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Abstract — Our work concerned the optimization of inoculation of two agroforestry species of woody leguminous plants: Leucaena
leucocephala and Acacia mangium with various strains of rhizobium. First, we showed that the physiological stage of the bacterial culture had
no effect on nodulation and growth of the seedlings of Acacia mangium inoculated and cultivated in vitro for four months. For Leucaena
leucocephala, the number of nodules was significantly higher when the seedlings were inoculated with a bacterial culture in stationary phase.
On the other hand, whatever the species, no significant difference was noted with regards to the dry weight of the shoots. The effect of the size
of inoculum on the nodulation and growth of the seedlings was studied in L. leucocephala after five months in a greenhouse. Our result show
that an inoculation with bacterial cultures containing 10° to 1010 bacteria per milliliter are the optimal conditions to have a maximum nodulation
and growth of the seedlings. The two legume plant species showed significant differences with regard to the effect of the method of inoculation
on nodulation and growth of the seedlings. For Acacia mangium, inoculation with a liquid culture one week after sowing was more favourable
for the growth of the seedlings. On the other hand, for Leucaena leucocephala, this method of inoculation and the coating of seeds with a
bacterial culture mixed with arabic gum improved significantly the growth of the seedlings. Results obtained in our study can be useful for the
partners from developing countries involved in the large scale production of tree seedlings.

Acacia mangium | Leucaena leucocephala / rhizobium / size of inoculum / symbiosis

Résumé — Optimisation de I’inoculation de Leucaena leucocephala et de Acacia mangium avec rhizobium en conditions de serre. Nos
travaux ont porté sur 1’optimisation de I’'inoculation de 2 especes agroforestieres de légumineuses ligneuses : Leucaena leucocephala et Acacia
mangium avec différentes souches de rhizobium. Tout d’abord, nous avons montré que le stade physiologique de la culture bactérienne n’a
aucune influence sur la nodulation et la croissance des plants d’Acacia mangium inoculés et cultivés in vitro pendant 4 mois. Pour Leucaena
leucocephala, le nombre de nodules est significativement supérieur pour les plants inoculés avec une culture bactérienne en phase plateau. En
revanche, quelle que soit I’espece, aucune différence significative n’est notée en ce qui concerne le poids sec des parties aériennes. L’effet de
la taille de I’'inoculum sur la nodulation et la croissance des plants de L. leucocephala a été étudi€ apres 5 mois de culture en serre. Nos résultats
ont montré qu’une inoculation avec des cutures bactériennes contenant 1010 3 10° bactéries par millilitre sont les conditions optimales pour
avoir une nodulation et une croissance maximale des plants. Les 2 especes de légumineuses montrent des différences significatives en ce qui
concerne I’effet de la méthode d’inoculation sur la nodulation et la croissance des plants. Pour Acacia mangium, I’inoculation avec une culture
liquide une semaine apres les semis est plus favorable pour la croissance de la plante. En revanche, pour Leucaena leucocephala, cette méthode
classique d’inoculation de méme que ’enrobage des semis avec une culture bactérienne mélangée avec de la gomme arabique améliorent
significativement la croissance de la plante. Nos travaux pourront servir aux partenaires du développement pour la production en régie de plants
forestiers de ces 2 especes.

Acacia mangium | Leucaena leucocephala / rhizobium / taille de I’inoculum / symbiose

1. INTRODUCTION These properties enable them to be amongst the first species

considered for the rehabilitation of degraded soils and the pro-

Trees that can fix nitrogen, particularly forest leguminous
ones, are more and more used to improve agricultural and for-
est outputs [1] The ability of these trees to associate with soil
bacteria called rhizobium allow them to be able to fix atmos-
pheric nitrogen and grow quickly on soils poor in nitrogen.
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duction of both fodder and woody biomass [8]. Among these
species, Acacia mangium and Leucaena leucocephala have
shown great ability to grow quickly in marginal lands [6, 11, 27].
However, in order to ensure optimal exploitation of their economic
and agricultural potential, it is necessary to go for inoculation
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Table 1. Methodologies already published and used for the inoculation of the tested species of woody legumes.

