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The formation of cluster roots by plants represents a highly efficient strategy for acquisition of sparingly
available phosphate. This particular root type is characterized by a densely branched structure and high
exudation of organic acids and protons, which are likely to influence the resident bacterial community. Until
now, the identity of the bacterial populations living in cluster roots has not been investigated. We applied
cultivation-dependent and cultivation-independent methods to characterize the dominant bacterial genera
inhabiting the growing cluster roots of white lupin. We observed a high relative abundance of Burkholderia
species (up to 58% of all isolated strains and 44% of all retrieved 16S rRNA sequences) and a significant
enrichment with increasing cluster root age. Most of the sequences retrieved clustered together with known
plant- or fungus-associated Burkholderia species, while only one of 98 sequences was affiliated with the
Burkholderia cepacia complex. In vitro assays revealed that Burkholderia strains were much more tolerant to low
pH than non-Burkholderia strains. Moreover, many strains produced large amounts of siderophores and were
able to utilize citrate and oxalate as carbon sources. These features seem to represent important traits for the

successful colonization and maintenance of Burkholderia species in white lupin cluster roots.

To access sparingly available nutrients such as phosphate,
plants have evolved several strategies, e.g., mycorrhizal associ-
ation and cluster root formation. Cluster roots are very densely
branched root structures with a particular excretion physiology
(20, 21, 25). They occur in many species of the Proteaceae
family and occasionally in the Mimosaceae, Casuarinaceae, or
Fabaceae (7). White lupin is the only cluster-rooted species of
agricultural importance and has thus been extensively studied
(9, 17, 26, 32, 33, 41, 42). In white lupin, cluster root develop-
ment follows a well-defined pattern: at the juvenile stage, clus-
ter roots secrete small amounts of malate; at the mature stage,
high quantities of citrate and protons are excreted, leading to
drastic rhizosphere acidification; and at the senescent stage,
organic acid excretion decreases. Besides citrate and malate,
oxalate and fumarate have also been reported to be exuded by
soil-grown lupin plants (6, 41). The close vicinity of growing
cluster roots constitutes a highly selective environment, owing
to rapid changes in pH and carbon availability. The abundance
of bacteria, as well as richness and diversity, has been shown to
decrease temporarily in mature cluster roots (40). However,
the identity of the populations repressed or enriched during
cluster root development has yet to be elucidated. We analyzed
the bacterial communities living in the direct vicinity of cluster
roots (root surface and inner tissues) by sequencing isolated
strains and clone libraries constructed from root-extracted
DNA. We then tested relevant physiological properties of iso-
lates to better understand which metabolic abilities might en-
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able bacteria to efficiently colonize this highly selective and
rapidly changing environment.

MATERIALS AND METHODS

Plant material, growing conditions, and sampling. Plants were grown as de-
scribed in reference 40. Briefly, white lupin seeds (Lupinus albus cv. Amiga) were
germinated in 0.2 mM CaCl, and transferred after 4 days to 4 microcosms (1
plant per microcosm) containing 800 g of tyndallized sandy substrate (origin,
Nigeria; pH [H,0] 5.7; grain size, 0.1 to 1 mm; 91.8% sand, 7.5% silt, and 0.7%
clay). Microcosms were inoculated with a soil suspension (0.5%;, vol/vol) from a
field in Piemonte (northern Italy) where white lupins had been grown for 20
years. The resulting substrate showed very low phosphate levels (about 0.25
mg - g~ !, present mostly as inorganic P). To avoid iron and nitrogen deficiency,
both nutrients were supplemented during biweekly watering, and the plants did
not form nodules. Plants were grown for 5 weeks in a climate chamber at 22°C
and 65% relative humidity with a light period of 16 h at 200 wmol m~2s~!. Prior
to harvesting, cluster root stages were determined using a pH indicator agar
overlay method (40). The roots were washed from their adhering rhizosphere soil
in sodium phosphate buffer (0.1 M, pH 7) (SPB). Cluster roots belonging to the
same developmental stage within each plant and between the four replicate
plants were pooled to obtain sufficient and representative material for each stage.
Fingerprinting analyses previously performed on the same samples showed that
the variability between cluster roots from the four different replicate plants was
very low (40).

