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Introduction

Abstract

Aims: In order to depict the fine interactions that lead to nodulation, absolute
microbiological control of the symbiotic partners is required, i.e. the ability to
obtain in vitro axenic nodulation, a condition that has never been fulfilled with
the Casuarina—Frankia symbiosis. The effects of culture conditions on plant
growth and nodule formation by Casuarina cunninghamiana were investigated.
Methods and Results: Axenic (capped tubes with different substrates), and
nonaxenic cultures (Gibson tubes, pot cultures) were tested. In axenic condi-
tions, C. cunninghamiana, inoculated with Frankia, had poor growth and did
not form nodules at 6 weeks. Plants cultivated in Gibson tubes reached the
four axillary shoots stage within 6 weeks and formed nodules 4 weeks after
inoculation. Sand-pot cultures allowed us to relate the plant development stage
at inoculation with nodulation.

Conclusions: The sterile replacement of the cap by a plastic bag increased plant
growth and enabled nodule formation 6 weeks after inoculation.The new sys-
tem of plant culture allows the axenic nodule formation 6 weeks after inocula-
tion. Nodulation behaviour is related to plant development and confinement.
Significance and Impact of the Study: This axenic plant nodulation system is of
major interest in analysing the roles of Frankia genes in nodulation pathways.

authors of this article (representing a total of 246 individ-
uals), C. equisetifolia, C. cunninghamiana and C. glauca

Frankia is a filamentous soil bacteria, which interacts with
the roots of appropriate host plants (collectively called act-
inorhizal plants) to form nitrogen-fixing nodules, also
called actinorhizae (Benson and Silvester 1993). Actinorh-
izal plants include Casuarinaceae, which is a major family
of trees that have been disseminated throughout the trop-
ics owing to their ability to grow in adverse conditions.
The Casuarinaceae comprises four genera: Casuarina, Allo-
casuarina, Gymnostoma and Ceuthostoma (Torrey and
Berg 1988). The genus Casuarina is by far most widely
used as a windbreak and soil stabilizer, particularly with
the species Casuarina equisetifolia, Casuarina cunningha-
miana and Casuarina glauca. In Australia, the native area
of most of the Casuarinaceae, the occurrence of nodula-
tion is far from regular (Reddell et al. 1986). Of the five
species belonging to the genus Casuarina examined by the

were the most frequently nodulated. The first species was
the only one that systematically nodulated. Interestingly,
the authors confirmed the field observations through bait-
ing experiments using surface soils. Casuarina cunningha-
miana, which was used in the present study, displayed
more than 80% nodulation in baiting experiments with
Australian surface soils (Reddell et al. 1986). However, no-
dulation is far more difficult in laboratory conditions,
even after inoculation with a compatible Frankia strain.
Since the first isolation of Frankia from Casuarina sp.
(Diem and Dommergues 1983), numerous nodulation
tests involving pure Frankia strains and Casuarina have
been conducted, although never in strict axeny. Diem
et al. (1983) made successful actinorhizae formation tests
with the strain Cjl in semi-axenic conditions, using a
modified Petri dish with the aerial part of the plant
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outside the Petri dish. Sougoufara (1990) also successfully
developed semi-axenic nodulation tests using Gibson’s
tubes and maintaining the aerial part of the plant outside
the tube. Diouf et al. (1995) successfully nodulated trans-
genic hairy roots of composite C. glauca using Gibson
tubes with the shoot growing outside. So far, we have not
found any report of actinorhizae formation by the genus
Casuarina after inoculation with a pure Frankia strain in
axenic conditions (Table 1). Axenic nodulation would be
essential:

1. In the fulfilment of Koch’s postulate with new bac-
terial isolates. As Torrey (1990) recalls, ‘under a strict
interpretation of fulfilling Koch’s postulates in the
demonstration of the causal organism for Frankia-
induced nodulation, the re-infection of the root by the
cultured organism should be performed with only Frankia
in the association’. This means that, theoretically, in the
absence of axenic nodulation systems, the isolates from
Casuarina nodules should not be named Frankia. A reli-
able taxonomy of the genus Frankia needs strict experi-
mental conditions.

