AJ132617; Enterobacter cloacae, D89963; Escherichia coli, K01992; Mycobacterium intracellulare, X95538; Mycobacterium tuberculosis, Z95209; Mycoplasma
pneumoniae, AE000023; Pseudomonas aeruginosa, D45195; Sinorhizobium meliloti, M96261; Shigella flexneri, X81000; Synechocystis sp., D64001; Synechococcus sp.,

U38917; and Vibrio cholerae, AF043352.

some Burkholderia isolates are versatile, can behave as oppor-
tunistic pathogens, and easily invade eukaryotic cells (26).
From a phylogenetic point of view, it is of interest to determine
when this bacterial population was acquired by the fungus and
how it has evolved. Perotto and Bonfante (19) postulated that
an AMF ancestor acquired bacteria through a single endocy-
totic event followed by their vertical transmission in the de-
rived phylogenetic branches or that their acquisition is still in
progress and their transfer is horizontal. Many fungal isolates
will need to be analyzed to determine the evolution of this
Burkholderia strain.

In conclusion, the present study shows that Burkholderia sp.
contains a genomic region similar to the Pst operon of E. coli
in sequences as well as in the order and number of genes and
hence has the potential to take up P from its environment. It
has been proposed that the rate of P uptake by AMF is regu-
lated by their internal P concentrations (25). Thomson et al.

(25), for example, found that P uptake by germ tubes of G.
margarita was highest when the fungi had been P starved and
suggested that the P uptake may be controlled by the ability of
the fungus to translocate and transfer P to the host. Since the
main effect of AMF is the uptake and transfer of phosphate to
the host plant, the potential of the intracellular Burkholderia to
take up P from the hyphae could be seen as a “cost” for the
mycorrhizal symbiosis. However, as there is no in vivo evidence
of a negative effect of Burkholderia sp. on the symbiotic effi-
ciency of G. margarita in comparison to those of other fungal
species without bacteria (20), if this cost really exists, it must be
outweighed by a benefit, leading to a positive overall interac-
tion. The fact that the intracellular Burkholderia possesses nif
genes (14) and, hence, the potential to fix N,, may be the
answer to this question.

Nucleotide sequence accession number. The nucleotide se-
quence determined in this study has been deposited in the
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EMBL database under accession no. AJ132617. Alignments
of the different protein sequences from Burkholderia sp. and
other bacteria are also available in the EMBL under ac-
cession no. ds 38191 (PstC), ds 38258 (PstS), ds 38259 (PstB),
ds 38260 (PhoU), and ds 38261 (PstA).
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