For Acacia mangium

Strain used Methodology of inoculation Size of inoculum Type of experience Time of inoculation References
Aust. 13¢ Liquid inoculum 10° cells/plant In vitro 2 weeks after sowing [11]
Aust. 13c, Tel 2 Liquid inoculum 5 x 109 cells/plant In vitro 2 weeks after sowing [22]
Inoculum included in alginate
Aust. 13c, Tal 72, . . L .
us o 8 beads dissolved in phosphate 108 cells/plant Planting site One week after sowing [12]
PBG3, AG3, RMBY
buffer 0.1 M
Inoculum included in alginate
Aust. 13c, CB756 beads dissolved in phosphate 108 cells/plant Planting site One week after sowing [13]
buffer 0.1 M
For Leucaena leucocephala: according to [10].
Strain used Methodology of inoculation Size of inoculum Type of experience Time of inoculation References
Tal82, Tal582 5 G L .
Tall145 = CB3060 Coated seed 10° to 107 cells/seed Planting site Just after sowing [31]
Irc 1045, Irc 1050 Coated seed 107 cells/seed Planting site Just after sowing [26]
Tal 1145 = CB 3060 Coated seed 4 x 107 cells/seed Planting site Just after sowing [15]
LdK4 Liquid inoculum 2 x 10 cells/seed Nursey One week after sowing [16]
CB8; et NGR8 Coated seed 1.6 x 10° cells/seed Planting site Just after sowing [23]

using effective symbionts [9]. This inoculation stage is partic-
ularly indispensable with soils rich in ineffective native sym-
bionts [21]. However very often, the techniques of inoculation
yield irregular results [3]. Currently the different inoculation
techniques are used within the framework of many experi-
ments [25, 33]. However, until now these techniques were
used without including several factors that can optimise inoc-
ulation. Experiments that were carried out with the help of
many leguminous species did not take into account the effect
of the method of inoculation, the size of the inoculum, the
period of inoculation or the effects of the physiological stage
of the bacterial strains on nodulation and biomass production
[5]. Some of the key studies carried out on the inoculation of
Acacia mangium and Leucaena leucocephala are summarised
in Table I. It shows the large diversity of inoculation methods
used and the size of the inoculum. The inoculum employed
must be easy to use, available at a reasonable cost and allow
for a great number of rhizobia to survive [20, 29].The paper
reports an approach to optimise the inoculation of these two
agroforestry species and proposes for each species a simple
and efficient technology of inoculation. The study evaluated
the effect of the physiological stage of the bacterial culture on
nodulation and growth of inoculated seedlings and investi-
gated whether the methodology followed during the inocula-
tion process could have significant effects on nodulation and
growth of the seedlings. The work was directed at determining
the types of inoculum and the best inoculum formulation to
ensure optimal growth.

2. MATERIALS AND METHODS

2.1. Plant material

The Oxford Forestry Institute (UK) provided the seeds of
L. leucocephala and the A. mangium seeds were provided by ICSB/
Innoprise Sabah (Sabah-Malaysia). In order to ensure quick and homoge-
nous germination of the seeds, both the A. mangium and L. leucocephala

seeds were scarified by soaking them for 60 min and 30 min respec-
tively in 95% sulphuric acid. After rinsing thoroughly with distilled
water within an aseptic environment, the seeds were disinfected by
soaking them for two to three minutes in HgCl, (0.1%; p/v). After
rinsing for the last time, they were soaked in distilled water for six
hours for L. leucocephala and for one night for A. mangium. After-
wards they were arranged in Petri dishes containing sterile agar-agar
(0.8%; p/v). The Petri dishes were then sealed with parafilm and kept
at 30 °C for 48 hours.

