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“Candidatus Glomeribacter gigasporarum” is an endocellular B-proteobacterium present in the arbuscular
mycorrhizal (AM) fungus Gigaspora margarita. We established a protocol to isolate “Ca. Glomeribacter
gigasporarum” from its host which allowed us to carry out morphological, physiological, and genomic inves-
tigations on purified bacteria. They are rod shaped, with a cell wall typical of gram-negative bacteria and a
cytoplasm rich in ribosomes, and they present no flagella or pili. Isolated bacteria could not be grown in any
of the 19 culture media tested, but they could be kept alive for up to 4 weeks. PCR-based investigations of
purified DNA from isolated bacteria did not confirm the presence of all genes previously assigned to “Ca.
Glomeribacter gigasporarum.” In particular, the presence of nif genes could not be detected. Pulsed-field gel
electrophoresis analyses allowed us to estimate the genome size of “Ca. Glomeribacter gigasporarum” to
approximately 1.4 Mb with a ca. 750-kb chromosome and a 600- to 650-kb plasmid. This is the smallest genome
known for a 3-proteobacterium. Such small genome sizes are typically found in endocellular bacteria living
permanently in their host. Altogether, our data suggest that “Ca. Glomeribacter gigasporarum” is an ancient
obligate endocellular bacterium of the AM fungus G. margarita.

Symbiotic associations between endocellular bacteria and
eukaryotic cells are common among plants (e.g., Nostoc species
with Gunnera [30] and rhizobia with legumes) and animals
(e.g., Buchnera species with most members of the large
Hemiptera suborder Sternorrhyncha such as aphids). They are
characterized as being either cyclical associations (e.g., most
bacteria-plant associations), in which each partner lives inde-
pendently, or permanent associations (e.g., Buchnera-insect
associations), in which neither the host nor the microorganism
is able to develop separately (22). In the first case, reassocia-
tion occurs by horizontal acquisition, while in the second case,
bacteria are strictly vertically transmitted. In the context of
permanent associations, a drastic reduction in the microbial
genome size generally occurs over evolutionary time. Charac-
terizations of various microbial genomes has revealed that
many pathogenic and mutualistic obligate endobacteria have
smaller genomes than their free living relatives (17, 27, 43).
Genome reduction implies genetic and presumably functional
loss and may reflect the dependence of the obligate endocel-
lular bacteria on their host cell (28, 29, 37, 44). Ultimately,
such obligate associations can lead to very strong integration of
the endosymbionts, like in the case of mitochondria and chlo-
roplasts (18). In the fungi, the presence of endocellular bacte-
ria has been reported only in some Glomeromycota species
(arbuscular mycorrhizal [AM] fungi and Geosiphon pyriforme)
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(8, 9, 35, 36) and in the ectomycorrhizal basidiomycete Lac-
caria bicolor (5). AM fungi are themselves obligate symbionts
of a very large spectrum of plant species. They improve plant
growth and resistance against diverse stresses (39). Their origin
has been dated back to 353 to 462 million years (11, 31),
suggesting that they were instrumental in the colonization of
land by ancient plants (11, 38). AM fungi are genetically com-
plex organisms; several genotypes, i.e., genetically different
nuclei, may coexist in a single individual (21). The presence of
endocellular bacteria in some of their members adds to their
genetic complexity (12). The occurrence of these bacteria in
AM fungi is intriguing, and their physiological role in fungal
fitness as well as their potential role in mycorrhizal symbiosis
are completely unknown. These bacteria have been found in
several members of the Gigasporaceae (8, 9), but the bacteria
present in Gigaspora margarita have been more extensively
studied. On the basis of 16S ribosomal DNA (rDNA) sequence
analysis, these bacteria had been initially assigned to the genus
Burkholderia (9) but were recently reassigned to a new taxon
named “Candidatus Glomeribacter gigasporarum” (7). They
have been detected in all fungal compartments (spores, germ
tube, and extra- and intraradical hyphae) except arbuscules (9).
In contrast with Geosiphon pyriforme and L. bicolor, in which
association with bacteria is transient, G. margarita seems to live
with its endocellular bacteria in a stable association in which
bacteria are transmitted vertically during fungal sporulation
(6). This finding raises the question of whether the bacteria
possess a free-living stage and whether their genome size is
reduced as in endocellular bacteria present in insects. So far,
the physiological properties of “Ca. Glomeribacter gigaspora-
rum” are missing, while genetic and molecular data are very
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scarce. A few genes have been isolated from genomic spore
DNA and from a G. margarita genomic library (42) and as-
signed to the bacterial genome, including a phosphate trans-
porter gene (34), a vacB-like gene (33) that contributes to host
cell colonization by pathogenic bacteria (Shigella flexneri and
Escherichia coli), three nif genes (nifH, nifD, and nifK) (25), the
mcpA (23) and cheY (24) genes which are involved in chemo-
taxis, a kinase gene (prkA), and a sporulation-like spolV/R gene
which is involved in sporulation (24).

In spite of the obligate endosymbiotic nature of the fungal
host, the difficulty in accessing a large fungal biomass, and the
relatively small endocellular bacterial density within the fun-
gus, we have been able to isolate enough endocellular “Ca.
Glomeribacter gigasporarum” bacteria to reveal original infor-
mation on their morphology, physiology, and genome struc-
ture.

