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Chapter 1

Introduction

L Soybean in Indonesia
L.1. The origin and status

Soybean (Gilycine max Merrill) belongs to the family Leguminosae, subfamily
Papilionoideae. Little is known about the origin and the early history of this crop.
However, it is generally accepted that the species is native to Eastern Asia and has
been known to occur in China, Manchuria and Korea. The first domestication of
soybean was recorded in North China around the 11" century BC (Piper and Morse,
1923; Allen and Allen, 1981; Hymowitz and Newell, 1981).

In Indonesia, soybean is an old-established crop. Most probably soybean was
introduced some hundreds of years ago through trade with China and Indo-China
(Van der Giessen, 1932). Originally the plant was called Cadelium or Kadelee by
Rumphiuvs in 1747 (Piper and Morse, 1923), and its commeon Indonesian name now is
Kedelai. The crop is found all over Java and Bali (De Vries, 1932; Brotonegoro et

al., 1986; Manwan and Sumarno, 1991; Anonymous, 1997).
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Figure 1. Consumption of soybeans per capita, 1970 to
1995 (Damardjati ef al., 1996).



Soybean, one of the major low-cost sources of protein, has already been
consumed for centurics, and has become the second main food crop after rice in
Indonesia. Notably, soybean consumption per capita has significantly developed
during the last decades and more than tripled in the last 25 years (Fig. 1). Mostly,
soybean is consumed as processed food products, such as Tempeh (fermented
soybean), Tofu (a protein extract), Kecap (soybean sauce), and oil (Damardjati ef al.,
1996). Consumption of Tempeh and Tofu increased on average 7.9 % per year. In
addition, since 1986, the demand for soybean for soybean milk, kecap and oil has
increased on average 3.7 % per year (Anonymous, 1998d). Moreover, there is an
increasing tendency to use soybean as poultry feed. This all resulted in a total

consumption of soybean of approximately 2 300 000 ton in 1997.

1.2, Production

The average yield of soybean in Indonesia is around 1.0 to 1.2t ha™, which is
quite low compared to the other soybean-producing countries such as Brasil, which
produce around 2.0-2.5 t ha! (Manwan and Sumarno, 1991; Anonymous, 1998d).
Recently, by intensifying existing production and the exploitation of new soybean
growing areas, the production has been increased from 653 000 t in 1980 to 1 565 000
t in 1994 (CBS, 1995). However, as vet it has been impossible to meet the increasing
consumption and hence a large amount of soybean has to be imported (Fig. 2). The
import of soybean from 1991 to 1998 was constant, about 700 (00 t per year, ie. £
50 % of the domestic production {(Manwan and Sumarno, 1991; Damardjati ef al.,
1996; Anonymous, 1998d). In 1995, US$252 million was spent to import 746 330 t of
soybean seeds. In addition, in 1996, besides soybean seeds, other soybean-derived

products and soybean stover were imported for US $265 million (Anonymous,




1998d). Therefore, to supply the domestic demand, it is vital to increase domestic
production. However, there are many constraints for the cultivation of soybean, as

discussed below.
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Figure 2. Consumption, production and import of soybean in Indonesia
(adopted from Anonymous, 1998d).

The availability of suitable land is the main problem to increase soybean
production in Indonesia. With 60 % of the total harvested areas of soybean and 62 %
of total production, Java is the main region for soybean production (Anonymous,
1998b, 1998¢c). The soils on Java are fertile and favourable for soybean production.
However, Java is over-populated, and expansion of the soybean area is only possible
outside Java, especially in the transmigration areas Sumatra, Kalimantan, Sulawesi
and Jrian Jaya. Unfortunately, the soils in these areas are usually infertile, acid, and
only suitable for soybean production after major improvement of soil fertility. These
acid soils cover 48.3 millions hectares, or approximately 30 % of the total land area of
Indonesia. These soils are characterised by a pH < 5, an excess of Aluminium (Al)

ions, a deficiency in phosphate (P), a poor buffering capacity and are classified as Red




Yellow Podzolic soils (Sudjadi,1984; Adiningsih e al., 1988; Wade et al., 1988; Von

Uexkull and Bosshart, 1989; Fig. 3).
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Figure 3. Regional distribution of Red Yellow Podzolic soils in Indonesia (After
Driessen and Soepraptohardjo, 1974).

One of the transmigration areas is Sitiung, located in West Sumatra. This area
has been populated by transmigrants since 1976, and was transformed into a
successful upland rice-soybean production system with the judicious use of lime and
fertilisers (high-input technology). However, production of soybean in this area is
only possible with the input of large amounts of fertilisers and lime (Wade et al.,
1988; see Table 1). Therefore, liming is a compulsory basal treatment of farming in

Table 1. Some properties and characteristics of four representative Sitiung acid
soils in West Sumatra, Indonesia (Extracted from Wade ef al., 1988).