2.2. Conditions of culture

The pre-germinated seedlings were cultivated in vitro or in nurs-
eries as described below. For the in vitro culture, the seedlings were
transplanted under sterile conditions in a Gibson tube [14] containing
a culture medium composed of Jensen sterile agar water [34]. Nitro-
gen-free agar is poured (approximately 30 mL) into tubes (150 x
20 mm), slanted and allowed to solidify in such a way that the slope
of the agar reaches the top of the tube. The top of each tube is covered
by three circles of aluminium foil and held in place with a rubber
band. A small aperture is made on the foil and fitted with plastic wool,
which acts as an inlet replenishing nutrient solution in tubes. The
watering hole is used for pouring in sterile liquid medium and for
inoculating seedlings. In all these procedures, the usual sterility control
must be maintained to prevent contamination. Aseptically grown
seedlings are placed in a second hole (opposite to hole carrying the
plastic plug). In such a way the root system lies on the agar slope and
the shoot system comes out of the tube. The tubes are now covered
with a piece of cotton wetted with sterile water to prevent desiccation
of seedlings. After 24 hours in enclosed environment, the teguments of
the seeds were taken off. The seedlings were then kept in a culture envi-
ronment for four months with a photoperiod of 16 hours (under day-
light) and eight hours (night), temperature of 30 + 1 °C (night), relative
humidity of 70 = 5% and a photosynthetically active radiation (PAR)
of 120 umol/m?/s.

As for the seedlings grown in nursery, they were individually
transplanted in plastic bags (17 cm x 9.5 cm) containing a substrate
of variable nature depending on the type of experiment. The bags
were kept in greenhouse and laid on cement boards uplifted in such a
way as to limit the risk of contamination.
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2.3. Bacterial material

The strain of Bradyrhizobium Aust 13 ¢ from Australia [11] was used
for the inoculation of A. mangium. The seedlings of L. leucocephala
were inoculated with LdK4 Rhizobium strain from Kenya [16, 19].
The bacterial strains were cultivated on a YEM medium (yeast extract
mannitol) [34] and the culture was incubated at 30 °C under high
orbital turbulence.

2.4. Description of the experiments

2.4.1. The effect of the physiological stage of the bacteria

The experiment aiming at determining the effect of the physiolog-
ical stage of the bacteria growth on nodulation and growth of seed-
lings was carried out using seedlings cultivated in vitro. The seedlings
were inoculated one week after their transplantation with 100 pL of
liquid culture containing approximately 10° bacteria per milliliter.
This experiment included two treatments: T1 where inoculation was
practiced with bacterial culture in exponential phase and T2 where
inoculation was practiced with bacterial culture in stationary phase.
Each treatment was repeated 20 times. After four months of culture,
the seedlings were harvested in order to determinate the level of
infection (which was measured counting the number of obtained nod-
ules) both in terms of biomass content of the nodules, shoots and
roots.

2.4.2. The effect of the size of the inoculum

The effect of the size of the inoculum on nodulation and biomass
production was studied using seedlings cultivated in nurseries with a
mixture of vermiculite and sterilised peat (9/1, v/v) with a pH = 6.5.
The young seedlings were inoculated one week after their transplan-
tation with one milliliter from a bacterial suspension for each seed-
ling. Six series of dilutions were carried out and each of them
contained: 10%; 10%; 10; 108; 10 and 100 bacteria per milliliter. For
each series, ten seedlings per specie were selected. The pots were
arranged to form random beds and watered on a daily basis with a
N-free nutritive solution [2] according to the field capacity in water.
After four months of growth under greenhouse conditions, plants
were harvested. The following parameters were studied: the number
and dry biomass of the nodules formed, the dry weights and the per-
centage of total nitrogen in shoots.

2.4.3. The effect of the type of inoculation

The effect of the type of inoculation on nodulation and biomass
production was studied under greenhouse conditions and focussed on
seedlings cultivated in a mixture composed of polystyrene beads and
soil from Sangalkam (North West Senegal). Characteristics of Sang-
alkam soil were: pH (H,0) 5.7, C 0.25%, N 0.21, P 5.2 mg/kg (Olsen)
and organic matter 0.43%. Five different inoculum formulation were
tested:

— MI: Inoculation with 20 mg of non-dissolved alginate beads

[7] containing a culture of LdK4 strain (L. leucocephala) or
Aust 13c (A. mangium).

— M2: Inoculation with a pure liquid culture of the LdK4 or Aust
13c strain one week after sowing at the surface of the soil,
around the root system of plant (5 mL of inoculum).

— Ma3: Coating seeds with arabic gum and then of pure liquid cul-
ture of the LdK4 or Aust 13c strain.

— M4: Mix arabic gum and pure liquid culture of the LdK4 or
Aust 13c strain. Coating A. mangium and L. leucocephala
seedlings with the mix.

