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Abstract

Acacia mangium and Paraserianthes falcataria are important leguminous tree species in
Indonesia and many other countries. These trees form symbiotic relationships with

rhizobia and arbuscular mycorrhizal fungi (AMF). These symbioses enable the trees to
grow in adverse soils with low N and P availability, which is typical of tropical soils.
Despite the extensive use of A. mangium and P. falcataria, the rhizobia that nodulate these
species have not been subjected to a comprehensive systematic analysis, nor have the
synergistic benefit of the tripartite symbiosis been fully exploited to improve the growth
and nutrient acquisition of the trees. In this study, fifty seven rhizobial strains nodulating
either A. mangium (26 strains) or P. falcataria (31 strains), were isolated from diverse
geographical areas in Indonesia and were studied for their phenotypic and genotypic
relationships. Fifty one strains of non-nodulating root-nodule bacteria isolated from the
root-nodules of A. mangium and P. falcataria were also subjected to the phenotypic
characterisation. Five and seven representatives of the rhizobial strains from A. mangium

and P. falcataria, respectively, were tested for their effectiveness to promote plant growth
and N-fixation when co-inoculated with one of Indonesian isolate of the three species of

AMF, Glomus manihotis BEG112, Gigaspora rosea BEGI111, and Scutellospora
heterogama BEGA40. Results of the phenotypic characterisation studies showed that

rhizobial strains nodulating 4. mangium and P. falcataria exhibited the phenotypic
characteristics of Bradyrhizobium and were generally distinct from the non-nodulating
root-nodule bacteria. This was confirmed by the results obtained using PCR-RFLP-SSCP
analysis on the 57 rhizobial strains and the sequence data of the 16S rRNA gene of
representative strains. Furthermore, results from the molecular analysis showed that these
strains could be divided into two distinct groups. One group was genotypically close to

Bradyrhizobium elkanii and the other to Bradyrhizobium japonicum.  Additionally, A.
mangium was also nodulated by a strain which was closely related to Mesorhizobium loti.

The strains of B. elkanii and B. japonicum nodulating A. mangium and P. falcataria were
ubiquitous throughout the Indonesian archipelago. The data from the interaction
experiment between AMF, rhizobial strains and P. falcataria showed that rhizobial strains
nodulating this species varied in their capacity to promote plant growth and N fixation.
These capacities changed considerably when each rhizobial strain was co-inoculated with
different species of AMF. Under the conditions used, A. mangium seemed more selective
for its AMF and rhizobial symbionts, compared with P. falcataria, showing optimal
compatibility only with Gi. rosea BEG111 and B. elkanii strains. This was indicated by a
significant improvement in growth and nutrient acquisition of the seedlings when
inoculated with these microsymbionts alone or in combination, compared with
uninoculated controls or with seedlings inoculated with B. japonicum strains and the other
two AMF species in any combination. A novel microcosm system, the Petri-dish
microcosm, was developed in this study to investigate the establishment of AMF species
from different genera. The results showed that Ac. berculata BEG41, G. maniholis
BEGI112, Gi. rosea BEG111, and Sc. heterogama BEG40 differed considerably in their
spore germination, root colonisation, the spread of the extra-radical mycelium (ERM),
architecture of the ERM, and spore formation. These observations may suggest
differences in their ecological strategy and requirements to complete their life-cycles,
which may eventually affect the outcome of their interactions with rhizobial strains and
host plants, in terms of nodule formation, N-fixation and plant growth. In conclusion, this

work indicates that rhizobia nodulating 4. mangium and P. falcataria are phenotypically
diverse, and genotypically close to B. elkanii, B. japonicum, and M, loti. These rhizobial
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strains were also functionally diverse (ability to promote plant growth and N-fixation),
and the functional diversity increased when they co-habited roots with AMF. The
importance of an appropriate strategy for screening effective combinations of AMF and

rhizobial strains for different tree species, and the potential application in nursery
production of trees in Indonesia, is also highlighted.
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1. Diversity of rhizobia nodulating the tree legumes Acacia mangium
and Paraserianthes falcataria and their interaction with arbuscular
mycorrhizal fungi in young seedlings

Leguminous plants are important both economically and ecologically. Agricultural

leguminous crops have a long history as cash-crops and as cheap sources of protein for

human consumption. Forage crops are widely planted to improve the quality of animal
feed. Leguminous plants have also been planted for green manures (Giller & Wilson,
1993). More recently, leguminous trees have received considerable attention for use in

land stabilisation and rehabilitation (Haselwandter & Bowen, 1996). Leguminous plants,
which include herbs, shrubs, woody vines and trees form symbiotic relationships with

rhizobia, a closely related group of bacterial genera which fix nitrogen (N) from the

atmosphere when in the symbiotic partnership. This symbiosis, known since 1877 (Baldwin
& Fred, 1929), induces the formation of nodules on the root of the plants and allow the
plants to fulfil their need for N regardless of the N status of the soil.

Danso et al. (1992) suggested that the benefit of N fixation from leguminous trees
could be exploited to maintain productivity in zero/or low-input agriculture systems, such
as agroforestry and silvopastoral systems. Inclusion of the tree improves soil fertility
(Giller & Wilson, 1993), hence promoting the growth of associated plants, or the
subsequent plants, grown in the area. For example, DeBell ef al. (1997) demonstrated a
growth improvement of Eucalyptus saligna grown in combination with the leguminous tree
Paraserianthes falcataria. The contribution of the P. falcataria to the growth of L.
saligna was equal or greater than that achieved through N fertiliser application.
Leguminous trees play an important ecological role in the N cycle due to their ability to fix
N- from the atmosphere. Nitrogen which is released into the atmosphere through
denitrification (Patra et al., 1996; Kawashima et al., 1996) becomes unavailable for non-N
fixing organisms. The leguminous trees fix the N from the atmosphere for use in
metabolism and incorporate it in their tissues. After the plant dies, the fixed N is then
released into the environment through several mechanism as shown in Table 1. In order to
gain the maximum benefit from the rhizobium-legume symbiosis, three strategies can be
applied: selective breeding of leguminous plants, selection of appropriate rhizobial strains,

and the improvement of environmental factors (Giller & Wilson, 1993).
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Table 1. Mechanisms by which the N fixed in leguminous plants are transferred to the soil
or plants growing with leguminous trees (Giller & Wilson, 1993).

1. Below-ground plant parts

a. Root and nodule senescence

b. Rhizodeposition
- root exudates
- active secretion
- passive loss
- sloughed off cells

c. Direct transfer between roots by interconnected mycorrhizal strands

2. Above-ground plant parts
a. Fallen leaves
b. Leachates
c. Ammonium loss and uptake by associated plants
d. Plant residues



Diversity of rhizobia nodulating leguminous trees Acacia mangium and Paraserianthes falcataria... 1.3

Acacia mangium and P. falcataria are two nitrogen-fixing leguminous tree species
which have been widely planted in Indonesia and many other countries. These species are
chosen because of their ability to fix N from the atmosphere and their fast growth.
However, few studies of nitrogen fixation and the rhizobia associated with these trees have
been conducted (Umali-Garcia et al., 1988; Galiana et al., 1990; Turk & Keyser 1992;
Galiana et al., 1994, 1998; Nuswantara et al., 1997).

Both trees also form a second symbiosis with arbuscular mycorrhizal fungi (AMF).
This symbiosis enhances nutrient uptake, especially phosphate and has been reported to
alter the rhizobium-legume interactions (Dela Cruz ef al., 1988). Unfortunately, in most
studies involving rhizobium-legume interactions, the complementary significance of AMF is

often ignored.

Description of Acacia mangium and Paraserianthes falcataria

Acacia mangium is a member of the family Leguminosae, sub-family Mimosoideae, and
tribe Acaciae. The tree can grow to a height of 25-35 m and the diameter can be over 60
cm (Pinyopusarerk ef al., 1993). In a provenance trial conducted in Indonesia, the trees
grew up to 8-11 m within 2 years (Toumela ef al., 1996). This tree species is tolerant of
low-fertility acid soils with high Al content (Cole ef al. 1996; Watanabe et al., 1998).

Paraserianthes falcataria formerly known as Adenanthera falcataria, Albizia

falcataria, Albizia moluccana, Albizia fulva, Albizia eymee, and Albizia falcata (Nielsen et
al.,, 1983), is a member of the family Leguminosae, sub-family Mimosoideae, and tnbe
Ingeae. Like A. mangium the species is not nutrient-demanding for growth, and grows
well in adverse sites such as acid and highly aluminium (Al)-saturated soils (Evensen et al.,
19935; Singh et al.,, 1995). For example, Otsamo et al. (1996) have reported that P.
falcataria could grow on Imperata cylindrica grassland in Indonesia in degraded soils
with a low level of available N and P (Santoso ef al., 1996). Paraserianthes falcataria is a
fast-growing species which can grow up to 5-8 m height within two years (Otsamo et al.,
1997), and potentially to 40 m in height and 80 cm in diameter (Martawijaya et al., 1989).
Normally, the trees are harvested when they are 7-years old, with a diameter at breast
height (dbh) of 30-40 cm.
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The natural distribution A. mangium and P. falcataria in Indonesia

Acacia mangium and P. falcataria are indigenous to Indonesia and are naturally
distributed on the Eastern part of Indonesia.  Acacia mangium can be found growing
naturally in the Maluku and Irian Jaya provinces. It grows naturally at low elevations, from
just above sea level to up to 700 m, in acid soils with pHs ranging from 4.5-6.5 and usually

of low fertility. The mean monthly temperature of its natural habitat ranges from a

minimum between 13-21°C and a maximum between 25-32°C, with average annual rainfall
of 1446-2970 mm (Pinyopusarerk et al., 1993). Outside Indonesia this species is also native
to Australia and Papua New Guinea (Pinyopusarerk ef al., 1993).

Paraserianthes falcataria is found wild in the provinces of South Sulawesi, Maluku,
and Iran Jaya (Nielsen et al, 1983; Martawijaya ef al., 1989). The tree grows at low
altitudes up to 1600 m above sea level (Nielsen ef al., 1983) at a temperature range of 22-
29°C (Atmosuseno, 1994). The tree is also indegenous to Papua New Guinea, the

Solomon Islands, and the Bismarck Archipelago (Nielsen ef al., 1983).

The importance of the species within and outside Indonesia

Acacia mangium and P. falcataria are both important leguminous trees in Indonesia.
They have been planted outside their natural distributions for various purposes, such as for
plantation forests, land rehabilitation and conservation, and agroforestry. Acacia mangium
and P. falcataria have been chosen as the main species for industrial forest plantations
(Danaatmadja, 1990). Trees growing in nurseries and plantation forests are shown in Fig.
1-4. Otsamo et al. (1997) have reported that these tree species are among the 8
outstanding tree species which have been used to reforest 1. cylindrica grasslands. They
exhibit high survival rates (90-100%) and growth. In the Kediri forest district P. falcataria
has been used to replace teak (Tectona grandis) plantations on the areas which are no
longer suitable for teak due to decreased soil fertility.