2. In the fine study of the interactions between Frankia
and its host plant, allowing the recognition of both sym-
biotic partners and leading to infection and nodulation
processes. Mansour and Torrey (1991) failed to nodulate
C. glauca seedlings (although they obtained root hair
deformation) in axenic conditions (using a modified
Fahraeus-type slide apparatus). However, they obtained
nodulation with the same partners in nonaxenic condi-

Axenic nodulation by Frankia

tions. Even in nonaxenic conditions, the latter authors
barely reached 35% of nodulated plants.

Actinorhizae formation is thought to be the result of a
cellular differentiation process mediated by molecular sig-
nal exchanges, which involve the expression of specific
genes in both Frankia and the host plant, as it has been
described in the rhizobium/legume interactions (e.g.
Broughton ef al. 2000; Perret et al. 2000). Two pathways
for root infection have been described in compatible
Frankia interactions: intercellular penetration or root hair
infection (e.g. Berry and Sunell 1990; Franche et al. 1998;
Wall et al. 2002). This last process, found in Casuarina
(Torrey 1976), starts with root hair curling, which is
induced by an wundefined Frankia signal. Following
Frankia penetration of the root hair cell, a series of cell
divisions occurs in the hypodermis and cortex of the
root, resulting in the formation of a prenodule; the actual
actinorhizae lobe originates in the pericycle (Callaham
et al. 1979). As with legumes, it has been suggested that
flavonoids play a fundamental role in actinorhizal plant—
Frankia interactions (Prin and Rougier 1987; Van Ghelue
et al. 1997; Laplaze et al. 1999). The recent sequencing
and annotation of three Frankia genomes in the United
States and France will probably exacerbate the need for
reliable axenic nodulation systems to test the roles of
symbiotic genes (Normand et al. 2007).

The aim of this research was to obtain axenic nodula-
tion of C. cunninghamiana as quickly as possible after seed
sterilization, with a nodulation percentage as close to

Table 1 Nodulation data from in vitro inocu-
lation experiments on the genus Casuarina.

Plant species* Frankia strain

Nodulation systemt Nodulation Reference

Data before 1982 (when the first pure strain

; ) ) C. equ. ORS021001 (Cj1) PPD (NA) + Diem et al. 1982
of Fra.nk/a w§s isolated from Casuarina), and C equ. ORS021001 (Cj1) PPD (NA) + Diem et al. 1983
experiments in open systems (pots, hydro- C equ. ORS021001 (Cj1)  GT (NA) + Diem et al. 1983
ponics or water cultures) were not taken into C equ.t CFN 022901 (Dec)f  GT (NA) + Sougoufara 1990
account C gt ORS 022602 (TA):  GT (NA) + Sougoufara 1990
C. cunn.i} CFN 022302 (URU2)f GT (NA) + Sougoufara 1990
C. cunn.i HFP022801 (ALINE  GT (NA) + Sougoufara 1990
C gl HFP020804 (Cgl4) CFS (A) - Mansour and Torrey 1991
C gl HFP020804 (Cgl4) FS (NA) + Mansour and Torrey 1991
C gl CFN020201 (Thr) GT (NA) + Diouf et al. 1995
C. gl. GM CFN020201 (Thr) GT (NA) + Diouf et al. 1995
C gl CFN020201 (Thr) GT (NA) + Franche et al. 1999
C. gl GM CFN020201 (Thr) GT (NA) + Franche et al. 1999
C gl CFN020201 (Thr) GT (NA) + Smouni et al. 2002
C gl. GM CFN020201 (Thr) GT (NA) + Smouni et al. 2002
C. gl. GM CFN020201 (Thr) GT (NA) + Santi et al. 2003
C gl CFN020201 (Thr) PPD (NA) + Sy et al. 2003

*C. equ., Casuarina equisetifolia; C. gl., Casuarina glauca; C. cunn., Casuarina cunninghamiana,
GM, genetically modified.
+PPD, pierced Petri dish; GT, Gibson tube; CFS, closed Farhaeus slide; FS, Farhaeus slide; A, axe-
nic; NA, nonaxenic.
tAll combinations of plant species and Frankia strains were tested by this author, all successful

in nodulation.
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100% as possible, and to identify the parameters that need
to be taken into account to allow for this rate of nodula-
tion. The seedlings were subjected to various growing
conditions and different levels of microbiological control.
Seedling growth and development were analysed at the
time of inoculation and nodulation.