MATERIALS AND METHODS

AM fungus. Spores of Gigaspora margarita Becker and Hall (BEG 34, depos-
ited at the European Bank of Glomales) were produced in pot cultures with
sorghum under greenhouse conditions (natural light and no cooling system) by
BIORIZE (Dijon, France). Spores were collected by wet sieving and decanting
in 40% (wt/vol) sucrose. The spores were then individually picked under a stereo
microscope to obtain highly purified samples. In order to isolate a sufficient
amount of endocellular bacteria, more than 3 X 10° spores of G. margarita were
used in this study. The isolated spores were surface sterilized with 4% chlora-
mine T three times for 10 min, rinsed with an antibiotic solution (200 mg of
streptomycin liter ! and 100 mg of gentamicin liter '), and stored in this anti-
biotic solution at 4°C.

Isolation of “Ca. Glomeribacter gigasporarum” from spores. In order to
isolate the endocellular bacteria from spores, a protocol developed to isolate the
endocellular bacteria of the weevil Sitophilus oryzae (Coleoptera) (19) was
adapted, with slight modifications. In detail, spores were crushed in an extraction
buffer (250 mM sucrose, 10 mM MES [morpholineethanesulfonic acid] [pH 6.5],
25 mM KCI, 20 mM MgCl,, 1 mM dithiothreitol) at 4°C by using a glass
homogenizer. The homogenate was centrifuged at 500 X g for 2 min to eliminate
major spore wall debris. The supernatant was then centrifuged at 1,000 X g for
2 min to eliminate nuclei and other debris. The newly formed supernatant was
centrifuged at 10,000 X g for 10 min to pellet the bacteria. The pellet was
resuspended in a minimal volume of extraction buffer. A separation buffer (250
mM sucrose, 0.5% polyethylene glycol 4000, 0.1% Ficoll, 0.1% bovine serum
albumin, 30% Percoll) was added to the bacterial suspension. After centrifuga-
tion at 12,000 X g for 15 min, the bacteria were located in an opalescent band
near the bottom of the tube. This band was collected from the supernatant,
diluted in 5 volumes of a washing buffer (250 mM sucrose, 4 mM MES [pH 6.5],
20 mM KCI, 1 mM MgCl,), and washed three times (three successive centrifu-
gations at 11,000 X g). The final pellet was resuspended in a minimal volume of
washing buffer. All the above manipulations were conducted at 4°C.

In the first steps of the investigation, other protocols were also tested but none
of them gave satisfactory results. They were developed to isolate (i) bacteroids
from nodules with different centrifugations in 250 mM mannitol buffer (20), (ii)
intracellular organelles from rat liver with centrifugations in 250 mM sucrose,
and (iii) Buchnera from aphids by filtration (17).

Estimation of the number of isolated “Ca. Glomeribacter gigasporarum.”
Bacteria were stained for 1 min with a Live/Dead BacLight bacterial viability kit
stain (dilution, 1:2,400). This kit contains two DNA staining fluorochromes
(Molecular Probes, Leiden, The Netherlands), a permeant one (SYTO 9) that
stains nuclei of living cells in green and a nonpermeant one (propidium iodide)
that stains nuclei of dead cells in red. The number of living isolated bacteria was
estimated by counting green spots by using either conventional fluorescence
microscopy or confocal microscopy and image analysis. For conventional micros-
copy, observations were made with the 40X oil objective lens of an inverted
microscope (DMIRBE; Leica, Heidelberg, Germany) equipped with epifluores-
cence illumination (100-W mercury lamp) at a 450- to 490-nm excitation wave-
length (dichroic mirror, 510 nm; barrier, 520 nm). Ten microliters of bacterial
suspension was mounted on a Thoma cell for counting, and green spots within
256 squares (corresponding to a total volume of 0.1 mm?) were counted. For
confocal microscopy, observations were made with a Leica SP2 confocal micro-
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scope and an HCX PL APO 40X/numerical aperture 1.25 oil immersion lens
with the 488-nm ray line of an argon laser for excitation, and the emitted light
was collected between 500 and 540 nm. Z acquisitions were made throughout the
total thickness of the preparation, and an image corresponding to 20 to 30
confocal planes was obtained by using the maximal projection module. Bacteria
were then counted within each projection (i.e., corresponding to a volume) by
using ImagePro Plus software (Media Cybernetics, Silver Spring, Md.). Twenty
projections per counting experiment were used.

Morphological description of “Ca. Glomeribacter gigasporarum” by elec-
tronic microscopy. (i) Transmission and scanning electron microscopy. For
electron microscopy, bacteria isolated from 500 to 1,000 G. margarita spores were
fixed in 1.5 ml of 2.5% glutaraldehyde in washing buffer (250 mM sucrose, 4 mM
MES [pH 6.5], 20 mM KCI, 1 mM MgCl,) for 2 h at room temperature and
dehydrated in a graduated ethanol series. Between each step, the samples were
centrifuged (11,000 X g for 10 min) to change the solution.

For scanning electron microscopy, drops of bacteria in absolute ethanol were
placed in the specimen holder. They were then critical point dried with CO, as
a transitional fluid and finally sputter coated with gold-palladium by using a
JEOL JFC 1100 ion-sputtering device. The bacteria were observed with a Hitachi
C450 scanning electron microscope at 15 kV. Photographs were taken on Illford
125 1SO film.

For transmission electron microscopy, samples were then infiltrated with a 2:1
(vol/vol) mixture of ethanol-LR White resin (Polysciences Inc., Warrington, Pa.)
for 1 h, a 1:2 (vol/vol) mixture of ethanol-LR White resin for 2 h, and 100% LR
White resin overnight at 4°C according to method of Balestrini et al. (3). Thin
sections (0.05 wm) were stained to visualize polysaccharides with the PATAg
method (32) or counterstained with uranyl acetate and lead citrate.