Acacia mangium and P. falcataria have been used for nursing trees (Otsamo ef al.,
1996; Otsamo, 1998) to support the growth of indigenous dipterocarp species which are

not able to tolerate open grassland conditions. These fast-growing trees are grown prior to
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Figure 1. Seedlings of Acacia mangium grown in the nursery of Kiani Hutani Lestari Co.,
East Kalimantan, Indonesia.

Figure 2. Acacia mangium plantation in East Kalimantan, Indonesia.
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Figure 3. Paraserianthes falcataria seedlings grown in a nursery in Kediri forest district,
East Java, Indonesia.

Figure 4. Paraserianthes falcataria plantation in Kediri forest district, East Java,
Indonesia.
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Figure 5. An agroforestry system with Paraserianthes falcataria as the mair} tree species
and pineapples are planted as understorey crop. During the rainy season chili plants and

maize also planted under the trees.

Figure 6. Paraserianthes falcataria planted in a garden forest in East Kalimantan (a), and
a ready-to-harvest Paraserianthes falcataria tree grown in a garden forest in West Java
(b), Indonesia.
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the planting of the dipterocarp seedlings to provide shading for the seedlings. The presence
of the nursing trees increases the development of the evergreen woody vegetation which
then enhances the secondary succession towards the natural forest flora. It also reduces the
competition by grass and the risk of fire (Kuusipalo ef al., 1995).

Paraserianthes falcataria has also been used for agroforestry (Fig. S) which is usually
incorporated during the establishment of plantation forests to reduce the cost of planting
and maintenance during the first two years. Farmers living around the forest are invited to
plant agricultural crops, such as chilli plants, maize, upland rice, ground-nut, pineapple and
soybean, in the forest land, and A. mangium or P. falcataria seedlings are provided by the
forest company who manage the forest area.

Paraserianthes falcataria is very commonly planted in garden forests (Fig. 6, Smiet,

1990). Since only low maintenance (no need for fertiliser applications, weeding, or soil

treatments) is needed, and light interception by the canopy of this tree 1s low (Otsamo,
1998), it allows the understorey crops to grow well. Furthermore, since it can be harvested
as early as 5 years after planting, P. falcataria is an ideal species for this use. The planting
of this species in the garden is profitable for the farmer because, in the short-term, the
farmer can harvest the branches for firewood and the leaves for green manure or fodder.
In the longer term, the farmers can benefit by selling the timber.

The planting of A. mangium and P. falcataria for other purposes has also been

reported in Indonesia, such as for land rehabilitation to suppress soil erosion (Amas &

Purwanto, 1992), for hedgerows (Evensen ef al., 1994), and as forage trees (Panjaitan ef

al., 1993). In West Java, A. mangium and P. falcataria are also planted on tea and coffee
plantations as shade trees as well as for windbreaks.

Despite their relatively isolated natural distributions, these species have been planted in
many other tropical countries. Tables 2 and 3 show that both species are currently
distributed throughout the tropical and sub-tropical regions of Africa, America, Asia and

Australia under a range of environmental conditions. This shows the incredible versatility

of these tree species.
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Table 2. Distribution and use of A. mangium outside Indonesia

No. Country Planting purpose References

1. Australia Natural and Plantation Pinyopusarerk ef al. (1993)
2.  Bangladesh Plantation forest Hosain et al, (1995)

3.  Brazl Plantation forest Moriera et al, (1993)

4, Cameroon Agroforestry Duguma & Tonye (1994)

5 China Plantation forest Wang et al. (1991)

6. Congo Plantation Forest Bernhard-Reversat (1993)
7. Costa-rica Pasture rehabilitation Gonzalez & Fisher (1994)
8. Fiji Energy plantation Bell & Evo (1983)

9. Hawaii Land rehabilitation Cole et al. (1996)

10. India | Shade tree Alex (1995)

11. Laos “ - Land rehabilitation Sylavong & Turnbull (1991)
12. Malaysia Plantation forest Majid & Paudyal (1992)

13.  Papua New Guinea  Natural forest Pinyopusarerk et al. (1993)
14,  Sierra Leone Plantation forest and Bakarr & Janos (1996)

15. Sn Lanka Plantation forest Weerawardane ef al. (1991)
16. Thailand Plantation forest Chittachumnonk et al. (1991)
17.  The Philippines Agroforestry Sato & Dalmacio (1991)
18.  Vanuatu Community project Neil (1987)

19.  Vietnam - Agroforestry Kardel (1993)

20.  Zaire Provenance trial Khasa ef al, (1995

Table 3. Distribution and use of P. falcataria outside Indonesia

No. Country Planting purpose Reference

1.  Bangladesh Plantation forest Baksha (1991)

2. Brazil Plantation forest Moriera et al. (1993)

3. Cameroon Agroforestry Duguma & Tonye (1994)
4. China Plantation forest, shade Zou (1993), Cao & Lou

5.  Hawaii Plantation forest Binkley et al. (1992)

6. India Agroforestry Singh et al. (1995)

7.  Malawi Agroforestry Maghembe & Prins (1994)
8.  Malaysia Plantation forest Tan (1984)

9.  NewCaledonia =~  Rehabilitation of mining Nast (1994)

10. Nigeria Forage trees Larbi et al. (1996)

11.  Papua New Guinea Natural forest Nielsen et al. (1983)

12.  Samoa Alley cropping Rogers & Rosecrance (1992)
13.  Singapore Afforestation programmes Lee ef al. (1993)

14, Solomon Islands Natural forest Nielsen et al. (1983)

15.  The Philippines Agroforestry Sato & Dalmacio (1991)
16, Zambia Alley cropping Matthews ef al. (1992
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The Nitrogen-Fixing Potential of A. mangium and P. falcataria

Umali-Garcia ef al. (1988) found that inoculation with isolates of rhizobia significantly

increased height, %N, and N content of 4. mangium seedlings compared with uninoculated

controls. In an acid soil (Oxisol, pH 5.8) the effect of inoculation was greater when the pH
was increased to 6.5 by liming, Galiana ef al. (1998) found that after inoculation with
effective strains of rhizobia, the beneficial effects could still be observed up to 39 months

after inoculation. The symbiotic A. mangium fix between 100-300 kg N ha™ yr"
atmospheric N, measured using N isotopic techniques (Sanginga ef al., 1995). Thus, the
potential of A. mangium to improve the N status of soil is high (Mishra et al., 1994,
Bernhard-Reversat, 1993).

Compared with A. mangium, P. falcataria has received less attention in relation to its

symbiotic relationship with rhizobia, mainly because of the importance of the former
species for plantation forests and the other uses (Table 2). Umali-Garcia et al. (1988)
found that inoculation of P. falcataria with effective isolates of rhizobia increased the
height, biomass and N content of seedlings by 24%, 55% and 25%, respectively compared
with controls receiving N fertiliser equal to 100 kg N ha™ or 41%, 122% and 35%,
respectively compared with controls without N fertiliser. Binkley (1997) determined that

percentage of N within seedlings of P. falcataria fixed from the atmosphere was 95%,
which was higher than that measured in mature trees (55%) (People ef al., 1991). The

contribution of P. falcataria in the enrichment of soil-N has been investigated by Garcia-
Montiel & Binkley (1998) who showed that the N availability was increased under P.
Jalcataria stands by 2.6-9 fold.

Current Taxonomy of Rhizobia

Rhizobia are beneficial soil bacteria that have been extensively studied. The bacteria

were first isolated by Beijerinck in 1888 who proposed the name Bacillus radicicola. The

genus was renamed Rhizobium by Frank in 1889 (Elkan, 1992). Since then the systematics

have changed considerably.
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Five species were recognised by Baldwin & Fred (1929) and grouped into a single
genus, Rhizobium (Table 4). The classification was based upon “cross-inoculation groups’,
morphology, cultural characters, physiological properties, and the serological reactions of
the bacteria.  This classification was accepted until 1980, when a new genus
Bradyrhizobium was recognised (Jordan, 1980) for slower growing rhizobia. Moreover,
in the 1984 edition of Bergey’s Manual of Systematic Bacteriology (Volume 1) Jordan
(1984) reclassified the Rhizobiaceae. He retained the 2 genera, Rhizobium and
Bradyrhizobium, but only 4 species as he combined three species formerly described as K.
leguminosarum, R. trifolii and R. phaseoli into a single species R. leguminosarum, with

three biovars, viciae, trifolii, and phaseoli (Table 5).

Rhizobium contains the fast-growing rhizobia with doubling time of 2-3 hours, that are

able to use a wide range of carbohydrates, are susceptible to antibiotics, and produce acid.
The genus was known to nodulate most of the temperate legumes. In contrast,
Bradyrhizobium is a genus of slow-growing rhizobia that nodulate most of the tropical

legumes. They have a doubling time of 5-6 hours, use only limited numbers of

carbohydrates, are more resistant to antibiotics, and produce alkali (Jordan, 1984).
In the last decade, rhizobial taxonomy has experienced a rapid change. New genera and
species have been recognised and transfers of species from one genus to another have also

been made (Table 6). Since the classification of the rhizobia in the 1984 edition of Bergey's

Manual of Systematic Bacteriology (Volume 1) (Jordan, 1984), three more new genera of
rhizobia have been recognised: Azorhizobium, Mesorhizobium, and Sinorhizobium (Young
& Haukka, 1996), and one genus Allorhizobium has been proposed (DeLajudie ef al.,
1998), and 23 species have been recognised or proposed (Table 6). This is apparently as a
result of more leguminous species and cultivars being studied, over a larger area, especially
from tropical regions.

Although the cross-inoculation grouping of rhizobia, as demonstrated by Fred &
Baldwin (1929), has been rejected in the newer taxonomies of rhizobia, it cannot be denied
that the rhizobial-host symbiosis is somewhat specific (Lieven-Antoniou & Whittam, 1997,
Santamaria ef al., 1997, Swelim ef al.,, 1997). Therefore, the more legume species and
cultivars that are studied, the greater the chance of revealing new species or maybe even
genera of rhizobia. One species of legume can be nodulated effectively by more than one

species of rhizobia from the same or different genera, e.g.
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Table 4. The taxonomic classification of the genus Rhizobium according to Baldwin &

Fred (1929).
Species Cross inoculation group
R. leguminosarum Frank Lathyrus spp., Pisum spp., Vicia spp. and Lens
R. trifolii Dangeard Trifolium spp.
R. phaseoli Dangeard Phaseolus vulgaris, Ph. angustifolia, and Ph.
R. meliloti Dangeard Melilotus spp., Medicago spp. and Trigonella
R. japonicum Kirchner Glycine max

Table 5. The taxonomic classification of rhizobia according to Jordan (1984).