Parameter Sitiung I-A Sitiung IV-D  Sitiung II-E__ Sitiung V-C
Clay (%) 74.5 67.0 89.0 49.0
Silt (%) 200 135 6.5 11.5
Sand (%) 6.5 19.5 45 39.5
Organic C (%) 2.0 3.05 1.35 245
Exchangeable Calcium (cmol/L) 02 0.35 0.1 0.45
Exchangeable Magnesium (cmol/L) 0.05 0.1 0.05 0.25
Exchangeable Potassium (cmol/L) 0.15 0.05 0.05 0.15
Exchangeable Aluminium {cmol/L}) 395 38 3.05 3.05
ECEC (cmol/L) 45 43 3.25 395

Aluminium saturation (%) 87 90 94 80
pH (H;0/CaCl;) 4.5/4.1 4.0/3.7 4.0/3.8 4.0/3.8




these areas. To stimulate the farmer, 3.0 to 4.0 tons of lime ha™' were provided free of
charge. In addition, the government supported the transmigrants by providing free
food, seeds, basic farm implements, fertilisers and pesticides in the first year. Heavily
subsidised fertilisers were also provided in the following year. It was reported that
US$ 19 million was budgeted for free lime to the farmers to increase soybean
production between 1983 and 1986. Since the soil is low in nitrogen (N), the farmer
still has to use a high rate of N and P fertilisers to obtain maximum soybean yield.

This is uneconomic and cannot be adopted by the poor farmers from Java.

I1. Biological nitrogen fixation (BNF)

The importance of legume crops in agriculture has been recognised for several
thousand years and is due to the presence of N-fixing bacteria, also known as
nodulating rhizobia, in legume root nodules, as first demonstrated by Beijerinck
(1888). Besides being essential as a source of cheap protein for human nutrition and
animal feed, legumes in symbiosis with rhizobia are essential in crop rotation to
maintain soil fertility.

Global N fixation has been estimated to amount to around 175 million metric
ton per year (Bumn and Hardy, 1975; Brockwell ef al., 1995). Increased plant protein
levels are an obvious consequence of N fixation. Amounts of N fixed ranging between
234 and 643 kg /ha/year have been recorded (Bergersen er al, 1985). BNF can
replenish soil N lost by leaching, assimilation and uptake by crops. Table 2 shows
how levels of soil N were maintained, when oats and well-nodulated, abundantly N-
fixing soybeans were alternated. The crops removed 630 kg N/ha in 3 years
(Brockwell et al., 1995). In USA, Burton and Curley (1965) reported that soybean

yield was increased from 1 008t to 2 084 t per ha due to inoculation.



Table 2. Effect on soil N of 3 years of double-cropping with oats and well-
nodulated soybeans (Brockwell ez al., 1995).

N removed in bigmass of Residual soil N
ocats and in seed of soybean
(kg ha™
Total N (gkg) Mineral N (mg kg™)
Prior to oat crop 1 1.38 30.3
Qat crop 1 107.9 1.24 34
Soybean crop 1 1742 1.32 14.4
Qat crop 2 20.8 1.29 4.3
Soybean crop 2 156.6 - -
Oat crop 3 335 1.18 6.9
Soybean crop 3 1372 1.34 6.5
Total for 6 crops 630.2

In Indonesia, yield increases due to BNF have often been reported (De Jongh,
1943; Keleney, 1959; Darmawan, 1987; Brotonegoro et @l., 1987). Soybean yield
increases of 13 to 215 % were obtained in experiments conducted in Java using N-
fixing bacteria (De Jongh, 1943). Subsidised by the Indonesian government, a
Bradyrhizobium inoculant, termed LEGIN (Legume Inoculant), was produced as part
of a soybean intensification programme (INSUS, Intensifikasi Khugus, a special
intensification) (Jutono, 1987, 1989). A total of more than 68 000 kg of peat-based
Bradyrhizobium inoculant was distributed free of charge to farmers participating in
the soybean intensification programme in transmigration areas between 1983-1986
{Sebayang and Sihombing, 1987).

Following the INSUS programme, the use of rhizobia inoculants for soybean
production became very popular. Sindhoesarojo (1989) estimated that around 125 to
220 ton year' of soybean-rhizobia inoculants were needed in the years 1989-1993.
Besides LEGIN, other soybean inocculants, mainly consisting of Bradyrhizobium

strains, were also available, e.g. NITRAGIN imported from the USA and RHIZOGIN



from the Bogor Agricultural Institute (IPB). Recently, an inoculant, called
RHIZOPLUS, has been introduced for cultivation of soybean on 3000 ha of
agricultural land by the Department of Agriculture of Indonesia (Anonymous, 1998a).
However, the response of soybean yields to Bradyrhizobium inoculants was found to
be rather variable. Pasaribu et af. (1989) reviewed the effect of the inoculation by
Bradyrhizobium strains on the yield of local soybean varieties. Based on the seed
vield, only 1 out of 11 experimental sites did respond to the inoculation practice. In
addition, Sunarlim (1987) reported for a field experiment in West Java that the
number of nodules was not increased by the inoculation of imported Bradyrhizobium
strains. In contrast, Brotonegoro et al. (1987) reported that in newly opened land in
Tegal, Java, ineculation with Bradyrhizobium japonicum significantly increased the
yield of soybean. Using the standard inoculant strains Bradyrhizobium japonicum
USDA 110 and CB 1809 as well as a local isolate (FCB 26, isolated in Lampung,
South Sumatra) Simanungkalit et al. (1996) found that a positive effect of inoculation
was obtained on the number of nodules and yields of soybean (cv. Wilis) in South
Sumatra and North Sumatra, but not in Bogor Java. More studies on BNF have been
conducted in areas that have never been cultivated with soybean (Adiningsih and
Prihatini, 1981; Mahmud and Rumawas, 1983; Setijorini, 1983; Saraswati, 1986;
Supriati, 1987; Hendratmo ef al., 1995; Simanungkalit er al, 1996 ). Mostly,
inoculants are applied to crops grown on acid soils in conjunction with a liming and
fertilisation programme of the Indonesia government. In a green-house experiment
with acid soil from Sitiung, West Sumatra, inoculation of soybean seeds {cv. Orba)
with an inoculant from NifTAL (University of Hawaii, Honolulu, USA) increased the
number of nodules on plants grown on limed soils (Adiningsih and Prihatini, 1981).