All the samples were observed with a CM 10 Philips transmission electron
microscope.

(i) Negative microscopy. Bacteria were isolated from 1,000 spores, resus-
pended in 100 pl of sterile water, and deposited onto 200-mesh nickel grids
coated with Formvar. The grids were gently blotted and negatively stained
successively for 20 and 10 s on two drops of 15% (wt/vol) aqueous uranyl acetate
filtered twice through a 0.2-wm membrane. Grids were blotted, left to dry, and
kept in the dark until observation with a transmission electron microscope (EM
600, operating at 75 kV; Hitachi).

Cultivability and survival of “Ca. Glomeribacter gigasporarum.” (i) Cultiva-
bility tests. Cultivability tests were carried out with purified isolated bacteria on
various media at two temperatures (22 and 28°C) with or without agitation
(liquid media). Five milliliters of the liquid media in 15-ml tubes and 15 ml of the
solid media in petri dishes were inoculated with 10 pl of bacterial suspension
(200 bacteria pl~'). The liquid media used in the tests were 40 g of tryptic soy
broth (Sigma, Saint Louis, Mo.) liter !, 5 g of soy peptone (Sigma) liter ™!, 3 g
of yeast extract (Difco, Detroit, Mich.) liter ™!, PG medium (40), Terrific broth
(40), TY medium (40), YMB medium (40), Bergersen’s defined medium (40),
fermentor broth (40), media 23A and 21C for Pseudomonas sp. (16), BG medium
(10 g of tryptone liter ~', 1 g of yeast extract liter ™', and 1 g of Casamino Acids
liter '), Ashdown medium (2), PDB medium (Difco), yeast carbon base (Difco)
with 1 g of KNOj liter ! or 1 g of NH,Cl liter !, and M medium (4). Five solid
media were also tested and are as follows: corn meal agar, oat meal agar, PDA,
nutrient agar (all from Difco), and CGA (10 g of Casitone liter !, 5 g of glucose
liter™!, and 15 g of agar liter!). Bacterial growth was checked after 3 weeks of
incubation by looking for increasing optical density (liquid media) or colonies
(solid media).

(ii) Viability tests. The survival capacity of the isolated bacteria was investi-
gated in a time course experiment. Living bacteria were counted weekly in
bacterial suspensions (300 to 800 bacteria ul~!) incubated under various condi-
tions. Culture tubes containing 500 pl of TY medium or 500 pul of water were
inoculated with isolated “Ca. Glomeribacter gigasporarum.” Half of these bac-
terial suspensions were incubated at 28°C and the other half was incubated at
4°C, without agitation. For periodic counting of living bacteria in tubes, an
aliquot of vortexed bacterial suspension was sampled and centrifuged at 11,000
X g for 10 min. The pellets were then washed with water and centrifuged at
11,000 X g for 10 min. The final pellets were resuspended in 5 pl of Live/Dead
BacLight bacterial viability kit medium, and bacteria were counted by using
conventional fluorescence microscopy as described above.

Molecular investigations: amplification of “Ca. Glomeribacter gigasporarum”
genes. DNA of “Ca. Glomeribacter gigasporarum” was extracted from bacteria
isolated from 500 to 1,000 spores of G. margarita by using a WIZARD genomic
DNA purification kit (Promega, Lyon, France). The final pellet was resuspended
in 50 pl of sterile water. PCRs were carried out in a 25-ul volume containing 2.5
wl of 10X buffer (Promega), 0.5 uM of forward and reverse primers, 2.5 mM
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MgCl,, 250 uM each deoxynucleoside triphosphate, 1 U of Tag polymerase
(Promega), and 1 pl of DNA solution.

For amplification of 16S rDNA with bacterium-like organism-specific primers
(BLOf and BLOr) (9) and with the nonspecific primers 27f and 1495r (9), PCR
cycling conditions of the PTC 200 thermocycler (MJ Research) were as follows:
an initial denaturation step at 93°C for 3 min; 35 cycles at 93°C for 30 s, 55°C for
1 min, and 72°C for 1 min (2 min for amplification with 27f and 1495r primers);
and a final extension step at 72°C for 10 min.

For restriction fragment length polymorphism (RFLP) analysis, 10 pl of the
PCR products amplified with primers 27f and 1495r were digested in a 20-ul
volume containing 2 pl of 10X buffer (Promega) and 0.5 U of restriction enzyme
(Alul, Sacll, or Rsal), at 37°C for 4 h.