Genera Species
Bradyrhizobium B. japonicum
Rhizobium | R. leguminosarum bv. trifolii

R. leguminosarum bv. phaseoli
R. leguminosarum bv. viciae
R. meliloti

R. loti
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Table 6. The current recognised genera and species of rhizobia.

Genera

Allorhizobiun
Azorhizobium

Bradyrhizo-
bium

Mesorhizo-
bium

Rhizobium

Species Original host/Cross
inoculation grourg

Al undicola Neptunia natans

Az. caulinodans Sesbania rostrata

B. elkanii Glycine spp.

B. japonicum Glycine spp.

B. liaoningense  Glycine spp.

M. amorphae  Amorpha fruticosa

M. ciceri Cicer arientinum

M. huakuii Astragalus sinicus

M. loti Lotus corniculatus

M. mediter- Cicer arientinum

raneum

M. plurifarium  Acacia senegal, Acacia

tortilis, Prosopsis
juliflora
M. tianshanense Glycyrrhiza palidiflora

R. etli Ph. vulgaris
R. galegae Galega orientalis
R. gallicum Ph. vulgaris
R. giardinii Ph. vulgaris

Desmodium sinuatum
Sesbania herbacea

R. hainanense
R, huautlense

R. legumino- Ph. vulgaris, Ph.
sarum bv. angustifolia, and Ph.
phaseoli multiflorus

R. legumino- Trifolium spp.
sarum bv.

trifolii

R. legumino- Lathyrus spp. , Pisum
sarum bv, viciae spp. Vicia spp. and
Lens spp.

Medicago ruthenica
Ph. vulgaris, Leucaena
SPP.

R. mongolense
R. tropici

Reference

DeLajudie ef al. (1998)

Dreyfus et al, (1988)
Kuykendall et al. (1992)

Jordan (1980)
Xu et al. (1995)

Wang et al. (1999)

Nour et al. (1994), Jarvis et
al. (1997)

Chen et al. (1991), Jarvis et
al. (1997)

Jarvis et al. (1982), Jarvis et
al. (1997)

Nour et al. (1995), Jarvis et
al. (1997)

DeLajudie ef al. ((1998))

Chen et al. (1995), Jarvis et
al. (1997)

Segovia et al. (1993)
Lipsanen & Lindstrom
(1988)

Amarger et al. (1997)
Amarger et al. (1997)
Chen et al. (1997)
Wang et al. (1998)
Jordan (1984)

Jordan (1984)

Jordan (1984)

VanBerkum ef al. (1998)
Martinez-Romero ef al.

1991
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Table 6. Continued

Genera Species

Sinorhizobium S, fredii

S. medicae
S. meliloti

. saheli

. teranga

S. xinjiangensis

Original host/Cross
inoculation group

Glycine spp.

Medicago spp.
Melilotus,
Medicago, and
Trigonella

Sesbania spp.
Sesbania spp, Acacia

Spp.
Glycine spp.

Reference

Scholla & Elkan (1984);
Chen et al. (1988)
Rome et al. (1996)

DeLajudie et al.
(1994)

DeLajudie et al. (1994)
DeLajudie et al. (1994)

Chenetal (1988)
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Phaseolus vulgaris can be nodulated by 5 different species of Rhizobium (R
leguminosarum bv. phaseoli, R. tropici, R. etli, R. gallicum, and R. giardinii), whereas
soybeans can be nodulated by five species belong to two genera of rhizobia: S. fredii, 5.
xinjiangensis, B. japonicum, B. elkanii, and B. liaoningense (Table 6).

The introduction of DNA fingerprinting techniques, particularly those based on the
polymerase chain reaction (PCR) have also made significant contributions to the changes in
rhizobial taxonomy (Kahindi et al., 1997). They provide a simple and rapid tool for the
separation of phenotypically indistinguishable isolates, to reveal genetic relationships
between isolates, and to detect new species (Laguerre ef al., 1994; Selenska-Pobell et al,

1995; Paffetti et al., 1996).

Studies of the Diversity of Rhizobial Strains Nodulating Leguminous Tree Species

Until now, the rhizobia that nodulate 4. mangium and P. falcataria have not been
assigned into any particular species. At a generic level, these rhizobia belong to
Bradyrhizobium (Souvannavong & Galiané, 1991; Moriera ef al., 1993). Souvannavong &
Galiana (1991) characterised 43 isolates of rhizobia isolated from root nodules of A.
mangium growing in its natural range in Australia, China, Congo, French Guyana, Ivory
coast, and Senegal. All belonged to the genus Bradyrhizobium based on their phenotypic
characteristics. More recently, 9 rhizobia were isolated from 4. mangium growing in
Indonesia, (Nuswantara ef al, 1997) and shown to be closely related to B. elkanii.
However, more studies involving a greatér number of isolates of rhizobia isolated from
different areas, including the natural habitat of the trees, are still needed. Information on the
rhizobia nodulaﬁng P. falcataria is limited, and studies are necessary to reveal the
characteristics of the microsymbionts. Characterisation and identification of both groups of
rhizobia are also needed to determine their specificity and nitrogen-fixing effectiveness
(Turk & Keyser 1992; Lesueur ef al., 1996). This information is also needed to develop a
strategy to conserve the diversity within the rhizobial population (Spoerke ef al., 1996) and
to select the best strains for the inoculation of a particular plant in a specific area.

Recently, the rhizobia that nodulate tropical leguminous trees have received more

attention, which has led to the discovery of new species, such as S. saheli and S. feranga

isolated from leguminous tree species Acacia and Sesbania growing in West Africa, and R,
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huautlense isolated from Sesbania herbacea in Mexico (Table 6). Rhizobia isolated from

tropical regions tolerate acid and alkaline soils, and may tolerate high temperatures and

high salinity (Lesueur et al., 1993; Surange ef al., 1997, Hashem ef al., 1998). Surange ef

al. (1997) found that rhizobia isolated from the leguminous tree species Albizia lebbeck

could survive temperatures up to 50°C, and that isolates of Sesbania formosa, Acacia
farnesiana, and Dalbergia sissoo from India were adapted well to soils of pH 12. All
strains isolated from these tree species tolerated salt concentrations up to 5% (W/v).
Lesueur et al. (1993) have found that rhizobia isolated from A. mangium were able to
tolerate a low soil pH of 4.5, and Al concentrations as high as 100 pM.

Studies of rhizobia nodulating leguminous trees presented above (Dupuy et al., 1994,
Haukka et al.,1996; Nuswantara et al., 1997, Marsudi ef al., 1999) support the fact that

rhizobia nodulating leguminous trees are genetically diverse. Some tree species may be

nodulated by more than one taxon, while others are more specific. Anyango et al. (1995)
described rhizobia from acid soils which were mainly broad host-range isolates.
Examination of the diversity of partial 16S ribosomal RNA gene sequences within
strains of rhizobia isolated from root nodules of A. senegal and Prosopsis chilensis trees
growing in Kenya and Sudan, showed that the symbionts belonged to Rhizobium and
Sinorhizobium (Haukka et al.,1996). Dupuy ef al. (1994) found that rhizobia isolated from
A. albida growing in Senegal had close relationships with B. elkanii and B. japonicum.
Marsudi ef al. (1999) studied the diversity of rhizobia nodulating Acacia saligna from
Australia, and found that this species was nodulated by R. leguminosarum bv. phaseoli, R.
tropici, B. japonicum, and Bradyrhizobium spp. (Lupinus). Turk & Keyser (1992) found

that A. mangium and P. falcataria were in the same cross-inoculation group, since their
Bradyrhizobium spp. could nodulate either plant.

In practice, understanding the genetic diversity of rhizobia that nodulate a particular
tree species is not the only solution to obtain the maximum benefit from N-fixation (Giller
& Wilson, 1993). Therefore, a study of the functional diversity of the bacteria should go
along with the study of the genetic diversity. Although many strains successfully nodulate
the tree, it may be only one compatible isolate is necessary to establish effective N-fixation
(Kahindi et al, 1997). Despite the extensive use of 4. mangium and P. falcataria in
Indonesia and in other countries, studies of the rhizobia nodulating these tree species are
still limited. In Indonesia at least, inoculation of these species with rhizobia has not become

a routine practice. However, seedlings in the nursery readily become nodulated by
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indigenous rhizobia. An important question needs to be answered: are the trees able to

form symbiotic relationships with a broad range of rhizobial taxa, or are the rhizobia that

are specific for these trees ubiquitous?

Tripartite Symbioses between Leguminous Plants, Rhizobia and Arbuscular
Mycorrhizal Fungi

The tripartite symbiosis between rhizobia, AMF, and nitrogen-fixing agricultural crops

(Chaturvedi & Kumar, 1991; El-Ghandour et al., 1996, Soliman et al., 1996), tropical
forage legumes (Arias et al., 1991), and pasture crops (Azcén ef al., 1991; Leopold &
Hofner, 1991) have been reported to have positive effects on plant growth, nodule

formation, nitrogen fixation, and phosphate uptake. Leguminous trees also commonly form

a symbiotic relationship with AMF (Colonna ef al., 1991; Kaushik & Kaushik, 1995;
Haselwandter & Bowen, 1996). The presence of both microsymbionts in the root is
indicated externally by the presence of nodules and the external structures of AMF, such as
extra radical mycelium (ERM) and spores. Inside the roots, the structures of AMF such as
intra-radical hyphae, arbuscules, and in some cases vesicles can also be observed after root
staining,

Arbuscular mycorrhizal fungi benefit plant growth by promoting plant nutrient
acquisition, especially P (Bolan, 1991; Fitter et al., 1996), N (Azcén et al., 1991; Azcon &
Barea, 1992), Cu and Zn (Tarafdar & Rao, 1997); they can also increase resistance to

plant pathogens (Liu, 1995; Sharma et al., 1995; Singh & Singh, 1995), and increase
tolerance to heavy metals (Hashem, 1995) and salinity (Azcon & El Atrash, 1997).

Recently, the use of AMF has also been reported to improve the survival of
micropropagated leguminous trees during transplantation (Naqvi & Mukerji, 1998; Subhan
et al., 1998).

The presence of AMF also affects the legume-rhizobial symbiosis beneficially by
increasing nodulation and nitrogen fixation in soils of low fertility (Singh & Singh, 1993;

Haselwandter & Bowen, 1996). Azcon ef al. (1991) suggested that the improvement of the

nodulation and nitrogen fixation in the mycorrhizal plants was due to the improvement of
the P status of the plants. Murakamimizukami et al. (1991) have also found that

‘colonisation by AMF increased indole acetic acid content in nodules which then promoted

nodule growth.