Using a quite similar soil, but with a different soybean cultivar (cv. Clark 63) and an




inoculant SEMIA 5019 from Brasil, Mahmud and Rumawas (1983) reported
unsatisfactory results on nodulation. More recently, Hendratno et al. (1995} reported
that a remarkable positive effect on nodulation and yield was obtained with the
inoculation of Bradyrhizobium japonicum on soybean grown in acid soils at
Palembang, South Sumatra.

The obvious conclusion from all these reports has been that inoculation of
soybean is not necessary in areas already cultivated with soybean for a long period but
may be essential in new areas that have no history of soybean cultivation

{Toxopeus, 1938; Keleney, 1959; Sunarlim, 1987; Pasaribu et al., 1989).

ITI. Soil acidity

The soils in Sitiung are very acid, and low in nutrients like Ca and P.
Moreover, besides having a high level of Al, these soils are also known to have a
strong P-fixing capacity. These factors may affect the plant, the bacteria or both, as

well as their symbiosis,

1L 1, Plant growth

The soybean plant is very sensitive to soil acidity and factors related to acid
soils. Besides soil pH, Al toxicity and the Jack of P and Ca are the main restricting
factors for growth and yield of soybean on acid soils (Kamprath,1978; Sudjadi, 1984,
Bell and Edwards, 1987; Wade et al., 1988). Application of lime raises soil pH
{Danso, 1977; Mengel and Kamprath, 1978), and reduces Al toxicity (Sartain and
Kamprath, 1975; Carvallo er al., 1981a; Munns ef al., 1981; Foy, 1984; Murphy ef
al., 1984; Alva ef al., 1987a, 1987b), Liming also increases Ca and P availabilities

(Danso, 1977; Andrew, 1978; Alvaer al., 1987a, 1987b).



The solubility of Al is pH dependent and in acid soils Al is present in excess.
The percentage of Al saturation in acid soils can be more than 60 % whereas the
critical level of Al saturation for soybean is already reached at 15 to 20 %
(Kamprath, 1984; Wade ef al., 1988; Table 1). The main beneficial effect of liming is
to reduce the solubility of Al below the critical level for soybean.

In highly weathered acid soils P deficiency is very common. When Al is
present in excess, aluminium-phosphate is a common form of P in acid soil, which is
unavailable for soybean plant. Increasing the availability of P, either indirectly by
liming or directly by P fertilisation is essential for soybean cultivation in acid soils.
Therefore, high amounts of P fertiliser are often applied to obtain optimum yield of
soybean on acid soils (Cassman ef al., 1981c; Sudjadi, 1984; Wade et al., 1988;
Hendratno ef al., 1995). Increased P availability in acid soils after liming, is one of
the reasons for a better growth of soybean plants. Additional application of P may
increase yield more e.g. application of 485 kg TSP ha” yielded more than double
that obtained by the application of 2.0 t of lime ha™* in acid soils (Sudjadi, 1984).

Phosphate is an essential plant nutrient, and plays a specific role in promoting
root growth and branching, Application of P to soybean increased root surface area
per plant and also per gram of root (Hallmark and Barber, 1984; Borkert and Barber,
1985). As the root system is enlarged by P fertilisation, the number of infectible-root

sites is increased as well, increasing the chance for thizobia to infect the root.

I11.2. Bradyrhizobium
For the success of BNF, the presence of rhizobial strains, mostly
Bradyrhizobium spp., with a high N fixing capacity is essential. A high growth rate

and ability to colonise the rhizosphere are also essential. It was reported that in



synthetic media, the major limiting growth factors for rhizobia are low pH, Al
toxicity, and low P (Keyser and Munns, 1979a, 1979b; Coventry and Evans, 1989,
Brockwell ef al., 1995). Low pH limits the growth and the survival of rhizobia in acid
soils. There is often no multiplication of an introduced Bradyrhizobium strain in acid
soils. The cell number even declines and this may lead to the failure of nodule
formation, while to ensure good nodulation, a large number of cells is needed
(Mulder et al., 1966; Danso, 1977; Brockwell et ai., 1985). This is the challenge
working with N-fixing plants on acid soils. Limitation of BNF on acid soils may be
due to the lack of attachment of bacterial cells to roots, or other factors, ranging from
direct effects of low pH on rhizobia multiplication to indirect problems associated
with the soil nutrient status (Mulder and van Veen, 1961; Dowling and Broughton,
1986; Graham, 1992).