Identification and physiological characterization of isolates. For each cluster
root stage, tissue- and surface-inhabiting bacteria were isolated as described
earlier (40). Briefly, serial dilutions of the washed root samples were performed
in SPB and plated on Angle medium (1). Thirty to 80 colonies per cluster root
stage were randomly picked, checked for purity, and stored in 25% glycerol at
—80°C until further analysis. For strain identification, the entire 16S rRNA gene
was amplified from strains isolated from roots of each stage (n = 34 to 52), using
the universal bacterial primers 5F and 1545R (18). PCR products were purified
and sequenced from both ends using an ABI3730 automated sequencer. The
sequences were manually checked for quality, assembled, trimmed, and aligned
using BioEdit (http:/www.mbio.ncsu.edu/bioedit/bioedit.html). The sequences
were subjected to Blast searches against the NCBI database (see Table S1 in the
supplemental material for blast hits). To test the ability of isolates to grow on
various C sources, strains were grown on AB minimal medium plates (pH 7) (16)
supplemented with 400 .l of a 25,000 concentrated solution of micronutrients
(40) and amended with 25 mM either citrate, malate, or fumarate as a carbon
source. The AB medium containing oxalate was prepared in a double layer, the
lower of which contained AB medium without a carbon source and the upper of
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FIG. 1. Major bacterial populations detected in growing cluster roots of white lupin (L. albus L.) by 16S rRNA sequencing of isolates (A) and
clone libraries constructed from root-extracted DNA (B). JUV, juvenile cluster roots; MAT, mature cluster roots; SEN, senescent cluster roots.
All but a few sequences (3 for isolates and 4 for clones) could be assigned with high confidence (=97% for isolates and =94% for clones) to known
genera. The relative abundance of each genus is shown as a percentage. The relative abundance of isolates or clones belonging to the genus
Burkholderia was compared between root stages using the chi-square test. Different letters within the columns indicate statistically different values

(P < 0.05).

which contained 0.7% Ca-oxalate and 1.2% agar. A transparent halo around the
colonies was indicative of oxalotrophy. P solubilization, siderophore production,
and auxin production were performed as described in reference 40. Acid toler-
ance was assessed as described in reference 39. The presence of acdS (encoding
1-aminocyclopropane 1-carboxylic acid [ACC] deaminase) in Burkholderia
strains was checked using the newly designed primers acdS F (5'CGCAAGCT
CGAATAYCTG) and acdS R (5'GTGCATCGAYTTGCCYTC) spanning 744
bp of the gene, from position 157 to 900 of Burkholderia vietnamiensis strain
LMG 6999 (EU886310.1). The presence of the nifH gene (encoding nitrogenase)
was tested using the PolyF/PolyR primer pair (30).

Cloning and sequencing of 16S rRNA genes from root-extracted DNA. Cluster
root DNA was extracted as described previously (40). The entire 16S rRNA gene
was amplified using the primer set described above and cloned into pCR2.1
(Invitrogen). Clones were checked for inserts of plant origin (giving positive
amplification with plastid-specific primers [14]), and clones containing an insert
of bacterial origin were sequenced as described above. Sequences were checked
for quality, manually assembled, and subjected to Blast searches as described
above (see Table S2 in the supplemental material for blast hits). Construction of
the phylogenetic tree was performed using the ARB software package (http:
/lwww.arb-home.de/). Sequences were aligned using ARB’s Fast Aligner tool,
manually checked, and added to the database. Ralstonia pickettii AY268176 was
chosen as an outgroup. Bootstrap analysis (» = 1,000) was performed.

Nucleotide sequence accession numbers. The sequences determined in this
study have been deposited in GenBank under accession numbers JN590279 to
JN590738.