Diversity of rhizobia nodulating leguminous trees Acacia mangium and Paraserianthes falcataria... 18

One of the problems of the legume-rhizobial symbiosis is that it is sensitive to available
N in the soil. High N availability will inhibit nodulation and N fixation (Abdel-Wahab ef
al.,, 1996). High N availability can result from the decomposition of litter produced by the
legume itself (Postgate, 1998). In the tripartite symbiosis, where the soil fertility is poor
and the N availability is low, rhizobia will nodulate the legume and fix N. However, when
the N availability in the soil increases due to the decomposition of litter produced by the
legume, AMF will enhance the uptake of N by the legume (Azcon ef al., 1991; Azcon &
Barea, 1992). Therefore, the rapid uptake of the available N mediated by the mycorrhiza
will prevent the deleterious effect of N on nodulation and N-fixation by rhizobia, With this
kind of interaction, the N cycling between rhizobia-legume is more efficient. The legume,
thus, not only obtains N from direct N-fixation, but also from the mineralised N via uptake
by AMF.

The benefit of the tripartite symbiosis to AMF has also been reported (Biro ef al., 1993,
Xie et al., 1995; Barea et al., 1996). Xie et al, (1995) have found that plant flavonoids
mediate induced stimulation of colonisation by AMF in soybean roots. Xie ef al. (1998)
later found that the Nod factor, lipo-oligosacharides secreted by rhizobia that induce nodule
formation (Price ef al., 1996), also promoted sporocarp production by Glomus mosseae.
Barea et al. (1996) found that inoculation with rhizobia increased the number of
mycorrhizal entry points in alfalfa roots, thus increasing colonisation by AMF.

Preliminary studies on the tripartite symbiosis have indicated that there may be a need
for the selection of compatible combinations of the microsymbiont to obtain a maximum
benefit from the 2 symbionts (Azcén et al., 1991). Azcén et al. (1991) used six strains of
Rhizobium (currently Sinorhizobium) meliloti and three Glomus spp., and found that
symbiotic efficiency (promotion of plant growth, and N and P acquisition) depended on the
particular combination of Rhizobium and Glomus, indicating selective and specific-

compatibility. Other experiments using different plant and AMF species combinations, and

rhizobial strains also have given similar results (Ianson & Linderman, 1993; Ruiz-Lozano &
Azcon, 1993).

Despite the intensive planting of leguminous trees in adverse areas, where the growth of
seedlings has been limited by the supply of P from soil (Binkley, 1997), the benefit of the
tripartite symbiosis has not been adequately explored (Azis & Sylvia, 1993). Recent
studies have shown that the tripartite symbiosis on leguminous trees can give the same

beneficial effects as those demonstrated in agricultural crops (Dodd et al., 1990; Baker e/
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al., 1995; Stamford et al., 1997). Therefore, these studies need to be extended to other
important leguminous tree species, including A. mangium and P. falcataria, by using a
wide range of AMF species and rhizobial strains. An study of these two species using a
single rhizobial strain and four AMF isolates, Glomus fasciculatum, Gigaspora margarita,
Scutellospora persica and Sclerocystis clavispora, showed a positive response of these

species to dual inoculation (De la Cruz ef al., 1988).

Objectives of the Study

In view of the lack of knowledge about the rhizobia that nodulate A. mangium and P.

Jalcataria and their interactions with AMF as mentioned above, the objectives of this study

are:

1. To isolate, characterise and identify the rhizobia from A. mangium and P. falcataria
growing in different geographical regions in Indonesia using morphological and

- physiological characterisation, pyrolysis mass spectrometry (PyMS) of the whole

cells, and PCR-based DNA fingerprinting.

2. To study.the host range of the rhizobial strains obtained from these tree species by
inoculating the strains onto other species of leguminous plants.

3. To study the variation in plant growth response and ability to fix N following
inoculation of tree legumes with these rhizobial strains.

4, To rstudy the variation in interactive effects between the rhizobial strains and AMF

species from different genera in the greenhouse.

S. To study the different patterns of establishment of AMF species from different
genera through the development of a microcosm-based observation chamber.

Because of the slow-growing nature of these trees, relative to most agricultural
crops, these objectives were not tackled in a chronological sequence. Several aspects were

investigated concurrently.
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II. Phenotypic diversity of root-nodule bacteria isolated from tropical
leguminous tree species Acacia mangium and Paraserianthes
falcataria growing in Indonesia

Introduction

- Acacia mangium and Paraserianthes falcataria are two economically important

leguminous tree species grown in Indonesia and many other countries. These multipurpose
tree species are fast-growing and are commonly planted to produce timber, firewood and
fodder, and also for land reclamation. Acacia mangium and P. falcataria form symbiotic
relationships with rhizobia, which enable the trees to fix nitrogen (N) from the atmosphere
(Umali-Garcia ef al., 1988; Galiana et al.,, 1990; Turk & Keyser, 1992; Galiana ef al.,
1994, Fremont et al, 1999). Despite this knowledge about their symbiotic potential,
information about the phenotypic characteristics of the microsymbionts is lacking. These
tree species have been reported to be nodulated mainly by Bradyrhizobium (Turk &
Keyser, 1992; Moreira et al., 1993, 1998), although the presence of Rhizobium in the root
nodules has also been reported (Padmanabhan et al, 1990; Fremont et al., 1999).
Nuswantara et al. (1997) reported that rhizobia isolated from 4. mangium from Indonesia
were closely related to Bradyrhizobium elkanii based on 16S ribosomal RNA gene
sequences. - This study, however, used a limited number (9) of strains, which might not
reflect the diversity of rhizobia nodulating A. mangium in Indonesia. They did not find
fast-growing rhizobia associated with A. mangium. 1In contrast, there is no information
regarding the rhizobia nodulating P. falcataria in Indonesia. Therefore, more extensive
studies of rhizobia nodulating these tree species from wide geographical regions in
Indonesia are needed.

Phenotypic characterisation (cultural, morphological, physiological traits, and
symbiotic) has long been used to characterise rhizobia. Useful characters have been listed
by Moffett & Colwell (1968), and include growth rates, colony morphology, resistance to
antibiotics, and carbon source utilisation. The techniques are very simple and do not need
advanced equipment. Although more recent techniques have been developed to
characterise rhizobia, such as biochemical and DNA-based techniques, the phenotypic
characterisation is still regarded as an important technique and is necessary to describe

novel genera and species of rhizobia (Graham et al., 1991).



Phenotypic diversity of root-nodule bacteria isolated from tropical leguminous tree ... I1.2

Other new techniques have been applied to rhizobial characterisation. For example,
pyrolysis mass spectrometry (PyMS) has been shown to discriminate between closely
related bacteria (Shute et al., 1984; Goodacre ef al., 1991). The analysis is directly derived
from whole cells, therefore, small changes in metabolites can be detected (Kay ef al.,
1994; West ef al,, 1999). The technique has been successfully used to characterise
rhizobial strains (Goodacre ef al, 1991; Kay et al., 1994) and other bacteria such as
Bacillus (Shute et al, 1984), Escherichia coli (Goodacre & Berkeley, 1990), and
cyanobacteria (West et al., 1999). Barrera et al. (1997) have used PyMS to study the
diversity of bradyrhizobia nodulating Lupinus spp. They assigned the strains into 3
different groups, which were generally in agreement with their multilocus enzyme
electrophoresis patterns. Standardised culturing methods, such as media and growth
conditions, and bacterial behaviour may influence results, such as sporulating or non-
sporulating cultures of Bacillus (Shute et al., 1984), or the production of specialised cell
types having different chemical composition as in cyanobacteria (Shute ef al., 1984, West
et al., 1999). Providing a standardised method is used, this technique has great potential to
discover novel strains of bacteria (Colquhoun ez al., 1998).

The objective of the current study was to study the diversity of the rhizobia and non-
nodulating strains of root-nodule bacteria isolated from A. mangium and P. falcataria
growing in different geographical regions in Indonesia using phenotypic characteristics
and biochemical properties. The term root-nodule bacteria has usually been associated
with rhizobia (Jarvis et al., 1982; Jordan, 1982). However, this is strictly not appropriate

since other bacteria as well as rhizobia can be found in the root nodules of legumes (Sturz

et al., 1997). In this study the term root-nodule bacteria is used to cover both the

nodulating (rhizobia) and non-nodulating bacteria isolated from the root nodules of tree

legumes.

Materials and Methods

The 1investigation comprised of three main steps: root nodule and soil sample
collection; isolation of root-nodule bacteria and plant nodulation tests; and bacterial
characterisation which included phenotypic characterisation, biochemical characterisation

using PyMS, and host range analysis for the rhizobial strains.
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Origin of soil and root nodule samples

Root nodules and soil samples were collected from 11 different geographical areas in 8
provinces, spread across 6 different islands in Indonesia (Fig. 1). The origin of the
samples where nodule or soil samples were taken are presented in Table 1. Root nodules
were transported from the sampling sites to the laboratory in 25 ml vials containing 10 ml

of 2.5-6.0 mm diam. sterile silica gel (Fisons, Loughborough, England) and cotton
(Robinson Healthcare, Chesterfield, UK) as described by Somasegaran & Hoben (1994),

or kept attached to living seedlings and put in plastic bags with soil. The latter was done
for the samples taken from Garut, Mangole and Palu because seedlings were available

from this area and because of the long distance of transport. Soil samples were also
transported to the laboratory in plastic bags and used for trapping of rhizobia with A.

mangium and P. falcataria as host plants.

For soil characterisation, samples were finely ground and N was measured using
distilation and titration method after following a Kjeldahl oxidation, total organic C was
determined using colorimetric method, P was analysed using molybdenum blue method,
Ca, Mg, K, Na and Al were determined using an atomic absorbtion spectrometer

(Anderson & Ingram, 1993). Results of the soil analyses were presented in Table 1.

Trapping of rhizobia from soil samples

Plastic pots (14 cm diam.x10 ¢m height) were used to grow either A. mangium and P.
falcataria. Two third of the pots were filled with sterile zeolite sand (diam. 2-4 mm, pH
6.9). A 100 g sample of each soil was layered on top of the zeolite, and the pot was then
filled with sterile zeolite. Two aseptically germinated seedlings (7-days-old) of each host
plant were planted in the same pot to give opportunity the rhizobia to nodulate their most
appropriate host (Fig. 2). The pots were then hung on racks (50 cm above the floor) in the
greenhouse to avoid cross contamination from excess watering. The greenhouse conditions
were: minimum/maximum temperatures 21 and 39°C respectively, and relative humidity
ranged from 50 to 80%. The seedlings were watered every two days using sterile deionised
water (dH,0) and fed every 14 days with an N-free solution (Broughton & Dilworth,
1971, Appendix IA). The trap cultures were maintained in the greenhouse for three

months, after which root nodules were harvested and rhizobia were isolated.
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P. falcataria A. mangium

Figure 2. Trapping of rhizobia from soil. Soil samples were trapped in pot cultures for
three months. Both Acacia mangium and Paraserianthes falcataria were planted in the

same pot to give opportunity to the rhizobia to nodulate appropriate host.