Aluminium is recognised to have a negative effect on growth of rhizobia
(Andrew, 1978; Keyser and Munns, 1979a, 1979b; Carvalho ef al., 1981a,b, 1982;
Franco and Munns, 1982; Hartel and Alexander, 1983; Foy, 1984; Wood and
Cooper, 1988; Graham, 1992). I was found that the growth of rhizobia was reduced
on either synthetic liquid media or nutrient solution containing Al (Keyser and
Munns, 1979a, 1979b; Carvalho, 1981a,b; Hartel and Alexander, 1983). Alleviation
of Al by liming acid soils may influence the survival and the growth of introduced
rhizobia, and allow nodule formation to proceed naturally (Danso, 1977).

The deficiency of P in acid soils may affect the presence and growth of
rhizobia. Therefore, the availability of P, due to liming or P fertilisation, may have a

positive effect on rhizobia, nodulation and BNF of the plant (Fig. 4).
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In synthetic media, the growth rate of rhizobial strains was reduced by low
levels of P. However, the requirement, and the capacity to store and use P are
markedly different among rhizobial strains (Cassman et al., 1981a,b; Smart et al.,
1984: Beck and Munns, 1984; Singleton et al., 1985). The effectiveness of rhizobial
populations in acid soils seems to be limited by the deficiency of P, as well. Singleton
ei al. (1985) observed that there was no relation between P and the effectiveness of
Bradyrhizobium strains. However, they showed differences among Bradyrhizobium
strains in soybean response to P. Bradyrhizobium strains which are equally effective
at moderate P fertilisation, differed substantially when P supply was high in a highly
P-fixing Hawaiian ultisol. It was also reported that there was a relation between the
tolerance of Bradyrhizobia to low P and in the ability of those bacteria to nodulate

soybean (Beck and Munns, 1984).
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Figure 4. Total N accumulation of inoculated and uninoculated soybeans at two

levels of P fertilisation (Anonymous, 1993).
Phosphate is not only essential for growth of the plant and Bradyrhizobium but
also for the growth and functioning of the nodule (Graham and Rosas, 1979; Cassman

et al., 1981c; Beck and Munns, 1984; Leung and Bottomley, 1987; Mullen et al.,

1988; Israel, 1993).
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I 3. BNF in acid soils

Soil acidity and its related aspects are presumably the most important factors
limiting N fixation in the symbiosis between soybean and rhizobia. Acidity itself was
suggested to interfere m the initiation of nodulation. Once the nodule is initiated, it
will further develop regardless of low pH (Munns, 1968; Lie, 1969).

In acid soils Al toxicity is the limiting factor for BNF. Due to excess of Al,
plants grow very pootly, the root systems are poorly developed, they form little fine-
branching roots, which may result in a low number of infection sites, and therefore
limit the infection process of the Bradyrhizobium (Carvalho ef al., 1982; Brady ef al.,
1990; Hecht-Buchholz et af., 1990). Decreasing Al saturation in acid soils by liming,
increased number of soybean nodules (Sartain and Kamprath, 1975)

Fertilisation with super-phosphate in acid seils has been shown to improve
nodulation of subterranean clover plants and other legumes (Hastings and Drake,
1960). P is essential for the growth and functioning of reot nodules (Gates and
Muller, 1979; Cassmann et al., 1980; Singleton er al., 1985; Israel, 1987). Gates
(1974) showed that the beneficial effect of P on nodulation is probably not entirely
due to an increase of plant vigour. Diatloff and Luck (1972) reported that the major
effects of P in acid soils are on growth and nodulation of soybean. Singleton et al
(1985) found that the dry weight and nitrogenase activity of soybean nodules were
significantly increased by P additions. More recently, it was shown by Israel (1993)
that P supply has an indirect effect on host-plant growth and more direct effects on the

metabolic function of nodules.




1V. Improvement of soybean cultivation in acid soils
IV 1. Liming the soils

The practice of liming has long been recognised as a way to increase soybean
production on acid soils. The added lime neutralises soil acidity, decreases the toxicity
of Al and increases the availability of some nutrients such as P. The technique is the
simplest and fastest to increase growth and production of soybean in weathered acid
soils. In the case of the Sitiung soils, lime applications from 4 to 7.0 t of ha' costing
around US$350 ha! are needed for soybean production annually. High rates of P
fertiliser are often found to be an effective way to obtain a realistic yield of soybean
on acid socils (Sudjadi, 1984; Wade er af., 1988). Application of +15 kg P ha
yielded soybean similar to that obtained by the application of 2.0 t of lime ha™ in acid
soils (Sudjadi, 1984). On the other hand, there are also negative reports of liming
heavily acid soils to neutral reaction. Decreased P availability (Kamprath, 1971;
Amarasiri and Olsen, 1973} and induced deficiencies of micro-nutrients, particularly
Bo, Zn, and Mn (Kamprath, 1971; Pearson, 1975; Munns, 1976; Sanches, 1976; Foy,
1984; Kamprath, 1984; van Uexkull and Bosshart, 1989, Bottomley, 1992) have been
reported as a results of heavy liming of acid soils. However, application of high levels

of P fertiliser is economically not feasible and cannot be afforded by the farmers.