For the pst and vacB genes, new primers were designed according to their
database sequences (GenBank accession numbers AJ132617 and AJ242786, re-
spectively). For pst product 1 (2,055 bp) and product 2 (2,184 bp) the primer used
were pstlf (5'-GCAAAAATTGGTGAATGCGC-3") and pstlr (5'-CTTCAGC
GAATTCATTGGCC-3') (product 1) and pst2f (5'-TATCAACGATATTCTG
CTCAGCGC-3') and pst2r (5'-GATTGTTGAATGTATTTACTTCGGG-3')
(product 2). For vacB product 1 (1,337 bp) and product 2 (1,851 bp) the primers
used were vacBl1f (5'-CTAAAGCGCGCATTCAGGGC-3’) and vacB1r (5'-AC
GTTGACGATCTGACCCGC-3') (product 1) and vacB2f (5'-GATTGAAGA
GTGCATGCTGGCG-3") and vacB2r (5'-AGAGCGGTAAAGCATCGGCC-
3") (product 2). The 23S rDNA primer pairs were designed according to the 23S
rDNA conserved region of the following bacterial species which are phyloge-
netically close to “Ca. Glomeribacter gigasporarum”: Burkholderia gladioli
Y17182, Burkholderia mallei Y17183, Burkholderia multivorans Y18704, Burk-
holderia pseudomallei Y17184, and Burkholderia vietnamiensis Y18705. The prim-
ers used were 23S1f (5'-CATGTGGTGGATGCCTTGGC-3") and 23S1r (5'-A
CGGTGCAGGAATATTGACC-3') for product 1 (1,365 bp) and 23S2f (5'-TG
GGGGGACGGATCGCGGAA-3') and 23S2r 5'-TCAAGCCTTACGGGCAA
TTA-3") for product 2 (1,466 bp). The primers were designed according to the
oligonucleotide design program of the NTI vector advance software (InforMax).
For the other genes (spoVR, mcpA, and nifH), previously described primers were
used (23-25). The PCRs were performed on an Eppendorf Mastercycler appa-
ratus, and cycle conditions were as follows: 5 min at 95°C followed by 30 cycles
of 30 s at 95°C, 30 s at 57°C, and 30 s at 72°C followed by a finishing step of 10
min at 72°C.

The two vacB gene fragments were amplified by using the Expand Long
Template PCR system (Roche, Basel, Switzerland) under the following condi-
tions: 2 min at 95°C followed by 10 cycles of 30 s at 95°C, 30 s at 57°C, and 1 min
30 s at 68°C followed by 20 cycles of 30 s at 95°C, 30 s at 57°C, and 30 s at 68°C
plus 20 s at each cycle, followed by a 7-min step at 68°C. The two pst and 23S
fragments were amplified under the same conditions as those of the vacB am-
plification except that the annealing temperature was lowered to 50°C.

“Ca. Glomeribacter gigasporarum” genome size characterization. (i) Bacte-
rial DNA preparation. For a single bacterial plug used for one pulsed-field gel
electrophoresis (PFGE) analysis, between 1 X 10* and 4 X 10* spores were used.
Bacteria were extracted as described above. The quantity of living bacteria in the
extract was checked under a fluorescent microscope with a Live/Dead BacLight
bacterial viability kit. Approximately 10° bacteria ml~! were embedded in aga-
rose plugs (LM-MP agarose [Roche] at 1% in Tris-EDTA [TE, pH 7]). The plugs
were treated overnight in a lysis solution (6 mM Tris-HCI [pH 7.5], 100 mM
EDTA [pH 8], 1 M NacCl, 0.5% Brij, 0.2% deoxycholate, 0.5% N-laurylsarcosyl,
1 mg of lysozyme ml ™!, 20 pg of RNase ml~!) at 37°C as described previously for
Buchnera (14). Subsequently, the plugs were incubated in a TE (pH 7.5) solution
containing a previously activated pronase (2 mg ml™'; Sigma) at 37°C during 1
day. The solution was then replaced by the same fresh solution, and plugs were
incubated 2 days more at 37°C. The plugs were then rinsed twice in a TE (pH 7.5)
solution for 30 min at room temperature and stored at 4°C.

(ii) Restriction enzyme assay. Plugs were first treated in a TE solution con-
taining a protease inhibitor, Pefabloc (200 ug per plug; Roche), for 40 min at
room temperature and then treated for 40 min at 37°C in the same fresh solution.
Plugs were then washed twice in a TE (pH 7.5) solution at room temperature for
30 min. The plugs were subsequently equilibrated in the restriction buffer (In-
vitrogen, Carlsbad, Calif.) at room temperature for 30 min. The restriction buffer
was then replaced by the same fresh buffer containing the restriction enzyme (10
U of Spel, Pmel, or Ceul; Invitrogen), and the samples were subsequently
incubated for 30 min on ice. The samples were then transferred at 37°C and
incubated for 3 h. After that, fresh enzyme (10 U) was added to the plug and
incubated for 3 h more at 37°C. These extreme bacterial lysis conditions were
used to compensate for the low amount of bacteria. Plugs were then rinsed in a
TE (pH 7.5) solution and stored at 4°C. For longer digestion, a doubled quantity
of enzyme was used at each step and two other steps of 3-h digestion were added.
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(iii) PFGE. PFGE was performed with a CHEF-DR DRII apparatus (Bio-
Rad, Hercules, Calif.) in 1% agarose gel in 0.5X Tris-borate-EDTA. Electro-
phoresis conditions were as follows: 5 to 120 s at 4.5 V em™! for 48 h (see Fig.
5); 20 s at 4.5V cm ™! for 12 h, followed by a switch to 5sto 15sat 4.5V em ™!
for 17 h (see Fig. 6A1); 5to 120 s at 4.5 V em ™! for 30 h (see Fig. 6A2); 1 to 12s
at 6 V. em™ ! for 15 h (see Fig. 6A3); 1 to 12 s at 6 V.em ™! for 12 h (see Fig. 6C);
and 5 to 120 s at 4.5 V. em™! for 30 h (see Fig. 6C). After separation, gels were
stained with Vistra green dye (Amersham Biosciences, Buckinghamshire, United
Kingdom) which was 10 times more sensitive than ethidium bromide for DNA
material detection.

(iv) Southern blot hybridization. Gels were transferred by capillarity on nylon
membranes (Hybond-N; Amersham), and the membranes were subjected to
Southern hybridization with the specific 3*P-labeled probe generated by PCR on
“Ca. Glomeribacter gigasporarum” total DNA. The labeling was performed with
a Ready-To-Go DNA labeling kit (Amersham Biosciences).