Materials and methods

Preparation of the Frankia culture for plant inoculation

Frankia strain ORS021001 (synonym Cjl), originally
isolated from a Casuarina junghuniana X C. equisetifolia
hybrid (Diem and Dommergues 1983), was chosen. It
was reported as infective and effective on the genus Cas-
uarina from laboratory to field conditions (Sougoufara
et al. 1989). The strain was subcultured three times in a
BAP medium (Murry et al. 1984), for 8-10 days to ensure
that the Frankia culture was made up of purely young
vegetative hyphae. The Frankia culture was placed in ster-
ile 10-ml tubes and centrifuged (10 000 g at 4°C for
10 min). After being washed three times in the same
medium, the pellet was disrupted into small hyphal
fragments by passages through a 0-8-mm diameter needle
and used for inoculation. Frankia growth was estimated
using the Lowry protein assay, as previously described by
Arahou et al. (1998).

Plant material and germination

Seeds of C. cunninghamiana were collected from the out-
skirts of Rabat (Morocco). For germination, they were
soaked in sterile water for 24 h before being surface-steril-
ized using 30% H,0, for 40 min. The seeds were then
kept in sterile distilled water for 80 min before being rin-
sed three times with sterile distilled water. Surface-steril-
ized seeds were placed in Petri dishes on water agar
(7 g 1", w/v) for germination, and incubated in a growth
chamber at 27°C.

Plant cultivation and inoculation

For the five following experiments, plants were placed in
a growth chamber with a 14-h day (26°C), a 10-h night
(20°C) and 70-80% relative humidity throughout the
experimental period. Cool-white fluorescent tubes provi-
ded light in the chamber.

Experiment 1

This experiment aimed at testing a standard nodulation
protocol on C. cunninghamiana that was successfully used
to nodulate axenically Alnus glutinosa (Vergnaud et al.
1985). This protocol (called ‘PTS’ for paper tube system)

H. Echbab et al.

was compared with the classical ‘semi-axenic’ Gibson
tube (‘GT’) system used on Casuarina sp. by Sougou-
fara (1990) and several other authors. Briefly, in PTS,
1-week-old sterile plants were aseptically placed into
25 x 250-mm glass tubes (Kimble, Owen, IL, USA) con-
taining 15 ml of a diluted one-quarter strength Hoagland
and Arnon (1938) nutrient solution supplemented with N
[as (NH4),SO4 17 mg I"']. Their roots were inserted
between the fold of a 30 X 120-mm paper support (cut in
the paper foil of a CYG growth pouch; Mega Interna-
tional, Minneapolis, USA) and the inside of the tubes,
which were then sealed by a transparent plastic cap (Kim-
Cap; Kimble). In GT, after seed germination, each sterile
plant was placed in a 25 X 250-mm glass tube (Kimble)
containing a 1:6% slanted agar medium, supplemented
with 2% active charcoal and 15 ml of a diluted one-quar-
ter-strength Hoagland and Arnon (1938) nutrient solu-
tion (Sougoufara 1990). The tubes were capped by an
aluminium foil pierced with a hole; the rootlets were
introduced into the tube to ensure contact with the slan-
ted agar medium, while the shoot remained outside. To
maintain the nutrient solution level in the tubes, sterile
distilled water was added to compensate for evaporation.
In both systems, the roots stayed in aeroponic conditions
until they reached the liquid HA, which took 4-6 weeks.
In GT, very few secondary roots penetrated the slanted
agar. When the seedlings were 4-weeks old, in both PTS
and GT, the nutrient solution was replaced by the same
solution but without N. Two weeks later, inoculation was
performed by adding 1 ml of a suspension of homogen-
ized Frankia culture to each tube, adjusted to 20 ug pro-
tein ml~". It was used to sprinkle the whole root system
abundantly. There were 10 replicates of each of the four
treatments, namely PTS and GT with both inoculated and
control treatments.