IV. 2, The use of seed pelleted with CaCO; and TSP, Ca(H,POy,

There is a need to develop an appropriate technique allowing optimal
utilisation of natural resources, by decreaging the amount of lime and P to an
acceptable level in accordance with the means of the farmers. By applying low
amounts of lime close to the seed as seed-pellet, instead of broadcasting lime to the

soils, the amount of lime can be reduced to less than 100 kg ha’. Lime-pelleting

13




legume seeds has been developed as a cheap method in Ausiralia and has been
successfully used to improve BNF of legume crops in acid soils. Lime pelleting the
seeds increased weight and number of nodulated of subterranean clover plants
(Loneragan et al., 1955; Hasting and Drake, 1960; Jones et al,, 1967), increased
yields of soybean cv. Bragg and plant weight of perennial soybeans, Tinaroo and
Desmodium (Diatloff and Luck, 1972; Elkins et gl., 1976; Danso, 1988), increased
number of nodulated lucerne plants (Mannetje, 1967; Pijnenborg and Lie, 1990).

Lime-pelleted seed gives a protection of rhizobia on the inoculated seeds from
the toxicity of acid soils (Hastings and Drake, 1960; Kang et al., 1977). In addition,
lime-pelleted seeds can neutralise the micro-environment in the close vicinity to the
seedling. This is crucial in establishing BNF. The success of lime pelleting sceds is
because the most sensitive-step in BNF to acidity is the infection (Munns, 1968; Lie,
1969), and because the susceptibility of the root-sites for infections are transient
(Bhuvaneswary ef al., 1980). The germinating seeds and the emerging roots are
protected, and nodule formation and N fixation can proceed naturally.

Although liming and P fertilisation can overcome the problems of acid soils,
the critical steps that are influenced by such treatments can be variable, depending on
the type of soil. Therefore, in this study, the effect of lime addition on growth and
nodulation of soybean in Sitiung acid soils are being investigated. Application of a
small amount of lime mixed into the top-soil and lime-pelleting of soybean seeds have
been investigated in the field, in green house (pot) and in laboratory (rhizotron)
experiments, In general, for soybean cultivation, 100 kg P,Os were applied by
broadcasting in the field, and this level still has to be increased if a reasonable yield of
soybean is expected in acid soils. To reduce this amount, a small amount of P (10 kg

TSP ha'!, equivalent to 5 kg P,0s) was also included in the pellet.
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V. Population structure of soybean rhizobia native to Indonesia

An important aspect for the success of BNF is insight in the structure of
indigenous soybean rhizobia populations. This is particularly the case in areas where
indigenous ineffective but competitive rhizobia are abundant (Ham et al., 1971). There is
a general lack of information about the population structure of indigenous soybean
rhizobia native to Indonesian soils. As a consequence, a thorough survey is needed of the
occurrence of the bacteria in different locations in Indonesia, Furthermaore, it is essential
to characterise the isolates using reliable molecular methods. This opens the possibility
to select elite indigenous soybean rhizobia under favourable conditions, such as those on
Java where they are abundantly present in most soils. In addition, under acid conditions,
such as those in Sumatra, which are unfavourable for rhizobia, this survey may be
important for the selection of rhizobia adapted to stress conditions. The susceptibility of
thizobia to acidity and related factors is distinctly variable. This permits the isolation
of native rhizobia from acid soils by screening acid-tolerant rhizobia on synthetic
media (Date and Halliday, 1979; Keyser and Munns, 1979a, 1979b). In general, in
acid soils, thizobia are low in number and are scattered especially in niches of the soils
which are not harmful for them (Richardson and Simpson, 1988). This is presumably
the reason for the presence of nodules on uninoculated soybean plants grown on acid
soils after liming (Adiningsih and Prihatini, 1981; Mahmud and Rumawas, 1983;
this study). Continuous cultivation of soybean crops and amelioration of the soils by
liming and fertilisation may increase the number of the indigenous strains. For instance,
Richardson and Simpson (1988) recported that liming acid soils increased the
population density of indigenous Rhizobium leguminosarum bv. trifolii in pasture
either planted or not planted with the legume host. There are some reports that many

indigenous rhizobia, which are presumably adapted to local legumes, are not very
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effective, or even ineffective, on modern legume cultivars, and after reaching a high
level may cause a problem for rhizobia inoculation practices (Thies ef al., 1991).

The isolation and examination of soybean rhizobia native to Indonesian soils has
already been reported more than 50 years ago (Toxopeus, 1936; 1938). It was also
recognised that the rhizobia population varied largely with the location (De Jongh,
1941). Following the increasing demand for rhizobial inoculants, the study of indigenous
strains has been accelerated. At the request of the government of Indonesia, LEGIN was
produced and introduced to farmers in the transmigration areas outside Java (Jutono,
1987). In the last few decades several rhizobial strains from abroad have been
introduced, including USDA 110 and TAL 102 from the USA, CB1809 from Australia,
SEMIA-5019 from Brazil, and FA-3 and SA-1 from France. In one of the first
systematic surveys, more than 164 strains were isolated from local and imported soybean
varieties grown in the region of Yogjakarta (Jutono, 1984). In addition, Rnmawas and
Rumawas (1989) have isolated several soybean rhizobia from the region of Bogor, More
than 150 rhizobial strains isolated from several locations in Java and Sumatra and
imported from abroad are presently maintained in the Sukamandi Research Institute
(Saono, 1988). However, little is known about the taxonomy of these rhizobial strains.
Following the reports of Bradyrhizobium japonicum strains isolated from several places
in Java (Toxopeus, 1936; de Jongh, 1941; Keleney, 1959; Newton, 1962) only two
papers reported the occurrence of other Bradyrhizobium spp. (B. elkanii) and
Sinorhizobium fredii in Java and Sumatra (Ozawa ef al., 1995; Anonymous, 1998e).
This contrasts with the large number of reports describing rhizobia, elsewhere in the
world, that nodulate soybean (Keyser et ai., 1982; Scholla and Elkan, 1984; Dowdle and
Bohlool, 1985; Jarvis et al., 1992; Xu ez al., 1995). By using molecular methods the