&——— Sponge plug

2

’

%\;_ Seedling

T'erragreen

Root

&———  N-free agar medium

Figure 3. Test tube system to conduct the authentication test. The seedling of

Paraserianthes falcataria was inserted next to the glass wall so that nodule formation
could be observed easily.
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Isolation of rhizobia

The nodules were separated from the root 3 months after sowing either A. mangium

and P. falcataria, washed in distilled water, and then surface sterilised as described by
Somasegaran & Hoben (1984). Nodules were immersed in 95% (v/v) ethanol for 10 sec
then soaked in 3% (v/v) H,0; for 5 min, and finally washed three times with sterile dH;0.
Subsequently,” nodules were crushed in 1.5 ml microcentrifuge tubes containing SO pl
sterile dH20. The suspension was streaked onto yeast-extract mannitol agar (YMA)
medium (Vincent, 1970; Appendix IB) amended with congo red. Colonies which did not

absorb congo red, and differed from each other in morphological characteristics were

selected from each plate and re-inoculated onto YMA. Pure cultures were obtained after

one or more further subculturing steps.

Plant nodulation tests

The ability of strains to form nodules was tested on their respective original host
plants, A. mangium and P. falcataria, under laboratory conditions in 2.5 cm diam. test
tubes. A layer of terragreen, an inert, attapulgite clay (Oil Dri, Wisbech, Cambs, UK),
was placed on top of 15 ml N-free nutrient agar (Broughton & Dilworth, 1971; Appendix
IA) (Fig. 3). A 7-week-old seedling of A. mangium or P. falcataria was inserted into the
media in each tube. Three replicates for each plant were inoculated with each strain of
rhizobia. The test tubes were then kept in the greenhouse simulating tropical conditions
(min. 18°C/max 40°C, relative humidity 60-80%, and light intensity 400-600 pmol m™s™).
The test was carried out for 12 weeks after which the plants were harvested and scored for
the presence and absence of nodulation. It was found in the preliminary experiment that

some rhizobial strains, especially those isolated from A. mangium, formed nodules 12

weeks after inoculation.

Characterisation of bacterial strains

Bacterial strains were characterised by Gram staining, colony morphology, growth
rates on YMA and yeast extract mannitol broth (YMB, Appendix IB), acid and alkaline

reaction, carbon source utilisation tests, tolerance to NaCl, antibiotic resistances, and host
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range. Pyrolysis mass spectrometry (PyMS) analyses were also conducted for some

strains recovered from the root nodules of P. falcataria. Five type or reference strains
representing 5 recognised genera of rhizobium were included in some tests: Azorhizobium
caulinodans ATCC 43989 Bradyrhizobium elkanii ATCC 49852', Bradyrhizobium
japonicum NCIMB 11477", Rhizobium leguminosarum bv trifolii ATCC 14479, and
Sinorhizobium meliloti NCIMB 120757, All strains, including the reference and type

strains, were maintained on YMA, except for Az. caulinodans which was maintained on
TY agar media (Beringer, 1974; Appendix IC). Stock cultures of bacterial strains used for

NaCl tolerance, antibiotic resistances, and carbon sources utilisation tests were prepared in
YMB. All cultures were incubated at 30°C for S days in the dark.

The Gram stain

Cultures were scored as Gram-negative or -positive following the Gram staining

procedure described by Somasegaran & Hoben (1994).

Relative growth rates on YMA and YMB

 To determine the relative growth rates of the bacterial strains on YMA, the strains
were streaked onto the agar medium (Lochner ef al, 1991). The cultures then were
incubated at 30°C and observation was carried out every day for 12 days. The first
appearance of visible single colonies on every plate was recorded. Two replicates were
made for each bacterial strain.

To determine the growth rates (turbidity compared to a standard) in YMB, a loopful (2
mm diam.) of bacterial culture on YMA (7-days-old) was inoculated into 10 ml YMB in
25 ml universal bottles. The bottles were incubated at 30°C on a rotary shaker at 120
rpm. A set of McFarland standards (Bio-Mérieux, France) was used to compare the
turbidity of the cultures 7 days after inoculation. Two replicates were made for each

bacterial strain.
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Acid and alkaline reaction

Root nodule solates were grown on YMA amended with bromthymol blue (25 mg '

as a pH indicator. An acid reaction changed the colour of the medium from blue green to
yellow and an alkaline reaction changed the medium to blue. The cultures were incubated

at 30°C for 7 days then scored for colour changes.
Morphological characterisation

Morphological characteristics of colonies were determined on YMA § days after

inoculation according to Moffet & Colwell (1968).

Carbon source utilisation

All carbon sources to be tested were prepared as stock solutions (sterilised by
filtration) and were added to MS medium to give a final concentration of 15 mM (Jordan,

1984; Appendix ID). The carbon sources tested were L+arabinose, D-fructose, galactose,

D-glucose, B-lactose, maltose, D-mannitol, D-mannose, Na-succinate, D+raffinose, D-
sorbitol, sucrose, and xylose. These carbon sources were useful to distinguish fast-
growing from slow-growing rhizobia (Graham, 1964). Stock cultures of the bacterial
strains were inoculated onto the test plates using a replica plater with a 8x6 array (Sigma-
Aldrich Co. Ltd, Dorset, England). Each strain was replicated twice on different plates.

The plates were incubated at 30°C for 7 days and the presence or absence of bacterial

growth was scored.
Antibiotic resistances

- The resistance of bacterial strains to antibiotics was tested on YMA (Somasegaran &
Hoben, 1994). Fresh filter-sterilised antibiotics were added to melted YMA, which had
been cooled to 50°C, to give final concentrations (ug ml') of: carbenicillin, 10;
erythromycin, 2.5 and 5; neomycin sulfate, 1.25 and 2.5; streptomycin sulfate, 2.5 and 10;
vancomycin hydrochloride, 5. Stock solutions of antibiotic were made at 10 mg ml” in

sterile dH,0, except for erythromycin (5 mg ml! in ethanol). Inoculation was conducted
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using a replica plater as described previously for the carbon source investigation. Plates

were incubated at 30°C for 7 days in the dark.

NaCl tolerance

The tolerance of bacterial strains to NaCl was conducted only for strains of bacteria

that were able to re-nodulate A. mangium or P. falcataria (i.e. confirmed rhizobia).
Tolerance to NaCl was examined on YMA plates adjusted to the required NaCl
concentration: 0, 0.5, 3.0, 5.0, 7.0 and 10.0% (w/v). Inoculation was conducted using a

replica plater as described previously for carbon utilisation tests. Two replicates were

prepared for each strain on different plates. Cultures were then incubated at 30°C for 7

days in the dark after which the plates were scored for the presence or absence of bacterial

growth.

Host range tests

Six rhizobial strains from A. mangium (AMAG 3010, AMBG 2030, AMJB 1010,
1020, 3010, and AMKT 4010) and seven rhizobial strains from P. falcataria (PFAG 5030,
5040, 5070, 6030, 6040, PFIR 3040, PFJB 1040) representing different groups and
clustered on a phenotypic basis were selected for the test. Rhizobium leguminosarum bv
trifolii ATCC 14479 and S. meliloti NCIMB 12075 were also included in the tests. Seven
host plants representing the original host for the major recognised genera of rhizobia were
used in this study: Galega officinalis, Lotus corniculatus, Medicago sativa, Trifolium
pratense, Vicia faba, Cicer arietinum, Pisum sativum. Later the strains were also tested
for their ability to nodulate Glycine max. In this test only the type strains of B. elkanii
ATCC 49852" and B. japonicum NCIMB 11477 were used, because G. max is known to

be nodulated effectively by these strains. The experiment was conducted as for the plant

nodulation test described earlier.
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Data Analyses for the phenotypic data

The data from Gram stain determinations, colony morphology, acid and alkaline

production, carbon source utilisation tests and resistance to antibiotics were used to
construct a dendrogram using an unweighted pair-group method using arithmetic average

(UPGMA). The UPGMA analysis was performed using the statistical package Minitab

version 11 for Windows.

PyMS analyses

A total of 35 bacterial strains were compared, including 31 rhizobial strains isolated
from P. falcataria (PFAG 1030, 2020, 2030, 5030, 5040, 5050, 5070, 5100, 6030, 6040,
6070, 6080, PFBG 2012, 2060, PFGR 1010, PFIR 2030, 3010, 3040, 3050, 3060, 3093,
3120, PFIB 1010, 1040, PFLP 1010, PFMG 1020, PFPL 2020, PFRU 1010, 3010, 5012,
5020) and type strains of Azorhizobium caulinodans ATCC 43989, B. japonicum NCIMB
11477" and Sinorhizobium meliloti NCIMB 120757, and a reference strain of R.
leguminosarum by trifolii ATCC 14479. Bacterial strains were grown on TY medium and
incubated at 30°C for 3 days. To perform PyMS analysis, Ni-Fe (50:50) foils with Curie-
point 530°C (Horizon Instruments, Heathfield, Sussex, England) were inserted, using
forceps, into clean pyrolysis tubes (Horizon Instruments) so that 2/3 of the foil protruded
from the mouth of the tubes. The bacterial colonies were picked from across the plate,
avoiding the surface of the growth medium, using a 2 mm diam. platinum wire loop, and
smeared on one surface of the protruding foils to give a uniform surface coating.
Triplicate samples were prepared for each strain. The samples were air-dried on the bench
for 30 min, then were further dried in the oven at 80°C for 10 min. Subsequently, the foils
were pushed 10 mm further into the tube using a stainless steel depth gauge, to locate the
samples 1n the tubes for pyrolysis. Viton O-rings (Horizon Instruments) were placed on
the tubes. The samples were then pyrolysed in the RAPyD-400 pyrolysis mass
spectrometer (Horizon Instrument) at 530°C for 3 sec. Integrated ion counts for each
sample at unit mass intervals from 51-200, together with the total ion counts of each

sample and its PyMS sequence number, were recorded automatically using a PC

connected to the PyMS machine. The same computer was used to programme the PyMS.

GENSTAT version 5.1 was employed to perform multivariate analysis of the spectral data.



Phenotypic diversity of root-nodule bacteria isolated from tropical leguminous tree ... 11.12

The data matrix (mass spectral intensities) generated by GENSTAT was used to cluster the

strains using UPGMA-analysis with Minitab version 11 for Windows.