— MS: Inoculation at the level of plant collar (5 mL) of the seed-
lings with a liquid pure culture of the LdK4 or Aust 13c at
planting in the plastic bags.

— Control: The seedlings that were not inoculated and were used
as control.

Each inoculation treatment comprised 12 replicates. Plants were
grown for six months (December to May 2000) in the greenhouse.

After this period, plants were harvested and several parameters
were measured: number and dry weight of nodules, shoot and root dry
weight and shoot total nitrogen content.

Data were subjected to a three-way analysis of variance using the
Super Anova Computer program, and means were compared with the
Fisher multiple range test [4].

3. RESULTS AND DISCUSSION

3.1. Effect of the physiological stage of the bacterial
culture on nodulation and growth of seedlings

Data on nodulation and growth of seedlings of the two spe-
cies are presented in Table II. The physiological stage of the
bacterial culture Aust 13c did not have significant effects on
the level of infection of A. mangium (measured by the number
of nodules formed). In contrast, inoculation of L. leucocephala
seedlings with Ldk4 culture in stationary phase significantly
improved nodulation. The number of nodules increased by
36% compared to seedlings inoculated with a culture in expo-
nential growth phase. However, whatever species may be
involved, the physiological stage of the bacterial culture did not
have significant effects on the nodule dry weight. It seemed
that with L. leucocephala, culture in stationary phase enabled
the formation of a great number of small nodules. Indeed, despite
the increase in the number of nodules, their content in biomass
was similar for both phases. However, for the two species no
significant difference was noted as far as the biomass of the
shoots and root are concerned. The high variability noticed
with A. mangium seedlings could be related to the intraspecific
genetic diversity demonstrated by this species [30].

3.2. Effect of the size of the inoculum on nodulation
and the production of biomass by seedlings
of L. leucocephala

The level of infection of the strains was variable and
depended on the size of the inoculum as shown in Table III.
Our results show that a great number of nodules appeared at
low dilutions. Globally, we note that the size of the inoculum
does not seem to have significant effects on the rate of infec-
tion of the strains LdK 4. However, the optimum value for
nodulation was reached with a dilution containing 10° bacteria
per millliliter that allowed to obtain 70 nodules per seedling.

If we consider the dry weight of the nodules, no correlation
was found between the size of the inoculum and this parame-
ter. The optimal dry weight of the nodules was more or less the
same no matter how diluted the medium. It was showed that
L. leucocephala is able to use a mechanism of control which
indicates that the seedling compensates the decrease in the
number of rhizobia present in the soil by an increase in the size
of the nodules formed [28]. Our results do not confirm this
hypothesis but need to be confirmed through further experi-
ments. Regarding the growth of plants of L. leucocephala, our
results show that the optimal growth was obtained with a dilution
containing 109 bacteria per milliliter. It is in accordance with
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Table II. Effect of the physiological stage of the bacterial culture of the Rhizobium strain LdK4 and the Bradyrhizobium strain Aust 13¢ on
nodulation (nodule number and nodule dry weight) and growth of L. leucocephala and A. mangium seedlings respectively after 4 months of

growth in culture chamber (Gibson tube).

Parameters measured Species Physiological stage of the bacterial culture
T1 T2
Number of nodules per plant
L. leucocephala 14a 19b
A. mangium 47a 46a
Nodule dry weight (g/plant)
L. leucocephala 0.017a 0.016a
A. mangium 0.026a 0.029a
Shoot dry weight (g/plant)
L. leucocephala 0.196a 0.202a
A. mangium 0.287a 0.313a
Root dry weight (g/plant)
L. leucocephala 0.182a 0.200a
A. mangium 0.051a 0.056a

For each parameter measured and for each tested specie, the values (average of 20 repetitions) on the same line followed by the same letter are not

significantly different according to the Newman et Keuls test (P < 0.05).

Table III. Effect of the size of the rhizobial inoculum on nodulation
(number of nodules and dry weight of nodules) and the growth
(shoot and root dry weight) of plants of L. leucocephala cultivated
during 4 months under greenhouse conditions.