Experiment 2

This experiment was designed to check whether or not
the difference in the response between PTS and GT could
be attributed to the paper used. Two additional axenic
tube systems, using the same tubes, volumes and nutrient
solution, as described in experiment 1, were tested simul-
taneously with the PTS. In these two systems, the paper
was replaced by either 1:6% agar + liquid nutrient solu-
tion (‘ATS’ for agar tube system), or sand (‘STS’ for sand
tube system), with nutrient solution. To promote plant
growth, the nutrient solution was supplemented with N
las (NHy), SOy, 17 mg 17']. The 60 tubes [three systems,
two inoculation treatments (Frankia- and noninoculated),
10 replicates], were capped with KimCap (Kimble). When
the seedlings were 4-weeks old, the nutrient solution was
replaced by the same solution without N. Two weeks
later, inoculation was performed by adding 1 ml of a
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homogenized suspension of Frankia culture (adjusted to
20 ug protein ml™'), to each tube.

Experiment 3

This experiment was designed to test if the developmental
stage of the plant (i.e. the number of axillary shoots) at
inoculation could influence the nodulation rates. In order
to ensure that the conditions were as close as possible to
natural nodulation conditions, this experiment was
designed in nonaxenic conditions using sand-filled pots.
After being sterilized, the seeds were germinated in a ster-
ile bed of sand. One-week-old seedlings were transplanted
into plastic pots (700-ml capacity) containing sterilized
sand, with three seedlings per pot and four pots per treat-
ment, irrigated with a diluted one-quarter strength Hoa-
gland and Arnon (1938) nutrient solution, supplemented
with N, as previously described. At different times of
growth (14, 21, 28, 35 and 45 days after pot transplanta-
tion), each seedling was inoculated with 1 ml (20 ug pro-
tein ml™') of a homogenized Frankia suspension and
irrigated with the nutrient solution without N. The roots
were examined for nodulation 4 weeks after inoculation.

Experiment 4

This experiment was set up to test the effect of an
increase in gas exchange at the shoot level. The seedlings
were cultivated in PTS as described earlier, until plants
formed five axillary shoots, which required 6 months of
growth. After this period, Sunbags were used to replace
the Kimcaps for half of the tubes used. The former are
sterile transparent plastic bags (4-1 capacity), with a filter
window to allow sterile gas exchange with the external
atmosphere (Sigma, I'Isle d’Abeau, France). At this time,
the plants were inoculated with Frankia. This system is
called ‘BTS’ (bag tube system).

Experiment 5

In the last experiment, the plants were transferred to PTS
or BTS directly after the germination stage in order to
reduce the time required for axenic nodulation. When
they had developed four axillary shoots, i.e. after 8 weeks

Axenic nodulation by Frankia

of growth in BTS, all plants in PTS and BTS tubes were
inoculated with Frankia, as described previously.

Measurements of growth parameters

The growth parameters measured were either: nonde-
structive, namely, plant-shoot height, root length, number
of axillary shoots; or destructive, i.e. shoot dry weight,
root dry weight, number of actinorhizae per plantand
chlorophyll content. In order to determine the chloro-
phyll content, chlorophyll was extracted by placing about
20 mg of fresh apical tissue from each plant in 4 ml of
N,N-dimethylformamide (Hiscox and Israelstam 1979).
After 24 h at 4°C in the dark, all chlorophyll pigments
had dissolved and the optical density of the solution was
measured at 652 nm, according to the Bruinsma (1963)
method.

Sterility controls

To assess the sterility of our axenic nodulation system,
some root fragments from each tube were axenically
excised from plants cultivated in axenic conditions and
were individually macerated in 500 ul of sterile distilled
water into 1-5-ml microtubes. The macerate was plated
on nutrient agar (Difco), and the Petri dishes were incu-
bated at 25°C for 1 week.

Statistics

The data set was analysed using the Statistical Analysis
System computer program (SAS Institute 1985), and sig-
nificant differences between treatments were compared
using Newman and Keul’s multiple-range test.