Results

Root nodule collection and trapping

Root nodules of 4. mangium and P. falcataria collected from the field exhibited
indeterminate growth (Fig. 4). At this stage the root nodules of A. mangium could readily
be distinguished from those of P. falcataria. Root nodules of 4. mangium had longer

branches and a darker colour (dark brown) compared with the root nodules of P. falcataria
(light brown). Thirty-seven strains of root-nodule bacteria were recovered from A.

mangium and seventy-one strains were recovered from P. falcataria (Table 2). These

strains were selected because they did not absorb or weakly absorbed congo red when they

were grown on YMA amended with congo red (Fig. 5).

Plant nodulation tests

All 109 strains were tested for their ability to nodulate their respective hosts, 4.
mangium and P. falcataria. However, only 26 nodulated 4. mangium and 32 strains
nodulated P. falcataria (Table 2). Two additional strains of Bradyrhizobium from Brazil,
BR 3609 and BR 3617, originally isolated from Acacia auriculiformis and A. mangium,

respectively, were also inoculated on A. mangium and were also able to form nodules.

Morphological characterisation

Morphological characteristics, such as colony size, shape, colour and texture, growth

rates on YMA and in YMB, and acid or alkaline reaction of the rhizobia and the non-

nodulating strains of the root-nodule bacteria, are presented in Table 3. Rhizobial strains

were generally gummy (74%) and opaque (98%) with an off-white colour (98%). They
also exhibited slow growth on YMA (91%), and produced an alkaline reaction (97%).
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Figure 4. Root nodules of Acacia mangium (a) and Paraserianthes falcataria (b)
recovered from the field. Root nodules of A. mangium show different morphological
characteristics from those of P. falcataria in terms of colour and shape. Bars= 1 cm.

Figure 5. Colonies of root-nodule bacteria on YEMA+congo red. Those did not or weakly
absorbed congo red were selected for further subculturing.

Figure 6. Growth of root-nodule bacteria isolated from the root nodules of Acacia
mangium and Paraserianthes falcataria on media containing carbon sources, a) no-carbon

source, b) galactose, ¢) lactose. Inoculation was performed using a replica plater with a
8x6 array.



Phenotypic diversity of root-nodule bacteria isolated from tropical leguminous tree ...

I1.14

Table 2. Root nodule bacteria isolated from A. mangium and P. falcataria from different
geographical areas in Indonesia. The strains were isolated directly from field-collected

root nodules (*) or soil sample traps (*).

Location

Bogor, West
Java*

Garut, West Java*

Parung Panjang,
West Java*

Kediri, East Java*

Lampung,
Lampung’
Pasir Mayang,
Jambi®

Surya Dumai,
Riau”

East Kalimantan®

Palu, Central
Sulawesi (*,")
Mangole,
Maluku (*,9)
Irian Jaya*

EMBRAPA,
Brazil®

Total number of
strains

Strains

No P falcataria

2

26

17

71

PFBG 2012, 2060

PFGR 1010, 2010
PFJS 1012

PFAG 1030, 2020,

2030, 5010, 5020, 5030,

5040, 5050, 5061, 5070,
5080, 5090, 5100, 5110,
5120, 6010, 6020, 6030,
6040, 6050, 6060, 6070,
6080, 6090, 6100, 6110
PFLP 1010, 1020, 1031,
1033, 1040

PFJB 1010, 1040

PFRU 1010, 3010, 3020,

4010, 5012, 5020

PFPL 1012, 2010, 2020

PFMG 1020, 1030, 2020,

3010, 3030, 3040, 5010
PFIR 1020, 1031, 2010,
2030, 2050, 2080, 3010,
3020, 3030, 3040, 3050,
3060, 3091, 3092, 3093,
3110, 3120

No A. mangium

12  AMBG 1010, 2010,
2020, 2030, AMNO
1010, 1021, 1031, 1041,
1042, 2010, 2020, 2040

AMIS 1021,
AMJG1010

5  AMAG 1010, 1030,
1050, 3010, 4010

2 AMLP 1010, 2010

5 AMUJB 1010, 1020,
1030, 1040, 3010

7 AMRU 1010, 1020,
2010, 3020, 4010, 6010,

7010
5 AMKT 1010, 2011,

2020, 2030, 4010

2 BR 3609°, 3617

40

fobtained from EMBRAPA-CNPAB through Dr E.M. Ribeiro da Silva, ° originally
isolated from Acacia auriculiformis. Strains with italised codes were able to nodulate
their respective hosts.
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Table 3. Colony morphology of the nodulating and non-nodulating strains of root nodule
bacteria 1solated from root nodules of 4. mangium and P, falcataria.

Nodulating strains

(58%)

Non-noduliating

strains (51)

Number® % Number %)

Size

- small (1-2 mm) 20 34 21 41

- medium (2-5 mm) 38 66 30 59
Shape

- convex 43 74 12 24

- rough 0 0 0 0

- entire edge 58 100 51 100
Texture

-~ watery 15 26 21 41

- gum production 43 74 18 35

- mucilagenous 0 0 11 22
Colour

- Opaque 57 98 30 39

- translucent 1 2 20 39

- white 1 2 11 22

- off-white 57 08 20 39

- white precipitate 8 14 0 0

-yellowon TY 0 0 5 10
Growth rate on YMA

- fast (3-5 days) S 9 49 96

- slow (5-7 days) 53 91 2 4
Growth rate on YMB

- fast (2-3 days) 0 0 37 73

- slow (3-5 days) 58 100 14 27
Acid/alkaline production

- acid 2 3 31 61

- alkaline 56 97 4 8

- neutral 0 0 16 31

*number of strains tested, ® number of the strains that showed positive results.
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Table 4. Carbon source utilisation by rhizobia and non-nodulating strains of root nodule
bacteria isolated from root nodules of A. mangium and P. falcataria.

Carbon source _Nodulating (58") Non-nodulating (51)
Number ® % Number %
[+ Arabinose 29 50 40 78
D-Fructose 13 22 40 78
Galactose 13 22 36 71
D-Glucose 33 57 39 76
-Lactose 11 19 26 51
altose 36 62 44 86
D-Mannitol 58 100 40 78
D-Mannose 19 33 42 82
Na-Succinate 12 21 390 76
D+ Raffinose 24 41 33 65
D- Sorbitol 15 26 29 57
Sucrose 21 36 36 71
Xylose 34 59 37 73
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A small number of strains of non-nodulating bacteria had similar morphological characters

as the rhizobia. However, most of the non-nodulating strains were fast growing on YMA
(96%) and produced an acid reaction (61%). Substantial numbers (30%) of the strains
showed a neutral reaction. The type strain of B. japonicum produced an alkaline reaction,

while those of R. leguminosarum bv trifolii and S. meliloti produced an acid reaction.

Carbon source utilisation

In general, the rhizobial strains used a narrower range of carbon sources than their

non-nodulating counterparts. Figure 6 shows examples of the growth of different strains
of root-nodule bacteria on media containing different carbon sources. Only arabinose,
glucose, maltose, mannitol and xylose were used by more than 50% of the rhizobia. In

contrast, 51-86% of the non-nodulating strains were able to use all the carbon sources

tested (Table 4). All strains of rhizobia were able to use mannitol as a source of carbon.

When the pattern of carbon source utilisation was used for typing of the root-nodule
strains, 79 patterns were found, but only 9 patterns were shared by more than one strain
(Table 5). Pattern 1 was the most common pattern being shared by 20 strains which were

able to use all carbon sources tested.

Antibiotic resistance

More than 50% of the strains of root-nodule bacteria were resistant to all antibiotics
and dosages tested (Table 6). Carbenicillin was the least toxic antibiotic, 59% of rhizobial

and 82% of the non-nodulating strains were able to grow on the media amended with 10

ug ml™" of this antibiotic. Typing of the strains using the antibiotic resistance patterns

generated 30 different fingerprints, and 11 patterns were shared by more than 1 strain
(Table 7). Pattern 1 was shared by 43 strains, which were resistant to all antibiotics and

dosages used. This pattern was not exclusive to the rhizobial strains.
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Table 5. Carbon source utilisation patterns of nodulating and non-nodulating strains of
root nodule bacteria. Thirteen carbon sources were used in the study. Only patterns that
were shared by more than one strain were presented here.

No.

NS AW

oo

ara= L+ Arabinose, fru= D- Fructose, gal= Galactose, glu= D-Glucose, lac=
mal= Maltose, mat= D-Mannitol,

Strains

PFAG 5040, PFAG 5050,
PFIR 3040, AMBG 1010,
AMKT 1010, S meliloti,

PFBG 2060, PFIR 1031,
PFIR 2030, PFIR 3010,

PFIR 30350, PFIR 3093,
PFIR 3120, PFGR 1010,
PFPL 2020, AMKT 2030,
AMLP 2010, AMRU 1010,
AMRU 4010, AMJG 1010

PFRU 1010, AMNO 1041,
AMNO 1042, AMNO 2040,
AMBG 2010, AMBG 2020,
AMBG 2030, AMAG 1050

PFAG 5030, PFAG 6110
PFAG 6030, PFAG 6040
AMNO 2010, AMAG 4010
AMKT 4010, AMIJS 1021

R. leguminosarum bv

trifolii, PFIR 3060

PFIR 3091, PFMG 3030
AMRU 1020, AMRU 6010

Carbon source utilisation pattern

ara fru gal glu lac mal mat mas suc raf sor sur 1
+ + + + + + + + + + + + +

- - - - - - + - - - - ® -

+ - - + - 4 - - + . - +
+ . . + - + + . . + + + +

L L - [ - - + - - - + - L

+ + + + + + + + + + . + +
+ + + + + + + + . + + +
+ . - + . + + - - . + -

+ + + - + + + 4 . +

B-Lactose,
mas= D-Mannose, suc= Na Succinate, raf= D+

raffinose, sor= D-sorbitol, sur= Sucrose, xyl= Xylose.
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Table 6. Resistance to different antibiotics of nodulating and non-nodulating strains of
root nodule bactena isolated from A. mangium and P. falcataria.

Antibiotics (ug mi™) _Nodulating strains (587) Non-nodulating strains (51)
- Numbe’ (%)  Number (%)

Carbenicylin (10) 34 59 42 82

Erythromycin (2.5) 33 57 31 61

Erythromycin (5) 33 57 26 S1]

Neomycin sulfate (1.25) 42 72 40 78

Neomycin sulfate (2.5) 42 72 41 80

Streptomycin sulfate (2.5) 44 74 45 88

Streptomycin sulfate (10) 40 61 40 78

Vancomvycin hvdrochloride 30 52 27 53

*number of strains tested, ® number of strain resistance to the corresponding antibiotic and

dose.
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Table 7. Antibiotic resistance patterns of rhizobial and non-nodulating strains of root

nodule bacteria isolated from root nodules of 4. mangium and P. falcataria. Only typing
patterns that were shared by more than one strain were presented here.