identification and classification of rhizobia have been improved significantly (Young,
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1994, 1996; Young and Hauke 1996). It is therefore a great challenge to apply this new

technology to characterise the largerly unknown rhizobial communities in Indonesia,

V. Molecnlar taxonomy of Brady- and Sinorhizobia nodulating soybean

Bacteria nodulating leguminous plants were first described in 1888 (Beijerinck,
1888) and their initial classification as rhizobia was based on their host range specificity.
In recent years, other methods, including phenotypic traits, DNA:DNA relatedness
and molecular techniques based on Polymerase Chain Reaction (PCR), have been
inchaded in rhizobial classification. Presently, there is a great variety of phenotypic
and genotypic mecthods available that permit a different degree of phylogenetic

classification varying from the genus, species, subspecies, biovar to the strain level

{Fig. 5).
Family | Gemus | Species \ Subspecies Strain
Complete genome sequences
168 rDNA sequencing
ARDRA
DNA-DNA reassociation |
tRNA-PCR [
ITS-PCR |
RFLP
AFLP
RAPD (AP-PCR)
REP-PCR/ERIC-PCR
Serological Analysis
Multilocus Isozyme Analysis
‘Whole Cell Protein Profiling

Figure 5.Relative resolution of various fingerprinting and DNA techniques (modified from Rademaker
and de Bruijn, 1998). The following abbreviation were used : ARDRA : amplified ribosomal
DNA restriction analysis; tRNA : transfer RNA; ITS : intergenic spacer; RFLP : restriction
fragment length polymorphism; AFLP : amplification fragment length polymorphism; RAPD :
random amplified polymorphic DNA; AP-PCR : arbitrary primer PCR; REP : repetitive
extragenic palindromic; ERIC : enterobacterial repetitive intergeneric consensus.
However, the description of new genera and species of root-nodulating
thizobia should fulfill a minimal standard, as has been proposed by Graham et al.
{1991) and Novikova {1996). The development and implementation of these molecular

techniques have accelerated the taxonomic evaluation of rhizobia and the current
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classification is mainly based on the nucleotide sequences of the small sub-unit
ribosomal RNA (1RNA) and includes Rhizobium, Bradyrhizobium, Sinorhizobium and
Mesorhizobium spp. (Fig. 6). Several species belonging to the latter three genera have
been found to nodulate soybean, and in some cases other plants, as is summarised in

Table 3.

Table 3. Recognised species of Bradyrhizobium, Sinorhizobium and Mesorhizobium
that nodulate soybean and their nodulation of other plants.

Genus Species Host Plants Reference
Bradyrhizobium | B. japonicum Glycine spp. Jordan, 1982
B. elkanii Glycine spp. Kuykendall et al., 1992
B. linoningensis Glycine spp. Xu et al., 1995
Sinorhizobium S. fredii Glycine spp. Scholla and Elkan, 1984;
Albizia lebbeck de Lajudie et al., 1954
Indigofera tinctoria
Mesorhizobium | M. thignshanense Glycine spp. Chen ef al., 1995; Jarvis
Glyeyrrhiza spp. etal., 1997
Sophora spp.
Caragana spp.

A study on soybean rhizobia by Kirchner in 1895 (cited by Fred et al, 1932)
described that soybeans did not form nodules in the garden at Hohenheim in Germany,
while several other leguminous plants did form nodules. Contrary to that, soybean plants
that were grown in soil from Japan successfully produced nodules. Based on this host
specificity, it was concluded that the soybean rhizobia are distinct from the other
nodulating rhizobia, and were designated as Rhizobium japonicum (Fred et al., 1932).
Further classification of the legume nodulating rhizobia showed that they could be
divided into two groups, the fast- and slow-growing rhizobia (Jordan, 1982}. A new
genus, Bradyrhizobium, was proposed for slow-growing strains specific for many
tropical legumes. The fast-growing rhizobia isolated from soybean nodules collected
from China (Keyser ef al., 1982) were classified as Sinorhizobium (Scholla and Elkan,

1984). Recently, a new genus Mesorhizobium was proposed to include M.
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thianshanense, which can be obtained from a variety of legumes such as soybean,

Glycyrrhiza pallidifiora, Sophora alopecuroides and Caragana polourensis (Chen et al.,

1995; Jarvis, 1997, Table 3).
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Figure 6. Phylogenetic tree of the genera Rhizobium, Bradyrhizobium,
Sinorhizobium and Mesorhizobium and related bacteria in the
o. subdivision of the Proteobacteria based on aligned
sequences of the small-subunit rRNA genes (after Jarvis et al.,
1997).