RESULTS AND DISCUSSION

Due to the obligate symbiotic nature of G. margarita, con-
ditions consisting of 6 months in 5-liter pot cultures with four
sorghum plants are required to produce 15,000 fungal spores.
To complete this study, more than 3 X 10° spores (100 liters of
mycorrhizal sorghum cultures) were produced, collected, and
manually picked to prepare clean and adequately large bacte-
rial samples. However, the relatively small endocellular bacte-
rial density in each fungal spore impaired the possibility to
access large quantities of “Ca. Glomeribacter gigasporarum ”
bacteria.

Isolation of “Ca. Glomeribacter gigasporarum” from fungal
spores. The protocol developed by Heddi et al. (19) to isolate
the endocellular bacteria from the weevil Sitophilus oryzae (Co-
leoptera), which was slightly modified in this study (no filtra-
tion step, MES buffer instead of Pipes, and no phenylthiourea
in the buffers), allowed us to consistently isolate reasonably
clean endocellular bacteria. The crucial point of this method
compared to the others (see Materials and Methods) was the
use of a separation buffer containing Percoll, Ficoll, and poly-
ethylene glycol that allowed satisfactory separation of bacteria
from most debris.

The entire 16S rDNA of isolated bacteria was amplified by
PCR with universal primers 27f and 1495r (9), and RFLP
analyses with several restriction enzymes (Rsal, Sacll, and
Alul) were carried out (Fig. 1). The results were in accordance
with in silico analysis of the 16S rDNA sequence (GenBank
accession number X89727) of “Ca. Glomeribacter gigaspora-
rum,” excluding the possibility that our bacterial preparations
contained a significant amount of contaminating bacteria.

An average of ca. 13,000 bacteria per spore was obtained
with a maximum of 26,000 and a minimum of 3,700 bacteria
per spore (Table 1). This result is in agreement with the recent
estimate (19,000 bacteria per spore) made by Bianciotto et al.
(6) which is considerably smaller, but more reliable, than the
initial estimate of 250,000 bacteria per spore (9). For the sets
of spores 1, 9, and 12, variation coefficients of 20, 6, and 13%,
respectively, were calculated, indicative of some experimental
variations. The difference between sets 1 to 9 (15,500 bacteria
per spore) and 10 to 12 (5,000 bacteria per spore) represents a
real biological variability, a natural heterogeneity among pot
cultures in the numbers of bacteria per spore. Spores from sets
10 to 12 were produced during the scorching period prevalent
in Europe from June to August 2003. The temperature of the
greenhouse and daily light irradiation during this period were
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FIG. 1. RFLP analyses of the 16S rDNA of bacteria isolated from
different sets of G. margarita spores (lanes 2 to 5) amplified by using
the nonspecific bacterial primers 27f and 1495r (A) and digested with
Rsal (B). Lane 1, same analysis with total genomic DNA extracted
from G. margarita spores. My, 1-kb ladder (Promega); My, 100-bp
ladder (Promega). pb, base pairs.

in average 5°C and 26% above normal values, respectively (see
the Meteo France website for details [http://www.meteofrance
.com/FR/climat/dpt_tempsdumois.jsp? LIEUID = DEPT21]).
These pots contained two to three times more spores than
usual (for the same volume of substratum and time produc-
tion). These conditions might have enhanced spore production
without stimulating bacterial growth proportionally.
Ultrastructural morphology of isolated “Ca. Glomeribacter
gigasporarum.” At low magnification, the samples revealed
fields with a high number of clustered bacterial cells, ranging
from 5 to 25 cells (Fig. 2a and c), associated with some re-
maining fungal debris (membrane, cell wall, and cytoplasmic

TABLE 1. Estimation of the number of bacteria per spore of
G. margarita”

No. of spores

Spore ed Estimated no. of  Calculated no. ~ Mean (SD) of No.
set used per isolated bacteria  of bacteria/spore  of bacteria/spore*
preparation
1 2,000 25 X 10° 12,500 12,500 (2,500)
2,000 2 %107 10,000
1,000 15 % 10° 15,000
2 1,000 107 10,000
3 10,000 10% 10,000
4 22,000 35 x 107 16,000
5 15,000 15 % 107 10,000
6 15,000 2% 108 13,500
7 500 9 x 10° 18,000 19,000 (1,414)
500 107 20,000
8 500 13 X 10% 26,000
9 500 9 x 10° 18,000 18,670 (1,155)
500 107 20,000
500 9 X 10° 18,000
10 40,000 25 x 107 6,300
11 40,000 35 x 107 8,800
12 1,000 4% 10° 4,000 3,690 (470)
1,000 3 X% 10° 3,000
1,000 4% 10° 4,000
800 3% 10° 3,750

“ Bacteria were counted manually when conventional fluorescence microscopy
was used or counted with ImagePro Plus software when confocal microscopy was
used. The data are rounded numbers.

b Bacterial counts obtained when confocal microscopy was used.

¢ Means shown are for spore set series 1, 7, 9, and 12.
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materials). Fungal mitochondria comparable to those observed
in G. margarita hyphae (10) were not observed in the prepa-
rations. They might have been severely damaged by osmotic
shocks during bacterial isolation or they may represent an
insignificant endocellular component of dormant G. margarita
spores (13). Most bacteria appeared to be rod shaped (0.8 to
1.2 by 1.5 to 2.0 um in size). When seen at higher magnifica-
tions, the bacteria appeared to be well preserved (Fig. 2d, e,
and f). As for “Ca. Glomeribacter gigasporarum” living in situ
in the whole spores, they presented a laminated cell wall typ-
ical of gram-negative bacteria (Fig. 2e) and a cytoplasm rich in
ribosomes. An electron-transparent area probably correspond-
ing to the chromosome was often observed (Fig. 2f). The cell
surface was particularly complex, with a fibrillar coat (Fig. 2e),
but flagella or pili were not visible, even upon negative staining
(Fig. 2b).