No. Strains Pattern of fingerprint
car 10 ery ery neo neo str2.5 str10 vand
2.5 3 1.25 2.5
. PFAG 1030, PFAG 2030, PFAG 5010, PFAG + + + + + + + +

5030, PFAG 5040, PFAG 5050, PFAG 5061,
PFAG 5090, PFAG 5100, PFAG 5120, PFAG
6030, PFAG 6040, PFAG 6050, PFAG 6060,
PFAG 6070, PFAG 6080, PFAG 6090, PFAG
6100, PFAG 6110, PFRU 1010, PFRU 5020,
PFJB 1010, AMNO 1021, BR 3617, AMAG
1010, AMJB 1030, S. meliloti, Az. caulinodans,
PFIR 2010, PFIR 2030, PFIR 3060, PFIR 3093,
PFPL 2020, PFAG 2020, PFRU 3010, PFRU
3020, AMJS 1021, AMKT 2011, AMKT 2030,
AMLP 2010, AMRU 3070, AMRU 4010,
AMRU 6010

2. PFAG 5080, PFAG 6020, AMBG 1010, AMJB o+ - . + + + + -
1020, PFIR 3092, PFMG 1030, PFMG 3040,
PFMG 5010, PFPL 2010, AMJG 1010

3. PFAG 5110, PFAG 6010, PFJS 1012, AMNO - - - . - + + -
1010, AMNO 1022, AMAG 3010, AMKT
2020, PFIR 3030, PFIR 3091, PFGR 2010,

PFMG 3010, PFMG 3030, PFPL 1012

4. AMNO 1031, AMNO 1041, AMNO 2020, . . . . . . . .
AMNO 2040, AMBG 2010, AMBG 2020, B.

S. AMNO 1042, AMAG 1030, AMJB 1010, R. - + + + + . . .
leguminosarum var trifolii

6. AMNO 2010, AMBG 2030 . . . + + . . .

7. PFLP 1031, PFMG 1020, AMRU 7010 + + . + + + + -

8. AMKT 1010, AMJB 1040, AMJB 3010 . . . . . + . -

9. PFIR 3020, PFIR 3110 + + + + + + + -

10. PFBG 2060, PFIR 3120, PFLP 1010, AMLP + + + + + . . +
1010, AMRU 1010

11. PFGR 1010, PFRU 5012 + + + + + + . +

car= carbenicillin, ery= erythromycin, neo= neomycin, str= streptomycin, van= vancomycin, number under
each antibiotic was the dose of the respective antibiotics
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NaCl tolerance

More than 50% of the rhizobial strains were tolerant to NaCl up to the concentration of

7% (w/v), but all strains failed to grow on the media amended with 10% (w/v) NaCl
(Table 8).

Host range

The results of the host range test are presented in Table 9. From 13 strains tested, none

of them produced root nodules on C. arietinum, Ga. officinalis, and V. faba. Two strains
(AMJB 1020 and PFIR 3040) were able to nodulate L. corniculatus, and four strains
produced root nodules when associated with G. max. Strains AMAG 3010, AMBG 2030,

and PFAG 5070 produced galls (or pseudonodules sensu Trinick, 1980), abnormal nodules
‘and did not fix N, when associated with 7. pratense (Fig. 7). There was no indication of

nitrogen fixation associated with gall production since the plant leaves were yellowish.

Cluster analysis

- Cluster analysis for all of the root-nodule strains and type strains separated the strains
into two main groups with 25% average similarity (Fig. 8a, b). The first group consisted
of 6 clusters which contained most of the rhizobial strains and the type strains of B.
Jjaponicum, while the second group comprised 5 clusters which contained mostly the non-
nodulating strains and fast-growing type strains of rhizobia. Sinorhizobium meliloti and
R. leguminosarum bv trifolii were placed in the same sub-cluster with only approximately
50% similarity, while Az. caulinodans was placed in a different cluster from the latter two
type strains,

Cluster 1 contained mainly strains of rhizobia isolated from P. falcataria growing in
Kediri, East Java. These strains were able to use arabinose, méltose, mannitol and xylose
as carbon sources and were resistant to all the antibiotics tested. Cluster 2 comprised of

strains that were able to use all the carbon sources and were resistant to all the antibiotics

tested. These strains were isolated from both A. mangium and P. falcataria. Strains in

cluster 3 were able to use arabinose, glucose, maltose, mannitol and xylose as carbon
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Table 8. Tolerance of the 58 nodulating strains of rhizobia isolated from A. mangium and
P. falcataria to NaCl.

NaCl concentration (%) Number® (%)
0 42 72
0.5 49 84
3 39 67
S 39 67
7 33 57
10 0 0

‘number of strains tolerant to the corresponding NaCl concentration.

Table 9. Ability of different rhizobial strains obtained from the root nodules of 4.
mangium and P. falcataria to form nodules with other leguminous plant species.

Strain Plant species
Cicer Galega Glycine Lotus Medicago Pisum Trifolium Vicia

AMAG 3010 - - - - - - x -
AMBG 2030 - - + - + . + .
AMIB 1010 - - + - - . . -
AMIB 1020 - - - + - . - -
AMIB 3010 - - - . - . - -
AMKT 4010 - - - - - - - -
PFAG 5030 - - - - . - - .
PFAG 5040 - - + - - - . -
PFAG 5070 - - + - - i + B,
PFAG 6030 - - - - - . . -
PFAG 6040 - - - - - . - .
PFIR 3040 - - + +- - . - -
PFJB 1040 - - - - . . - .
B. elkanii nt nt + nt nt nt nt nt
B. japonicum nt nt + nt nt nt nt nt
R. legumino- - - - - - - + -
sarum. bv

trifolii

S. meliloti - - - - + ) - -

- did not form root nodules on the respective host, + formed root nodules on the respective
host, + produced gall, nt=not tested
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Figure 7. A gall (pseudonodule sensu Trinick, 1980), formed by isolate AMBG 2030 on
Trifolium pratense (a), the shape and colour were distinct compared with normal nodules
formed by this plant species (b).
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sources and were not tolerant to erythromycin and streptomycin. Cluster 4 contained

strains that could not use carbon sources other than mannitol and were resistant only to
neomycin. This cluster was dominated by rhizobial strains isolated from A. mangium.

Cluster S comprised of strains that were able to use glucose, mannitol and xylose, and
were resistant to streptomycin. Cluster 6 exclusively contained rhizobial strains isolated
from 4. mangium. The type strain of B. japonicum was also included in this cluster.
Strains in this cluster only used mannitol as a carbon source and were not resistant to any

antibiotic tested.

Cluster 7 contained non-nodulating strains which used arabinose, maltose, mannitol,
mannose and sucrose as carbon sources, and were resistant to streptomycin, Cluster 8
comprised of one strain only which could use all the carbon sources tested. These strains
were not resistant to any antibiotics, except streptomycin at a dose of 2.5 pug ml"!. Cluster
9 included the type strains of R. leguminosarum bv trifolii and S. meliloti, This cluster
consisted mostly of the non-nodulating strains which were able to use all the carbon
sources and were resistant to all antibiotics, except in some cases, vancomycin. Cluster 10
was represented by strains which were not able to use lactose and sorbitol as carbon
sources and were resistant to carbenycillin and neomycin. In the last cluster, cluster 11,
the strains were not able to use most of the carbon sources and were resistant to all

antibiotics. The type strain of Az. caulinodans was also included in this cluster.

PyMS analysis

Four clusters were generated based on the result of PyMS analysis (Fig 9). Cluster
1 comprised strains which could not utilise succinate, and were sensitive to streptomycin.
These strains were fast- growers and 50% of them produced a neutral reaction on YMA.
Cluster 2 comprised three strains which were not able to use sorbitol, and were resistant to
all antibiotics. These strains were fast-growers and alkali-producers. Cluster 3 comprised

strains which were able to use arabinose, glucose, maltose and raffinose for their source of
carbon, and were resistant to carbenicylin and vancomycin. These strains were fast
growers and acid producers. The type strain of Az. caulinodans and the reference strain of
R. leguminosarum bv trifolii were grouped in this cluster. Cluster 4 was dominated by

rhizobial strains isolated from the root nodules of P. falcataria and the type strains of B.
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Figure 8. Similarity dendrograms (ordered by UPGMA) derived from phenotypic data of
the root nodule bacteria isolated from A. mangium and P. falcataria growing in Indonesia.
a) Group 1 consisted of the rhizobial isolates and the type strain of B. japonicum, b) Group
2 mainly consisted of non-nodulating isolates of the root nodule bacteria, and type strains
of Az. caulinodans and . meliloti, and a reference strain of R. leguminosarum var trifolii



Phenotypic diversity of root-nodule bacteria isolated from tropical leguminous tree ... [1.26

o
24.57
49.72
74.86
100.00

X X > HE " T FAFIFFIIIE XS

gégégégggégégg%égwéézfég?ggmga*g%@

— — = < e B ~— -

SSSSITSBEES & ssgzgw“gaggg’égg@% B S

- 5
| 2 3 4

Figure 9. Similarity dendrogram (ordered by UPGMA) derived from PyMS spectral data
on 31 strains of rhizobia (red) and non-nodulating root-nodule bacteria (black) isolated
from P. falcataria from Indonesia and type strains of Az. caulinodans and B. japonicum,
and S. meliloti, and a reference strain of R. leguminosarum bv trifolii. The bacterial strains
were grouped into 4 different clusters.
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japonicum and S. meliloti. All strains used mannitol as a source of carbon, and they were

resistant to all antibiotics. Apart from S. meliloti, all strains were slow-growers and alkali-

producers.

Discussion

The majority of the rhizobia isolated from A. mangium and P. falcataria were
categorised as Bradyrhizobium, This was expected, since other workers have found that
these trees were principally nodulated by Bradyrhizobium (Turk & Keyser, 1992; Moreira
et al., 1993). For A. mangium, this has also previously been supported by molecular data
(Nuswantara ef al., 1997; Fremont et al., 1999). Although, the isolation of Rhizobium
from A. mangium (Fremont et al., 1999) and P. falcataria (Padmanabhan et al., 1990) has
been reported, strains of rhizobia were not found which clearly exhibited classic
characteristics of Rhizobium, such as fast growth and acid production (Vincent, 1974).
There were rhizobial strains from A. mangium which produced an acid reaction on YMA,
1.e. AMBG 1010, AMKT 1010, and AMKT 4010. However, these strains were slow-
growing. Slow growth and acid production are also characteristics of Mesorhizobium loti
(Jarvis et al., 1982, 1997). In the cluster analysis based on the phenotypic characterisation
data, the strains AMKT1010 and AMKT4010 were placed in the same cluster as the non-
nodulating strains and were more closely related to R. leguminosarum bv trifolii and S.
meliloti than B. japonicum.