Results

Experiment 1

The effect of growing conditions on root nodulation and
plant growth is illustrated in Table 2. Four weeks after

Table 2 Comparison of culture effects in GT

(nonaxenic conditions) and in PTS (axenic Shoot dry Root dry Number of Number of nodules
conditions) on nodulation and growth of weight (mg)  weight (mg)  nodulated plants  per plant
Casuarina cunninghamiana seedlings in PTS control 5.5 RE 0 0
Frankia-inoculated and noninoculated plants. PTS-inoculated plants 5.3 43 0 0

Plants were inoculated 6 weeks after germi- GT control 14.2b 7.0b 0 0

nation and harvested 3 months later GT-inoculated plants 265¢ 12:2¢ 8 45

PTS, paper tube system; GT, Gibson tube.
For each parameter measured, values with the same letter are not significantly different accord-
ing to the t-test (P < 0-05; n = 10).
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Number of shoot
ramifications per plant

Number of
nodules per plant

Shoot height
(cm per plant)

Table 3 Effect of culture substrate in capped
tubes on nodulation and growth of Casuarina
cunninghamiana 3 months after inoculation

Root length
(cm per plant)

STS control 0 1-52 2:1°

STS-inoculated 0 172 2:2°
plants

PTS control 0 30 2:8°

PTS-inoculated 0 31° 3P
plants

ATS control 0 2:9° 27°

ATS-inoculated 0 3P 27°
plants

1292 with Frankia
1322

19-8°
20°

20-2°
20-4°

STS, sand tube system; PTS, paper tube system; ATS, agar tube system.

For each parameter measured, values with the same letter are not significantly different accord-

ing to the t-test (P < 0-05; n = 10).

inoculation, plants inoculated with Frankia in GT formed
actinorhizae at a rate of 80%. In PTS, Frankia was unable
to form actinorhizae, and no response to inoculation was
obvious in plant growth. In GT, both shoot and root dry
weights, measured 3 months after inoculation, suggested
that the inoculated plants had significantly better growth
compared with the noninoculated plants. Plant growth in
PTS was dramatically lower than that in GT: 2-5 and 4-5
times lower than the control and the inoculated GT,
respectively. Six weeks after transfer to the tubes (i.e. at
the time of inoculation with Frankia), plants cultivated in
GT had developed four axillary shoots, whereas plants
cultivated in PTS had developed only one axillary shoot.

Experiment 2

The effects of the three different substrates used, filter
paper (PTS), agar (ATS) and sand (STS), on the nodula-
tion and growth of seedlings of C. cunninghamiana are
presented in Table 3. No nodulation occurred in any of
the three substrates. Axillary shoot number, shoot height
and root length were significantly less developed in plants
cultivated in sand than in plants cultivated in agar or fil-
ter paper. In the three substrates tested, seedlings had
formed only one axillary shoot at the time of inoculation,
6 weeks after transfer. As in experiments 1 and 2, plants
of the same age displayed variable phenological stages
(i.e. axillary shoots number), at inoculation. A third
experiment was designed to test the effect of the pheno-
logical stage at inoculation on nodulation.

Experiment 3

The influence of plant development on root nodulation,
evaluated either as the number of shoot ramifications or
shoot height, of seedlings grown in potted sand, are presen-
ted in Fig. 1. Young seedlings of C. cunninghamiana were
inoculated at different ages corresponding to different

stages of shoot development. The presence or absence of
root nodules was examined 4 weeks after inoculation. The
results indicated that the formation of nodules could only
take place if Frankia was added to the seedlings that were at
least 28-days old, which corresponds to a minimum of
three axillary shoots. When the plants had one or two axil-
lary shoots at the time of inoculation, Frankia did not
result in root nodulation.

Experiment 4

In order to achieve nodulation in axenic conditions, seed-
lings were grown in plugged tubes until the five axillary
shoots had formed, a stage that meant that more than
80% of the plants nodulated in experiment 3. In plugged
tube conditions, it took 6 months of growth to reach the
five axillary shoots stage. After this period, the plugs for
half of the tubes used were replaced by plastic bags before
being inoculated by Frankia. The seedlings in BTS dis-
played active growth and started to form actinorhizae
6 weeks after inoculation, while seedlings in PTS grew
slowly and did not form actinorhizae (Table 4).