Cultivability and survival of “Ca. Glomeribacter gigaspora-
rum.” (i) Cultivability. Free-living capacities of “Ca. Glomer-
ibacter gigasporarum” were investigated. Several media suit-
able to sustain growth of a large spectrum of different
microorganisms (rhizobia, Pseudomonas spp., Burkholderia
spp., and fungi), defined or not, supplemented with various
vitamins or amino acids, were tested. “Ca. Glomeribacter gi-
gasporarum” growth was never observed in any of the tested
media and chosen conditions. It is possible that growth of “Ca.
Glomeribacter gigasporarum” requires more specific condi-
tions in terms of carbon source, partial O,, partial CO,, or pH.
Alternatively, this bacterium could also be an obligate symbi-
ont, strictly dependent on its fungal host for growth.

(ii) Survival. As no growth was observed, we tested several
conditions (water and rich medium at 4 and 28°C) to deter-
mine “Ca. Glomeribacter gigasporarum” survival capacities.

In water at 28°C (Fig. 3), the number of living “Ca. Glomer-
ibacter gigasporarum” bacteria quickly decreased. After 2
weeks, living bacteria were no longer visible. At 4°C, the num-
ber of bacteria in the suspension was stable during 3 weeks. It
then slowly decreased during the next 4 weeks. After 7 weeks,
all bacteria had collapsed. In TY medium, the number of
bacteria was stable for 3 weeks at both 4 and 28°C and then
slowly decreased (slower than in water). After 10 weeks, no
bacterium was observed. These data indicate that “Ca.
Glomeribacter gigasporarum” is able to survive several weeks
outside of its fungal host. The best condition to keep bacteria
alive was in the TY medium at 4°C.

In TY medium at 4°C and at 28°C, the initial density of
bacteria influenced bacterial activity and survival (Fig. 4).
When the initial density was about 300 bacteria pl ™", bacteria
died quickly and were no longer visible at either temperature
after 1 month of incubation. When the initial density was about
800 bacteria wl~ !, bacteria did not stay alive longer, but a
twofold increase in bacterial population was observed during
the first month of incubation at both 4 and 28°C. Bacterial
population numbers grew from 800 to 1,600 bacteria wl™!
during the first 3 weeks before strongly decreasing, faster at
28°C than at 4°C. In water, even with a high initial bacterial
density, such a phenomenon was not observed (data not
shown). All the above experiments have been repeated at least
twice (with 3 tubes per condition) and gave very similar results.
This increase in bacterial number could be the result of bac-
terial septation with no DNA replication or the result of some
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FIG. 2. Electron micrographs of isolated “Ca. Glomeribacter gigasporarum” bacteria. a: scanning electron microscopy; b: negative microscopy;
¢, d, e, and f: transmission electron microscopy. a, b, ¢, and d: bars, 0.5 um; e and f: bars, 0.1 wm. B, bacteria; FD, fungal debris; FC, fibrillar coat;

CW, cell wall; n, bacterial chromosome with fibrillar appearance.

actual bacterial growth (one division cycle). Additional exper-
iments such as [*H]thymidine labeling would be necessary to
conclude whether this is the case. Surprisingly, similar results
were obtained with bacteria incubated at 4°C. It is possible that
temperature is not the limiting factor in the physiological and
rather slow processes involved.

“Ca. Glomeribacter gigasporarum” genome size estimated
by PFGE analysis. Due to the difficulty in purifying large
amounts of bacteria, PFGE analyses were performed with 1 X

800

=
3
2
2
G .
2 : I
]
F-] N ~
H S
’ "5
[¢] 7l
40 50 60 70 80

Time (days)

FIG. 3. Survival of “Ca. Glomeribacter gigasporarum” incubated in
water at (O) 4°C and (@) 28°C or in TY medium at (A) 4°C and (A)
28°C. Numbers (Nb) of bacteria per microliter were estimated by
counting bacteria on a Thoma cell in an aliquot of the bacterial sus-
pension stained with Live/Dead bacterial viability kit stain. Each point
is the mean of three independent tubes. Vertical lines correspond to
standard errors of the means (n = 3).

10® to 6 X 108 bacteria per plug isolated from 1 X 10* to 4 X
10* spores, whereas conventional PFGE analyses are usually
carried out with 10 times more bacteria. This led us to use the
Vistra green dye instead of ethidium bromide for nucleic acid
detection (see Materials and Methods).
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FIG. 4. Survival of “Ca. Glomeribacter gigasporarum” incubated in
TY medium at 4°C (white symbols) and 28°C (black symbols). Three
experiments were carried out with different initial bacterial densities,
about 800 (diamond), 600 (triangle), and 300 (square) bacteria per pl.
Numbers (Nb) of bacteria per microliter were estimated by counting
bacteria on a Thoma cell in an aliquot of the bacterial suspension
stained with Live/Dead bacterial viability kit stain. Each point is the
mean of three independent tubes. Vertical lines correspond to stan-
dard errors of the means (n = 3).
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FIG. 5. PFGE separation of intact genomic DNA of “Ca. Glomer-
ibacter gigasporarum.” Some selected DNA sizes of either the stan-
dards or S. meliloti-digested fragments are indicated (in kb); (1) Sac-
charomyces cerevisiae molecular weight marker (Bio-Rad); (2) N
molecular weight marker (New England Biolabs, Beverly, Mass.); (3)
Ceul/S. meliloti; (4) Pmel/S. meliloti; (5) nondigested S. meliloti; (6)
nondigested “Ca. Glomeribacter gigasporarum.” All indicated sizes
are in kilobases.
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Analysis of nondigested DNA. With electrophoresis condi-
tions appropriate for separating large DNA fragments, no
band larger than 1 Mb was visualized. By using ramping pulses
appropriate for separation of fragments of medium size (200
kb to 1 Mb), four distinct bands with apparent sizes of 700, 650,
600, and 400 kb = 50 kb (Fig. 5) were visualized. This four-
band pattern was highly reproducible and first suggested that
the genome size of “Ca. Glomeribacter gigasporarum” was
around 2.35 Mb. It was unlikely that some of the observed
replicons were of mitochondrial origin because no significant
contamination of the bacterial preparations with mitochondria
was observed by transmission electron microscopy (see above).