RESULTS AND DISCUSSION

Burkholderia species are among the dominant bacterial
groups of the cluster root community. The 16S rRNA gene-
based sequencing of strains isolated from inner tissues and
surfaces of growing cluster roots revealed a high relative abun-
dance of Burkholderia species, ranging from 29% of all isolates
in juvenile cluster roots to 58% in senescent cluster roots (Fig.
1A). In order to assess whether the dominance of the Burk-
holderia genus was due to these organisms being more readily
cultivable than other bacterial inhabitants of cluster roots, we
constructed 16S rRNA-based clone libraries. While the rela-
tive abundance of Burkholderia spp. obtained with this cultiva-
tion-independent method was lower than that obtained with
isolates (from 23% to 45%), the same pattern of enrichment of
Burkholderia spp. with increasing cluster root age was observed
(Fig. 1B). Interestingly, besides Burkholderia, the four next
most abundant genera in clone libraries (Fig. 1B) (i.e., Herbas-
pirillum, Bordetella, Telluria, and Massilia) all belonged to the
order Burkholderiales, with the exception of Bradyrhizobium.
Together with other, less abundant sequences, Burkholderiales
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represented about 70% of all retrieved sequences. These ob-
servations are in line with previous studies on endophytes
which showed a large majority of Burkholderiales in cucumber
seedlings (13, 27) and in Medicago sativa mycorrhizal roots
(28). Furthermore, stable-isotope probing (SIP)-based studies
revealed that within the Agrostis stolonifera root endophytic
community, Burkholderiales were among the most active in
taking up plant-derived carbon (35), corroborating earlier find-
ings for the rice rhizosphere (23). Remarkably, Burkholderia
was the only genus which significantly increased its relative
abundance as cluster roots aged. This suggests adaptation to
the growing cluster root environment and a capacity to survive
the dramatic changes in carbon availability and pH (changing
within a few days from pH 6 in juvenile roots to pH 4 in mature
roots and to pH 7 in senescent roots) (26).

Shifts in the Burkholderia populations from juvenile to se-
nescent cluster roots. To investigate the intrageneric diversity
of Burkholderia populations and their putative shifts along
growing roots, sequences affiliated with the genus Burkholderia
(>94%) were compared with their closest known relatives by
neighbor-joining analysis (Fig. 2). Only one of the 98 Burk-
holderia sequences was indicative of a member of the Burk-
holderia cepacia complex. The B. cepacia complex consists of
17 closely related species, which are frequently found in natu-
ral habitats but can behave as opportunistic pathogens and
have thus been extensively studied (5, 36). Few sequences from
all three cluster root stages clustered with B. caryophylli, which
is pathogenic to Dianthus caryophylli (3), although members of
this species have also been shown to promote wheat growth in
pot experiments (31). All other sequences clustered with plant-
or fungus-associated Burkholderia species. Interestingly, there
was a shift in the Burkholderia populations as cluster roots aged
from juvenile to senescent: while many sequences retrieved
from juvenile roots clustered with B. ferricola, B. graminis, and
B. caledonica, most of the sequences retrieved from senescent
roots were associated with B. fungorum, B. glathei, B. sordidi-
cola, and B. kururiensis. Although little is yet known about the
natural habitat of B. terricola, B. graminis, and B. caledonica,
they have been reported to be distantly or closely associated
with plants (2, 4, 8, 12, 37). In contrast, B. fungorum, B. glatheli,
and B. sordidicola have been described as fungus-associated
Burkholderia spp. (10, 19, 22, 38). This shift toward fungus-
associated species as roots progress from the juvenile to the
senescent stage might be linked to the rapid decay of senescent
roots, which constitute an ideal niche for organic matter-de-
grading fungi. Burkholderia sequences retrieved from mature
roots were phylogenetically diverse, despite the extremely se-
lective environment (low pH and large amounts of citrate).
Most sequences were closely related to B. kururiensis, a species
first isolated from a polluted aquifer (43) and later observed to
fix nitrogen and promote rice growth (24). However, other
sequences retrieved from the mature stage were also found in
phylogenetic clusters harboring sequences from juvenile and
senescent origins. Based on this analysis, it appears that Burk-
holderia populations from mature cluster roots represent a
transition state between juvenile and senescent stages, hosting
both remnants of the past and pioneers of the future.