Experiment 5

The same results were obtained when cultures were star-
ted directly in PTS or BTS at the time of seed germina-
tion. In this experiment, after 8 weeks of growth, plants
in BTS had developed four axillary shoots and had exten-
sive root growth (Table 5). In contrast, seedling growth
was insignificant (axillary shoots number = 1) when
plants were maintained in PTS. Six weeks after inocula-
tion, the ability of Frankia to induce nodules in BTS was
confirmed. In PTS, however, plants remained stunted and
unable to form actinorhizae (Table 5) throughout the
experiment which ended 12 weeks after inoculation.

The effectiveness of actinorhizae in axenic conditions
was proven by the sustained growth and chlorophyll
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Figure 1 Relationship between plant age at inoculation (a), shoot
height at inoculation (b) and number of shoot ramifications at inocu-
lation (c), and the percentage of nodulated Casuarina cunninghami-
ana plants, 4 weeks after inoculation. Seedlings were transplanted in
pots just after their germination.

content of seedling shoots (Tables 4 and 5). Indeed, the
chlorophyll concentration in nodulated seedlings was
more than twice that of non-nodulated seedlings.

Sterility controls

After incubation for 1 week at 25°C, no contaminants
were detected from nodules or roots on Petri dishes,
which confirms the strict axeny of nodulation in BTS.

Axenic nodulation by Frankia

Discussion

It has been repeatedly reported that spontaneous nodula-
tion of the genera Casuarina and Allocasuarina is unlikely
outside their natural habitat. This may be attributed to
the fact that Frankia is not transmitted with the seed —
either within it or on its surface (Torrey 1983). Moreover,
inoculation experiments conducted in hydroponic condi-
tions on Casuarina sp., which bring together the root sys-
tem and a pure compatible strain, frequently led to an
incomplete response with less than 50% nodulation
among the test plants (Torrey and Racette 1989). Master-
ing the nodulation of C. cunninghamiana is clearly far
from easy and we generally assume (depending on the
number of replicates) that 80% of the nodulated plants
can be considered as a maximum rate, similar to that
occurring in the plant’s native area.

Our results show that Frankia can nodulate and
increase the growth of C. cunninghamiana when grown
in classical GT, with the shoot outside the tube. Different
studies (Table 1) have shown the possibility of obtaining
nodules when Casuarina is cultivated in GT (Diem et al.
1983; Sougoufara 1990; Smouni et al. 2002; Santi et al.
2003). Petri dish systems in which a hole is pierced in
the lids to allow the aerial parts of the plant to be
outside, have also been successfully used to nodulate
C. equisetifolia (Diem et al. 1982, 1983) and C. glauca (Sy
et al. 2003) in ‘semi-axenic’ conditions. The PTS, which,
as we mentioned earlier, was found to allow the success-
ful axenic nodulation of A. glutinosa (Vergnaud et al.
1985), failed to induce the nodulation of Casuarina. Fur-
ther research is required to determine whether A. gluti-
nosa would tolerate the confinement and hyperhydricity
of PTS better than C. cunninghamiana. One can hypo-
thesize that PTS hyperhydricity would limit evapotranspi-
ration and growth of C. cunninghamiana, as it is well
known that a good rate of evapotranspiration may be
necessary for good plant development (George 1996).
Limited plant growth would not allow nodulation and
symbiotic nitrogen fixation.