Analysis of digested DNA. Subsequently, genomic DNA con-
tained in the plugs was digested with the Spel, Pmel, and Ceul
enzymes. The restriction fragments were analyzed by PFGE at
different pulse times to achieve resolution in the desired size
range (Fig. 6). For the Spel restriction analysis, two different
digestion times were applied (6 h with 20 U of enzyme and 12 h
with 40 U of enzyme; see Materials and Methods). The two
digestion patterns were identical except for the upper band in
the 6-h digestion (Fig. 6A, lane 5) which was absent from the
12-h restriction pattern (Fig. 6A, lane 6). Under appropriate
electrophoresis conditions, this band was shown to correspond
to the four undigested replicons (Fig. 6A2, lane 5) and was
therefore shown to result from an incomplete restriction of
DNA.

The sizes of all Spel restriction fragments were summed to

9.42
—6.55

FIG. 6. PFGE separation of digested genomic DNA of “Ca. Glomeribacter gigasporarum.” Different pulse times were used to achieve resolution in
the desired size range (see Materials and Methods). Some selected DNA sizes of either the standards or S. meliloti-digested fragments are indicated (in
kb). A: Spel-digested genomic DNA of “Ca. Glomeribacter gigasporarum” under three electrophoresis conditions, A1, A2, and A3 (see Materials and
Methods); (1) X molecular weight marker (New England Biolabs), (2) nondigested S. meliloti, (3) Spel/S. meliloti, (4) Ceul/S. meliloti, (5) Spel/“Ca.
Glomeribacter gigasporarum” under standard digestion conditions, (6) Spel/“Ca. Glomeribacter gigasporarum” under longer digestion conditions. B:
Pmel-digested genomic DNA of “Ca. Glomeribacter gigasporarum.” Plugs were all subjected to longer digestion times; (1) low-range molecular weight
marker (New England Biolabs), (2) Spel/S. meliloti, (3) Pmel/“Ca. Glomeribacter gigasporarum.” C: Ceul-digested genomic DNA. Plugs were all
subjected to longer digestion; (1) Ceul/“Ca. Glomeribacter gigasporarum,” (2) A molecular weight marker (New England Biolabs).
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TABLE 2. Restriction fragment analyses”

Restriction fragment
(total size [kb])

Spel (1,390)

Fragment size (kb)

280, 240, 150, 140, 125, 100, 80, 80, 75, 40, 30,
25,15, 10

Pmel (1,350) 180, 150, 140, 130, 120, 110, 100, 90, 80, 75, 70,
50, 30, 25, 20, 15

“ Fragments sizes were estimated by comparison with either molecular weight
standard or known S. meliloti Spel and Pmel restriction fragments.

estimate the total size of the “Ca. Glomeribacter gigaspora-
rum” genome to approximately 1.4 Mb (Table 2). Congruently,
the Pmel digestion resulted into 16 linear fragments (Fig. 6B)
whose total size was 1.35 Mb (Table 2).

Hence, the estimated “Ca. Glomeribacter gigasporarum”
genome size varied between 1.35 to 2.35 Mb, depending on
whether it was based on intact or restricted DNA. For reasons
detailed below, we believe that 1.35 Mb is more likely the right
estimate.

The 26-bp recognition sequence of Ceul is conserved in the
23S rRNA of many eubacteria and is therefore a useful marker
for chromosomal DNA. Ceul digestion of “Ca. Glomeribacter
gigasporarum” DNA gave rise to only three bands that mi-
grated at apparent sizes of 745, 700, and 650 kb = 50 kb (Fig.
6C). However, compared to previous experiments with undi-
gested samples, the 745-kb band was brighter than the other
bands, suggesting that this replicon had been linearized by
Ceul. Independent evidence for a single copy of the rDNA
operon in the genome was obtained from a Southern blot
hybridization of Spel-digested genomic DNA with 16S and 23S
probes. As one Spel site is present in the 16S rDNA gene
(X89727), we expected the 16S and 23S probes to hybridize on
two different Spel fragments. Accordingly, the 16S probe hy-
bridized to a 130-kb fragment and the 23S probe hybridized to
a 70-kb fragment (Fig. 7). Altogether, these data indicated that
“Ca. Glomeribacter gigasporarum” has a single chromosome
(defined here as an rDNA-carrying replicon) of 745 kb = 50 kb
in size.