Relevant physiological properties for establishment and
persistence of bacterial populations in growing cluster roots.
Cluster roots represent a very special environment for root-
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colonizing bacteria, and our observation that Burkholderia spe-
cies constitute a major component of the community raises the
question of the metabolic properties that may provide Burk-
holderia spp. a competitive advantage in this habitat. To ad-
dress this issue, we performed physiological tests on isolates
and compared Burkholderia isolates to non-Burkholderia iso-
lates (Table 1). In view of the rapid and important acidification
occurring in mature cluster roots, acid tolerance appears to be
a prerequisite for persistence in cluster roots beyond the ma-
ture stage. Indeed, when acid tolerance of the isolates was
tested, we observed that growth at low pH was significantly
more frequent among Burkholderia isolates (with 77% of
strains able to grow at pH 4) than among non-Burkholderia
isolates (41%). Almost all isolates, irrespective of the identity
and cluster root age, were able to use malate and fumarate as
a sole C source (Table 1). However, utilization of citrate, the
organic acid excreted in highest quantities by white lupin clus-
ter roots, appeared to be more widespread in Burkholderia
isolates (62%) than in non-Burkholderia isolates (25%). Fi-
nally, growth on oxalate was a property almost exclusive to
Burkholderia isolates, with 93% of Burkholderia isolates able to
grow on oxalate against only 2% of the non-Burkholderia iso-
lates. To test for plant growth promotion properties, we as-
sessed P solubilization, siderophore production (since cluster
roots are also formed in response to iron starvation) (15), and
synthesis of auxin (a hormone involved in cluster root forma-
tion [11]). A large proportion of isolates, both Burkholderia
and non-Burkholderia, were able to solubilize inorganic P,
which may reflect the low availability of this element in the
direct vicinity of the root due to the plant’s very efficient P
acquisition. Siderophore production was widespread among
Burkholderia isolates (80%) but less so among non-Burkhold-
eria isolates (26%). Finally, auxin production was much more
widespread among non-Burkholderia isolates than among
Burkholderia isolates. This is not surprising, considering the
facts that Burkholderia was isolated mostly from mature and
senescent cluster roots and that auxin is required at the very
early stage of cluster root development. In addition to the
above-mentioned plant growth-promoting traits, ACC deami-
nase activity (which cleaves the ethylene precursor 1-aminocy-
clopropane 1-carboxylic acid [ACC], thereby reducing the lev-
els of this stress hormone in plants) has been reported to be a
widespread feature among plant-associated Burkholderia spe-
cies (29). We therefore tested the Burkholderia isolates recov-
ered from white lupin cluster roots for the presence of the
ACC deaminase gene. A high proportion of the isolates (77%)
possessed this gene, suggesting that they may play a role in
plant stress alleviation. In contrast, the nifH gene could not be
amplified from any of the isolates, which was not surprising
given the fact that the plants were grown under nitrogen-
sufficient conditions.

The present work investigated the previously unknown bac-
terial community of cluster roots, a highly specialized root type
which is characterized by very densely branched rootlets that
excrete high levels of organic acids and protons. We observed
a strong dominance of Burkholderia species in growing cluster
roots of white lupin. Earlier analyses focusing on phytate-
degrading bacteria in lupin root tissues also revealed a large
proportion of Burkholderia spp. (mostly affiliated with the B.
cepacia complex) within the phytate-degrading community
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TABLE 1. Physiological properties of Burkholderia and non-
Burkholderia strains isolated from the inner tissues
and surfaces of white lupin cluster roots

% of isolates (n > 55)

Physiological property Significance®
Burkholderia  Non-Burkholderia
Growth at low pH 77 41 R
Growth on:
Citrate 62 25 ik
Malate 95 87 ns
Fumarate 96 84 ns
Oxalate 93 2 R
P solubilization 62 67 ns
Siderophore production 80 26 ok
Auxin production 4 43 ek

“ Differences in the percentages of Burkholderia and non-Burkholderia isolates
capable of growth in each assay were tested using the chi-square test. sk,
significant difference (P < 0.001); ns, not significant.

(34). However, the authors did not mention the presence of
cluster roots, suggesting that under their experimental condi-
tions, the soil contained sufficient available P to repress cluster
root formation. Our results show that Burkholderia spp. were
enriched as cluster roots developed and represented 58% of
isolates and 44% of all sequences retrieved from senescent
cluster roots. In vitro physiological assays revealed that toler-
ance of low pH, siderophore production, and utilization of
citrate and oxalate as growth substrates might play a significant
role in the establishment and persistence of Burkholderia spp.
in growing cluster roots. Further investigations are needed of
whether Burkholderia species dominate the cluster root com-
munities to the same extent in field-grown lupin plants and
whether they are also found among the root communities of
other cluster-rooted plants with a similar root excretion phys-
iology (e.g., Banksia or Hakea species). Interestingly, several of
the Burkholderia species found in this study to colonize lupin
cluster roots were previously (and often only anecdotally) en-
countered in soil samples. Our data suggest that these species
may not be true soil bacteria but may originate from decayed
plant material.
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