Parameters measured Dilutions Values measured
Number of nodules per plant
102 58ab
104 45a
100 56ab
108 51ab
10° 70b
1010 69ab
Nodule dry weight (g/plant)
102 0.149ab
10% 0.117a
100 0.169¢
108 0.158bc
10° 0.147b
1010 0.112a
Shoot dry weight (g/plant)
102 1.56a
10% 1.67a
100 1.88ab
108 1.90ab
109 2.10b
1010 1.74a
Root dry weight (g/plant)

102 191a
10% 1.72a
100 1.93a
108 2.04a
109 1.93a
1010 1.81a

For each parameter measured, the values (average of 10 repetitions) in
the same column followed by the same letter are not significantly diffe-
rent according to the Newman et Keuls test (P < 0.05).

good results obtained by others authors who improved signif-
icantly under greenhouse conditions the growth of L. leuco-
cephala by using an inoculum containing 10° cells per milliliter
[16]. Similar results were obtained with Calliandra calothyrsus,
another woody legumes species cultivated under greenhouse
conditions [17, 24].

3.3. Effect of the mode of inoculation on nodulation,
growth and shoot total nitrogen of plants
of L. leucocephala and A. mangium

All the results obtained are presented in Table IV. We
showed that for both leguminous species, the seedlings that
were not inoculated developed an important number of nod-
ules. The dry weight of the nodules seen on the control seed-
lings was higher than for inoculated ones if we consider all the
modes of inoculation. This situation could be explained by the
presence of an important number of native bacteria in the soil
living in association with these host seedlings.

For L. leucocephala the dressing of the pre-germinated seeds
with arabic gum mixed with the bacterial suspension (M4
technique) enhanced the growth of the shoots and roots. This
technique was also more favourable for the nodulation of inoc-
ulated seedlings. Our results confirmed already published data
[32], and could be explained by an early fixation of bacteria on
the root system. Micro-organisms would thus migrate towards
the roots following the development of the roots and colonise
root hair before autochthonous bacteria. In a soil containing a low
population of native rhizobia able to nodulate L. leucocephala, it
was showed that plants inoculated with non-dissolved alginate
beads were more significantly developed and more nodulated
than plants inoculated with the other methods [10]. It is not the
case in our present study. These difference could be explained
by the fact that in soil with a large amount of native rhizobia,
selected rhizobia contained in alginate beads, which are released
progressively in soil are available in to limited amount for
occupying a large number of nodules. Usually, in these soils,
nodules formed are essentially occupied by native rhizobia
which could be ineffective as in Sangalkam’s soils.
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Table IV. Effect of the methodologies used for the inoculation prac-
ticed with the Rhizobium strain LdK4 or the Bradyrhizobium strain
Aust 13c on nodulation and growth of respectively L. leucocephala and
A. mangium cultivated during 6 months under greenhouse conditions.

Parameters Methodologies

measured used for the L. leucocephala  A. mangium
inoculation

Nodules dry weight

(g/plant)
M1* 0.119b 0.110a
M2 0.116b 0.123ab
M3 0.096a 0.149bc
M4 0.101ab 0.136abc
M5 0.091a 0.14bc
Control 0.154c 0.167c

Root dry weight

(g/plant)
M1 4.11b 1.79a
M2 3.69ab 2.17bc
M3 4.08ab 1.70a
M4 4.14b 2.11bc
M5 3.90ab 1.93ab
Control 3.39a 241c

Shoot dry weight

(g/plant)
M1 4.31d 4.36abc
M2 3.65bc 4.93cd
M3 4.07cd 4.76bcd
M4 4.04cd 5.15d
M5 3.14b 4.11ab
Control 2.39a 3.54a

Shoot total nitrogen

content (%)
M1 1.97bc 1.68b
M2 1.82ab 1.45a
M3 1.96ab 1.51ab
M4 2.14c 1.45a
M5 1.92ab 1.63b
Control 1.79a 1.55ab

For each parameter measured and for each tested specie of woody legu-
mes, values (means of 10 repetitions) placed in the same column and
followed by the same letter are not significantly different according to
Newman and Keuls test (P < 0.05).