- The recovery of rhizobia from root nodules of 4. mangium and P. falcataria was low,

only 53% of the total bacterial strains obtained from the root nodules. This result was
lower than the 95% obtained by Mpepereki & Wollum (1991) for B. japonicum from
nodules on G. max. In our Study, éolonies were selected from the mixed cultures for
further sub-culture based on the inability of the colony to absorb congo red. Rhizobial
strains commonly absorb congo red weakly (Vincent, 1970). Colony morphology such as
circular, convex, mucous, glistening, opaque and white to beige-coloured colonies are
typical of rhizobia, but are also shared by other bacteria, such as Agrobacterium spp.
(Kersters & De Ley, 1984). Some Pseudomonas spp. may also share the same colony
morphology and other traits with rhizobia (Elkan, 1971; Vincent, 1974). Sturz et al.
(1997) have reported that root nodules of red clover were occupied by 13 different species

of bacteria, including Rhizobium leguminosarum bv phaseoli, R. leguminosarum bv
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trifolii, M. loti, Pseudomonas corrugata, Pseudomonas fragi and Agrobacterium
tumefaciens. Therefore, these bacterial species could have mistakenly been picked up
during the isolation and purification processes. The non-nodulating strains might also be

rhizobia that have lost their infectivity during isolation and subsequent subculturing

(Vincent, 1970). Results of authentication tests are rarely reported, giving the impression

that all bacteria isolated from root nodules are rhizobia. The results of this study have
emphasised the need for authentication tests (Vincent, 1970) to verify that strains of

bacteria from root nodules are true rhizobia (i.e. capable of nodulating the host plant).
Carbon source utilisation patterns are sensitive tools to study the diversity of rhizobia.

Although, in general, rhizobial strains from A. mangium and P. falcataria used a narrow

range of carbon sources, many individual strains had a unique pattern. The data show that

79 patterns of carbon source utilisation were obtained. Some strains of the rhizobia (e.g.
PFAG 5040, PFAG 5050, PFIR 3040, AMBG 1010, and AMKT 1010) were able to use

all the carbon sources tested. This characteristic is typical of fast-growing rhizobia
(Graham, 1964; Moffett & Colwell, 1968; Martinez-de Drets ef al., 1974). In many
studies involving carbon source utilisation (Graham, 1964; Moffett & Colwell, 1968,;
Martinez-de Drets et al., 1974), the authors tended to ignore the patterns produced by
individual strains, which varied greatly (Padmanabhan et al., 1990). Padmanabhan et al.
(1990) found that Bradyrhizobium strains showed greater variation in carbon source
utilisation than the Rhizobium strains. Despite the value of this approach to assess
differences among strains, characterisation using carbon source utilisation patterns does
not give consistent results among published studies (Graham, 1964; Padmanabhan ef al.,
1990; Irisarri ef al., 1996). In our study, and the study carried out by Irisarri ef al. (1996)
using slow-growing rhizobial strains isolated from Lotus subbiflorus, substantial numbers
of the strains utilised maltose as a sole source of carbon. In contrast, Graham (1964) and
Padmanabhan et al. (1990) found that only very small numbers of the slow-growing

strains from Glycine max, Alysicarpus vaginalis, Mimosa invisa, Desmodium ovalifolium
used maltose.

Antibiotic resistant patterns varied among strains as for carbon source utilisation
profiles. Thirty unique patterns were obtained in our study. Forty three percent of the
strains were resistant to all antibiotics tested. The rest of the strains were either resistant to
one or more antibiotics, or sensitive to all antibiotics. Therefore, antibiotic resistance
profiles are also a good technique to evaluate inter-strain variation. The sensitivity of this

technique to reveal the diversity of strains within species of rhizobia has been successfully



Phenotypic diversity of root-nodule bacteria isolated from tropical leguminous tree ... 11.29

demonstrated by other workers (Mahler & Bezdicek, 1978; Josey ef al., 1979, Beynon &
Josey, 1980). Resistance patterns to certain antibiotics have long been used to mark
rhizobial ' strains for ecological studies, such as to monitor the survival and the
competitiveness of rhizobial strains (Sishido & Pepper, 1990; Lochner ef al., 1991; Tas et
al,, 1996). A comparison of our data and those from other studies is difficult, since there
is no standard method for this kind of test. Some workers might incorporate the antibiotic
solution into the media (Josey et al., 1979; Batzli et al., 1992) whilst others used antibiotic
discs (Nour ef al., 1994; Frémont ef al., 1999). Types of antibiotics and dosages used also
varied among workers.

Morphological characteristics, patterns of carbon source utilisation and antibiotic

resistance which have been used for characterisation of bacteria, including rhizobia
(Graham, 1964; Norris, 1965; Moffett & Colwell, 1968) can separate rhizobia from the

non-nodulating strains of the root nodule bacteria isolated from A. mangium and P.
falcataria. The result of the cluster analysis (Fig 6) showed that rhizobial strains from 4.
mangium and P. falcataria were separated from the non-nodulating strains and placed
together with the slow-growing type of rhizobium, B. japonicum. However, the fast-
growing rhizobia R. leguminosarum bv trifolii, S. meliloti and Az. caulinodans were
placed in clusters containing the non-nodulating bacteria. Azorhizobium caulinodans was
only distantly related to R. leguminosarum bv trifolii and S. meliloti on this basis. With
only a limited number (44) of characters used, this characterisation technique could help to
reduce the number of root-nodule bacteria to be included in the authentication tests if it
was known that the particular host plant species were principally nodulated by
Bradyrhizobium. This screening technique, nevertheless, is not suitable for fast-growing
species of rhizobia, since the rhizobial strains may be intermixed with the non-nodulating
strains as demonstrated here with the type strains of R. leguminosarum bv trifolii, S.
meliloti and Az. caulinodans.

Rhizobial strains of A. mangium and P. falcataria did not, in general, form nodules on
host plants known to be nodulated solely by fast-growing rhizobia. Two strains were able
to nodulate L. corniculatus, and six strains were able to nodulate G. max. These two plant
species are nodulated by both fast-growing and slow-growing rhizobia (Jarvis ef al., 1982,
1997; Jordan, 1982; Scholla & Elkan, 1984; Chen et al., 1988). The host range data show

that majority of the rhizobial strains were distinct from the B. japonicum strains nodulating
G. max, which was indicated by their inability to form nodules with this plant species.

Strains PFIR 3040 and AMJB 1020 seem to have a broader host range than the others, as
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exhibited by their ability to form nodules with G. max, and L. corniculatus. This shows
evidence for the weakness of the cross-inoculation group concept for rhizobia (Baldwin &
Fred, 1929; see Giller & Wilson, 1993). Glycine max and L. corniculatus are not from the

same cross-inoculation group (Somasegaran & Hoben, 1994), yet could be nodulated by
the same rhizobial strains, in this case AMJB1020 and PFIR3040.
PyMS analysis grouped almost all strains of rhizobia nodulating P. falcataria in the

same cluster (cluster 4) with 75% similarity, together with the type strains of B. .

japonicum. The clusters produced with PyMS data paralleled the differences between
groups previously clustered using phenotypic characters. However, the clustering of the
strains did not express the current rhizobial phylogeny (Young & Haukka 1996), and it is
interesting that B. japonicum was grouped together with S. meliloti. Some rhizobial
strains were also placed in the same cluster together with non-nodulating strains of root-
nodule bacteria.  The sensitivity of PyMS analysis, which could distinguish closely
related strains of bacteria (Goodacre & Berkeley, 1990), failed to distinguish some
rhizobial strains, including the type strain of Az. caulinodans and the reference strain of R.
leguminosarum bv. trifolii, from the non-nodulating strains. In previous studies with
rhizobia, PyMS was employed to distinguish closely related strains of the bacteria, eg.
Bradyrhizobium spp. [Lupinus) (Barrera et al., 1998), B. japonicum (Kay et al. 1994), and
S. meliloti (Goodacre ef al., 1991). Therefore, these strains generally have similar
phenotypic characteristics, especially growth rates and the preference for growth media.
This technique is not commonly used to analyse bacteria with such diverse phenotypic
characteristics as in this current study, and no outgroups are usually included in the

analysis. The current study showed that care needs to be taken to use PyMS analysis to

identify newly isolated rhizobia from root nodules even in the presence of type strains of
these bacteria. Plant nodulation test should be carried out prior to PyMS analysis to
ensure that the strains are rhizobia.

In the current study, the medium used to grow the strains of the root nodule bacteria
was TY medium. This is different from the media used by other workers to grow rhizobial
strains for PyMS analysis, such as YMA (Barrera ef al., 1997), peptone salt yeast extract
agar (Kay et al., 1994), or lab M nutrient agar (Goodacre et al., 1991). This was because
in preliminary studies using YMA, peptone salt yeast extract agar, and lab M nutrient agar,
and TY medium, TY medium was the best for all strains. Other media resulted in

variable growth of the bacterial strains; e.g. Az. caulinodans did not grow well on YMA.
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On peptone-based media, the slow-growing strains had not grown after 7 days, whilst the
fast-growing strains had produced substantial colonies.

This is the first use of PyMS analysis to separate rhizobia from the non-nodulating
strains of the root nodule bacteria isolated from A. mangium and P. falcataria. The fact
that most rhizobial strains were placed in one cluster together with the type strain of B.
japonicum shows the potential use of PyMS to screen rhizobial strains from newly-

isolated root nodule bacteria from these tree species. The use of PyMS for screening
would save time and effort for subsequent authentication tests of newly-isolated root
nodule bacteria by identifying those bacteria that are likely to be rhizobia. Further study

need to be done, involving root-nodule bacteria isolated from different leguminouse plant

species, which primarily nodulated by Bradyrhizobium sp., to verify the capacity of PyMS
analysis to distinguish Bradyrhizobium sp. from other root nodule bacteria as

demonstrated in the current study using A. mangium and P. falcataria.
Finally, results from this current study showed that phenotypic characterisation and

PyMS were useful techniques to study the diversity of rhizobia nodulating A. mangium

and P. falcataria from Indonesia. However, despite the huge workload in phenotypic
characterisation coupled with no standard procedures to carry out the test (e.g. no
standardisation for antibiotic tests), this technique lacks of comparability between studies.
The PyMS analysis, on the other hand, is a rapid and sensitive method to characterise
bacteria, including rhizobia; nevertheless, this technique is sensitive to cultural changes,
such as type of medium used and age of cultures. This can be a problem when a wide

range of bacterial species (such as the root-nodule bacteria used in the current study)
having different requirements to grow (e.g. growth medium), and growing in different

rates, need to be tested.
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