As we were unable to obtain nodulation in PTS, we
used two other substrates, STS and ATS, to test: (i) the
putative inhibitory effect of the paper in PTS; or (ii) the
promoting effect of an abrasive substrate, like sand. In
fact, ATS reproduced the GT system exactly, although it
also enclosed the shoot in the tube. No inoculation effect
was observed on plant growth nodulation or on actinorh-
izae formation (the latter which was not obtained). In
water culture, in nonaxenic conditions, Zhang and Torrey
(1985) failed to obtain nodulation between Allocasuarina
littoralis and Frankia strain AllI1. However, with the same
strain and nutrient solution, nodulation occurred system-
atically in sand culture.
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Number of
nodules per plant

Chlorophyll content
(mg per 10 g)

Root dry weight
(mg per plant)

Table 4 Actinorhizae formation in axenic
conditions: Casuarina cunninghamiana seed-
lings were grown in PTS until the formation

Shoot dry weight
(mg per plant)

PTS control 0 3-6° 6-25°

PTS-inoculated 0 42 7-52
plants

BTS control 0 652 10-85°

BTS-inoculated 4 9-4° 18:36°
plants

of five ramifications per plant. At this stage,

12:45°

14172 plastic caps were replaced by plastic bags and
half of the tubes were inoculated with Frank-

26-58P ia. Harvest occurred after 3 months of growth

40-41°¢

PTS, paper tube system; BTS, bag tube system.

For each parameter measured, values with the same letter are not significantly different accord-

ing to the t-test (P < 0-05; n = 10).

Number of
nodules per plant

Chlorophyll content
(mg per 10 g)

Root dry weight
(mg per plant)

Table 5 Actinorhizae formation, chlorophyll
content and growth of Casuarina cunningha-
miana seedlings cultivated in BTS or PTS

Shoot dry weight
(mg per plant)

PTS control 0 2:2°2 352

PTS-inoculated 0 3° 4-3°
plants

BTS control 0 4-95P 9:45°

BTS-inoculated 36 7° 13:2¢
plants

452 3 months after inoculation

5-3°

13750
21-1¢

PTS, paper tube system; BTS, bag tube system.

For each parameter measured, values with the same letter are not significantly different accord-

ing to the t-test (P < 0-05; n = 10).

At the time of our study, we identified several factors
that could inhibit nodulation in closed systems vs open
systems: plant phenology (i.e. plant shoot and axillary
shoot development) at inoculation. Closed systems seri-
ously limited plant development, which may be attributed
to limited gas exchanges. It is important to remember that
in GT, the tubes are capped with an aluminium foil,
pierced with two holes — one for the plant (maintaining
the crown but not strictly joined) and the other for adding
nutrient solution that evaporated regularly. These holes
allow the passage of gases. The periodic refilling of liquid
media with sterile water may have diluted inhibitory
molecules (and gases) within the tube. Being outside the
GT, the shoot parts are not submitted to putative inhibi-
tory gases. A physical effect of the tube size could also
have been a cause, but this seems unlikely as plant shoots
and roots were not in physical contact with the bottom of
the tube or the cap. From the GT experiments, we knew
that nodulation was not inhibited by the fact that roots
were in physical contact with the bottom of the tubes.

In order to discriminate between these factors, we
designed experiment 3 to test the effect of plant age and
development (phenology) at inoculation on nodulation.
Results from the first two experiments demonstrated that
nodulation was good in GT with well-developed plants
with four axillary shoots. Whereas, in PTS, SDS or ATS,
plants with one axillary shoot and their cotyledons did

not nodulate. In addition, there was no nodulation in
plants of less than 28 days at inoculation, or plants with
an average shoot height of less than 3 cm, or those
with an axillary shoot number below 2. Moreover, plants
with an axillary shoot number below 2 did not nodulate
even 6 months after inoculation (data not shown), as if a
putative plant defence reaction was induced by a single
early inoculation and was still effective 6 months later.
Furthermore, in PTS, we observed the development of
Frankia colonies around the root systems dipping in the
nutrient solution (data not shown). Microscopic observa-
tions of these colonies revealed the presence of typical
vesicles and sporangia. These observations show the
development and survival of Frankia around the root sys-
tem a long time after inoculation. In natural conditions,
the rhizosphere of young seedlings would be colonized by
a great diversity of competing micro-organisms, not just
one strain of Frankia; one would also expect that Frankia
will be much more diluted than in our inoculum. Thus,
the progress of rhizosphere colonization by Frankia will
probably be much slower on the young root surface and
the plant defence reaction much more attenuated than in
our experimental conditions. Another hypothesis is that
the plant’s defence reaction, induced early by one Frankia
strain, would have only been broken by other bacterial
strains (Frankia or other). At the time of inoculation,
plant growth parameters like shoot height or axillary
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shoot number can be quite reliable predictors of the
maximum rate of nodulation. When plants more than
4-cm high or with more than five axillary shoots are
inoculated, 100% of the plants should form actinorhizae
4 weeks later. The plant age is probably less reliable
because individual variations may occur within these
growth parameters. Four weeks after inoculation, we
observed the first nodules on 50% of the plants. We never
observed less than three nodules per plant. With A. gluti-
nosa inoculated in PTS at 3 weeks (two cotyle-
dons + three leaves), Vergnaud et al. (1985) obtained
axenic nodulation of 100% plants within 10 days. This
was consistent with the results published by Knowlton
and Dawson (1983) on Alnus rubra. These data show that
there is a major difference in growth and nodulation
behaviour between Alnus and Casuarina.