The symbiotic and physiological properties of soybean rhizobia have been found
to be more diverse than originally anticipated. The symbiotic relation with the host
plants remains very important, since this is the most conspicuous feature of rhizobia

and has an important practical value. The discovery of fast-growing soybean rhizobia,
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which belong to genus Sinorhizobium, underlines the need to consider the symbiotic
properties, in particular, since representatives of this genus often fail to nodulate
modem soybean cultivars. In addition, there are some rhizobia outside the genus
Bradyrhizobium and Sinorhizobium, now designated Mesorhizobium spp., which were
reported to form nodules on soybean (Chen et al., 1995; Jarvis, 1997).

The ambigucus results that are often found with host-range nodulation tests have
driven the development of determination based on DNA techniques (see Fig. 5). These
have been applied to a variety of rhizobia and include serological analysis (e. g. Date
and Decker, 1965), DNA-DNA hybridisation (e. g. Hollis et al., 1981; Kuykendall et
al., 1992), REP and ERIC PCR, as well as RAPD (e. g. De Bruijn, 1992; Dooley et
al., 1993; Judd et al., 1993; Sikora et al., 1997), RFLP (c. g. Laguerre ef al., 1994),
and sequence analysis of 16S rDNA (e. g. Willems and Collins, 1993; De Lajudie et
al., 1994),

Serological techniques, such as immunofluorescence and immunodiffusion,
are based on the antigenic uniqueness of microorganisms. There are three groups of
recognised antigens for Rhizobium, the somatic (cell wall, O), flagellar (H) and
capsular (K) antigens (Somasegaran and Hoben, 1995). Serological techniques have
been used to identify Rhizobium japonicum and Sinovhizobium fredii and are widely
used for competition studies (Date and Decker, 1965, Sadowsky et al., 1987).
Immunological analysis revealed Bradyrhizobium japonicum serogroup 123 to be a
predominant and very competitive strain in the USA (Ham et al.,, 1971). Achmad e
al. (1981) also used this approach to study the diversity of cowpea rhizobia.

Based on DNA-DNA relatedness, Hollis et a/. (1981) classified slow-growing
soybean rhizobia into 2 groups, group IIa and group II. Although this method is still in

use and essential for describing new bacterial species, at present PCR- based techniques
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play a more important role in the characterisation and identification of bacteria,

mainly at the strain level.

A specific PCR technique, the Random Amplified Polymorphic DNA (RAPD)
analysis, was introduced by Williams et al (1990). In RAPD, a PCR-amplification of
polymorphic DNA sequences is performed using short arbitrary oligonucleotide
primers. Subsequently, the PCR product is separated by gel electrophoresis and
analysed either manually or using a computer programme. This approach has the
capability to distinguish related strains. Since arbitrary primers are used, RAPD is
also known as AP-PCR. Other PCR-techniques are REP- and ERIC-PCR. These are
based on the use of primers complementary to repetitive sequences in the genome.
These sequences were shown to be highly conserved and widely distributed within
bacteria. Using this- technique De Bruijn (1992) could distinguish and classify R.
meliloti strains. It was shown that ERIC and REP sequences are present and highly
conserved in rhizobia. This technique had been used successfully to distinguish the
genetically and phenotypically nearly identical Bradyrhizobium strains of serogroup
123 (Judd et al., 1993).

Bacterial strains can also be characterised by another PCR-based technique,
termed Amplified Ribosomal DNA Restriction Analysis (ARDRA). This method is
based on the principle that the restriction sites in the RNA operon are conserved and
reflect the phylogenetic relationship (Masol-Deya ef al., 1995). It involves the use of a
pair of universal primer sequences for PCR amplification of either 165 tRNA genetic
loci or the intergenic spacer (IGS) of the 168 and 238 rRNA genes. The 165 and 168-
238 PCR products are subjected to restriction endonuclease digestion separated by gel
electrophoresis and resulting in a genomic finger-printings that may be used for the

identification of bacterial genomes at the species and some times even at the strain
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level. Since the bacterial IGS contains non-coding DNA and a tRNA gene, this 16S-
23S spacer region gives more restriction length variation than the 16S rDNA in the
ARDRA. The ARDRA technique has been used successfully to identify and
characterise several rhizobial strains (Laguerre et al., 1994; Selenska-Pobell et al.,
1996; Vinuesa ef al., 1998). However, the discrimination power of ARDRA is less
than that of AP- and REP-PCR, notably since it is based on the diversity of a single
genomic locus, while in the latter approaches are targeting the diversity of the whole
genome. Subsequent development of molecular techniques allowed for further
refinement of the taxonomy of soybean nodulating rhizobia and based on the sequence
of the 168 rRNA gene, soybean rhizobia could be grouped inte two genera,
Bradyrhizobium (Kuykendall et al., 1992} and Sinorhizobium (De Lajudie et al., 1994).
Recently, another genus, Mesorhizobium, has been proposed as a new genus for a group
of soybean nodulating rhizobia (Chen et al., 1995) (see Table 3 and Fig. 6).