*M1: Inoculation with 20 mg of nondissolved alginate beads containing
a culture of LdK4 strain (L. leucocephala) or Aust 13c (A. mangium);
M2: Inoculation with a pure liquid culture of the LdK4 or Aust 13c
strain one week after sowing at the surface of the soil, around the root
system of plant (1 mL of inoculum); M3: Coating of L. leucocephala
seedlings with arabic gum and then of pure liquid culture of the LdK4
or Aust 13c strain; M4: Mix gum arabic and pure liquid culture of the
LdK4 or Aust 13c strain then put in contact with the A. mangium and L.
leucocephala seedlings; M5: Inoculation at the level of plant collar
(1 mL) of the seedlings with a liquid pure culture of the LdK4 or Aust
13c in the same time that seedlings is planted in the plastic bags; Con-
trol: the seedlings that were not inoculated were used as control.

For A. mangium, the M4 technique also improved signifi-
cantly the growth of the inoculated seedlings compared to
control seedlings. The inoculation of the seedlings with 5 mil-
liliters of liquid suspension poured at the root of the collar one
week after transplantation (M2 technique), increased the dry

weight of the shoots by 45% compared to control seedlings.
This observation could be correlated with the morphology of
the root system of A. mangium. With a root system which is
ramose and superficial, the maintenance of the inoculum in the
soil upper horizons allowed for the optimisation of inocula-
tion. Bringing in the inoculum under liquid form one-week
after the replanting of the young seedlings enabled the rhizo-
bia to be in direct contact with an early ramification process.
The methods “M2” and “M3” were also favourable for the
growth of the seedlings. However, it must be pointed out that
the inoculation method used with this species seemed to
inhibit the growth of the roots, particularly when the inoculum
is brought to the seedlings under the form of a liquid suspen-
sion poured at the root of the collar during transplantation by
pots. Similar results were reported on A. mangium seedlings
inoculated with different strains and cultivated in greenhouse
for 96 days [18].

It is interesting to compare our results with those obtained
with C. calothyrsus in the same soil [24]. These authors
showed that the inoculation practiced with a liquid suspension
poured directly at the root of the seedlings is more favourable
for the growth of C. calothyrsus both in terms of biomass content
of the shoots and dry weight of the root. This beneficial effect
of inoculation was all the more important that the inoculum
was provided one week after transplantation, that is to say
after the apparition of secondary roots. All these results con-
firm the importance to know exactly how to practice the inoc-
ulation of woody legumes in order to optimise the treatment
and to improve significantly the growth of the host plant.

As a whole, inoculation conducted with the help of non-dis-
solved alginate beads placed at the lower part of the collar was
less favourable to the growth of the seedlings than the other
methods. This lack of effect of the non-dissolved alginate beads
could be linked to the fact that in the framework of our exper-
iments unlike in another work [12], the beads were not made
soluble in a phosphate buffer solution. This choice was moti-
vated by the fact that we intend in the future to work with an inoc-
ulum (rhizobium and mycorrhizae) kept in fresh alginate beads.

4. CONCLUSION

Our results propose reliable protocols for the inoculation of
these two species in nurseries. All the results obtained showed that
the improvement of the growth of L. leucocephala and A. man-
gium by inoculation in nurseries with efficient rhizobium strains
was very significantly dependent on the mode of inoculation.

For L. leucocephala the dressing of the pre-germinated
seeds with arabic gum mixed with the bacterial suspension
favoured nodulation and enabled optimal growth of the shoots.
For A. mangium, inoculation of the seedlings with 5 milliliters
of liquid suspension poured at the lower part of the collar one-
week after transplantation significantly improved their growth.

Our results clearly indicated that, whatever the species concer-
ned, the physiological stage of the bacterial culture did not
have significant effects on the growth of inoculated seedlings.
The Ldk4 strain in stationary phase reached a higher infection
level with L. leucocephala. On the other hand, the level of
infection of the strains Aust 13c¢ was not significantly affected
by the stage of the bacterial culture.
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Nodulation and growth of inoculated seedlings was more or
less variable depending on the size of the inoculum. The great-
est number of nodules were recorded on A. mangium for a dilu-
tion containing 10!0 bacteria per milliliter. On the other hand
for L. leucocephala, an inoculum containing 10° bacteria per
milliliter corresponds to the optimal dilution. If we consider the
dry weight of the nodules, whatever the specie concerned, the
dilution containing 10° bacteria per milliliter improved signifi-
cantly the growth of A. mangium seedlings. For L. leucocephala
optimal growth was obtained with a medium containing 10°
bacteria per milliliter.
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