Given the results obtained in experiment 4, it seems
clear that the plant development stage at inoculation is
not the only important parameter for nodulation in axen-
ic conditions. Combined with experiment 5, this data
showed that the use of BTS acted at two levels — they
increase plant growth and allow nodulation. Moreover,
we observed that these two actions were independent
from each other as plant growth was seriously enhanced
in controls that were not inoculated with BTS. Evidently
in BTS, nodulation dramatically increased plant growth
compared with the control. Therefore, it would be inter-
esting to examine the possible mechanisms involved in
these independent responses. Truly, the 4-1 Sunbags rep-
resent a higher atmospheric volume than closed tubes.
Additionally, their sterile gas exchange window allows for
atmosphere renewal at an unknown rate. Therefore, BTS
would allow for better evapotranspiration and develop-
ment of the drought-adapted foliage of C. cunninghami-
ana. Given the improved growth and corresponding
higher nitrogen requirements, plants would form actin-
orhizae much faster than in PTS.

Another important factor that has to be considered is
the problem of putative gas accumulation in PTS. Of the
several gases that have been involved in establishing sym-
bioses, the effects of exogenous and endogenous ethylene
are probably the most well documented. Ethylene is a
phytohormone whose role on nodulation and mycorrhi-
zation has recently been reviewed by Guinel and Geil
(2002). Ethylene has been shown to have had a strong
negative effect on infection thread growth, and thus infec-
tion and nodulation in various legumes (Spaink 1997).
In actinorhizal symbioses, ethylene was involved in the
nodulation process of Discaria trinervis (Valverde and
Wall 2005). The processes described in plants seem very
diverse which makes it difficult to generalize (Guinel
and Geil 2002). Similarly, several strategies have been
described on the rhizobial side in order to lower ethylene

Axenic nodulation by Frankia

levels produced by the legume partner and increase
nodulation (Ma et al. 2002). In arbuscular mycorrhizal
symbioses, exogenous ethylene has also been shown to
play an inhibitory role in arbuscular mycorrhizae (AM)
formation (Geil et al. 2001). From controversial data
(possibly reflecting a diversity of plant mechanisms), it
appears that AM colonization of roots either enhances or
reduces host ethylene production (Guinel and Geil 2002).
It would probably be worth testing the effect of antago-
nists of ethylene action, like silver, on nodulation in
PTS inoculated at the four axillary shoots stage.

The relationship between nodule formation and atmo-
spheric gases, like CO,, has also been investigated in dif-
ferent studies. The effect of CO, concentration on
nitrogen fixation in the Rhizobium — leguminous symbi-
osis has been examined since the 1950s. Most studies
(Mulder and van Veen, 1960; Finn and Brun 1982; Yam-
akawa et al. 1997) described an increase in nitrogen fix-
ation, nodule and plant biomass with increasing CO,
concentrations. Several other gases (like oxygen and
hydrogen) are known to interfere with nodulation and/or
nitrogen fixation. However, their impact on early infec-
tion is generally poorly documented.

This research demonstrates the potential for obtaining
axenic nodulation of C. cunninghamiana at a rate of 70%,
12 weeks after inoculation. Nodulation was shown to be
dependent on two main factors: the stage of plant devel-
opment at inoculation and the atmospheric volume of
the axenic system.
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