Examination of the Ceul-digested gel (Fig. 6, panel C) in-
dicated the presence of only three bands instead of four in the
nondigested gel (Fig. 5) (the 400-kb band was absent). We
interpret this result as the existence of two different topoiso-
mers of the chromosome that separate in native gels giving rise
to two bands, one in the (apparent) 600- to 700-kb range and
one in the 400-kb range. Although we have no direct evidence
of this, we speculate that, similarly, the other two native rep-
licons may actually represent two topoisomers of a single rep-
licon. This artefactual duplication of bands in the native gels
would readily explain the discrepancy in genome size men-
tioned above. Our current opinion is that the total size is ca. 1.4
Mb consisting of a ca. 750-kb chromosome and an additional
replicon in the 650-kb size range.

Of course, we acknowledge that this characterization of the
genome of “Ca. Glomeribacter gigasporarum” remains prelim-
inary. The noncultivable nature of these bacteria and the ex-
treme difficulty in obtaining sufficient material for laboratory
studies (more than 3 X 10° spores were used for this work)
prevented us from providing a definitive answer. In spite of the
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FIG. 7. Southern blot hybridization with “Ca. Glomeribacter gigas-
porarum” markers. The transferred Spel gel was hybridized with the
168, 23S, and pst probes of “Ca. Glomeribacter gigasporarum.”

uncertainties indicated above, it is clear that “Ca. Glomerib-
acter gigasporarum” has an overall small genome size and a
small (745 kb) chromosome. The smallest B-proteobacterium
genome is, to our knowledge, that of Dechloromonas RCB (2
Mb) (see the U.S. Department of Energy Microbial Genome
Project website [http://www.ornl.gov/sci/microbialgenomes
Jorganisms.shtml]). The small genome size of “Ca. Glomerib-
acter gigasporarum” is consistent with a strict endosymbiotic
nature of this bacterium. Indeed, small chromosomes such as
that of “Ca. Glomeribacter gigasporarum” (745 kb) have been
encountered only in Buchnera species (450 to 641 kb) (17),
Wigglesworthia glossinidia (770 kb) (1), Wolbachia (950 to 1,660
kb) (41), and the primary symbiont of the sharpshooter (Ci-
cadellinae) (680 kb) (26). All these bacteria are obligate en-
docellular species.

Does “Ca. Glomeribacter gigasporarum” possess nif genes?
Different “Ca. Glomeribacter gigasporarum ” genes were pre-
viously isolated from a genomic library constructed with the
total DNA from G. margarita spores that included the bacterial
genome (42). The nifHDK operon and cheY, mcpA, prkA,
spoVR, and 16S rDNA genes were isolated by screening this
library, whereas vacB and pst were first identified by using
degenerated primers on genomic spore DNA (9, 23, 24, 25, 33,
34). The availability of the bacterial DNA allowed us for the
first time to verify the origin of these genes. PCR experiments
were first performed to detect their presence on pure genomic
DNA preparations. As expected, the pst, vacB, and 16S rDNA
genes could be amplified. We were not able to visualize vacB
hybridization to any transferred gel for an unknown reason. pst
hybridized instead to the 75-kb Spel DNA fragment (Fig. 7).

Unexpectedly, we were repeatedly unable to amplify the nif,
spoVR, and mcpA genes from the isolated “Ca. Glomeribacter
gigasporarum” DNA, although the MNINIF clone from which
they had been previously isolated (23-25) gave a product of the
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expected size. nif primers were also tested with genomic DNA
extracted from nongerminated G. margarita spores, germi-
nated spores, and colonized roots, but we never got any PCR
amplification products (data not shown). Consequently, we
hypothesize that the DNA region contained in the ANINIF
clone (including the cheY and prkA genes, although these
markers were not tested specifically), which presumably origi-
nated from the original “Ca. Glomeribacter gigasporarum”
isolate, has been lost in the “Ca. Glomeribacter gigasporarum”
isolate we have been working with in this study. Alternatively,
the NINIF clone obtained in the G. margarita genomic library
may have originated from a contaminating, unknown microor-
ganism which possessed at least some of the genes required for
nitrogen fixation. Further screening of the genomic library has
indeed indicated the presence of contaminating bacterial DNA
from which the nif DNA may have originated (D. Minerdi and
P. Bonfante, unpublished data).

Conclusion. The isolation protocol of “Ca. Glomeribacter
gigasporarum” allowed us to obtain a reasonable amount of
free bacterial cells to investigate for the first time several of
their morphological, physiological, and genomic traits. They
are rod shaped and heterogeneous in size, and their cell wall
ultrastructure is typical of gram-negative bacteria. Free-living
bacteria can stay alive for several weeks but were not cultur-
able in any of the tested conditions. The pst, vacB, and 16S
genes previously assigned to the genome of “Ca. Glomerib-
acter gigasporarum” (9, 33, 34) were successfully amplified, but
the presence of nif, mcpA, and spoVR genes could not be
confirmed.

From our knowledge of other prokaryote-eukaryote inter-
actions (15, 37), we conclude that the small genome size of
“Ca. Glomeribacter gigasporarum” bacteria and our incapacity
to grow them in pure culture indicate a strict and ancient
physiological dependency of the bacterial partner upon its fun-
gal host. The reciprocal dependency of the fungus upon its
bacterial partner, typical of mutualistic association, is not yet
supported by any physiological or molecular evidence but is
suggested by the fact that the bacteria are vertically transmit-
ted across vegetative fungal generations (6). Only the avail-
ability of cured G. margarita spores will provide the means to
experimentally identify the role of “Ca. Glomeribacter gigas-
porarum” in its fungal host and the significance of this bacte-
rium-fungus association on mycorrhizal symbiosis.
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