The genus Bradyrhizobium consists of two species, Bradyrhizobium japonicum
and Bradyrhizobium elkanii. This is based on DNA hybridisation probes described by
Kuykendal et ai. (1992) and confirms the grouping proposed by Hollis ez al. (1981).
Bradyrhizobium japonicum belongs to group 1/Ta, which is very host-specific and forms
nodules only on soybean. Bradyrhizobium elkanii represents group II, which is very
distinct from Bradyrhizobium japoricum, and forms nodules on both soybean as well as
cowpea plants. Recently, a new group of slow-growing soybean bacteria,
Bradyrhizobium ligoningensis, was described by Xu er al. (1995). Based on DNA
homology, strains belonging to this new species are different from Bradyrhizobium
Japonicum USDA 110 and Bradyrhizobium elkanii USDA 76. Sikora et al. (1997} also

found that indigenous strains of Bradyrhizobium japonicum from soybean-producing
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areas of the Republic of Croatia were different from the strains that are used as regular
moculants.

The genus Sinorhizobium contains a fast-growing strain nodulating soybean, S.
Jredii, which is considered to be specific to soybean gene centre regions, such as China,
and other countries in Asia and South East Asia (Keyser ef al., 1982; Scholla and Elkan,
1984; Stower and Eaglesham, 1984; Dowdle and Bohlool, 1985; Chamber and
Truthayathas, 1988; Jarvis et af, 1992). This fast-growing strain differs from
Bradyrhizobium spp. by several genetic, biochemical, physiological and symbiotic
properties (Sadowsky er al., 1983; Stower and Eaglesham, 1984). The mean
generation time of this species ranges from | - 4 hours, whereas Bradvrhizobium
strains have mean generation times in excess of 6 hours (Jordan, 1982). Fast-growing
strains utilise a greater assortment of carboydrates than the slow-growers (Sadowsky
et al., 1983). This new species S. fredii can be differentiated from Bradyrhizobium
spp. by the sensitivity to various antibiotics (Dowdle and Bohlool, 1985). It has also
broader host-range specificities than Bradyrhizobium spp. (Stowers and Eaglesham,
1984). Devine (1985} reported that at least 80 % of 285 introduced soybean plants
(Glycine max) from Asian countries were nodulated effectively by S. fredii strain USDA
205. This strain USDA 205 is rather exotic since it has a broad host-range and can form
nodules and fix N with several legumes in addition to soybean. This sirain formed
effective nodules on soybean, cowpea, pigeon pea but formed meffective nodules on
siratro, phascy bean and mungbean (Scholla and Elkan, 1984). 8. fredii strain NGR
234 is even more unusual. This strain was isolated from Lablab purpureus but formed
nodules on at least 37 genera of legumes and the non-legume tree Parasponia (Jarvis et
al., 1992). Other §. fredii strains such as strains USDA 257 and USDA 191 are highly

specific for only certain soybean cultivars (Keyser ef al,, 1982; Hattori and Johnson,

23



1984; Heron and Pueppke 1984). In addition, there are also many S. fredii strains that
can effectively nodulate several modern soybean varieties (Hattori and Johnson, 1984;
Dowdle and Bohlool, 1985; Lin er of., 1987). Chamber and Iruthayathas (1988) and
Young et al. (1988) also reported the ability of Sinmorhizobium fredii to nodulate
modern soybean variety Fiskeby V and Clark, from Europe and USA respectively.
Rodriquez-Navarro et al. (1996) isolated promiscuous fast-growing soybean rhizobia
from Vietnam, which are likely to be different from Sinorhizobium fredii USDA 257. In
addition, it was reported that fast-growing growing soybean nodulating strains have low
levels of DNA-DNA homology with B, japonicum (Scholla et al., 1984).

Since the methods are rapidly developing and new rhizobial strains are being
isolated, the phylogeny and taxonomy of nodulating bacteria is changing and has been
reviewed extensively in recent years (Willems and Collins, 1993; Yanagi and Yamasato,
1993; Martinez-Romero and Caballero-Mellado, 1996; Novikova, 1996; Young, 1996;

Young and Hauke, 1996).

VI, Outline of the thesis

The aim of this thesis was to develop methods to improve BNF of soybean in
acid soils in a new transmigration area in Sitiung, and to replace the common use of
large amounts of lime and P fertiliser. Hence the use of seeds pelleted with lime and P
was studied (Chapter 2). Pelleting the seeds with lime and P was to ensure that the BNF
can proceed optimally. Besides field and pot experiments, a detailed study was made in
the laboratory using rhizotrons (Chapter 3). Since P deficiency is common in acid soils,
the effect of P, in particular on the initiation of nodule formation, was investigated. For
this purpose the thizotron sysiem, was used in order to observe and count nodule

priomordia in the whole root system at the early stages of infection.
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A study of the indigenous population of soybean rhizobia was initiated since
exploration of indigenous soybean rhizobia may reveal bacterial strains more adapted to
local stress conditions. Agronomic treatments may also lead to an increase of indigenous
strains, ineffective but very competitive, which may cause a failure of inoculation
practices. A comparison was made of the occurrence of soybean rhizobia in old soybean
lands (Java) and new lands (Sumatra) (Chapter 4). These rhizobial isolates were
characterised phenotypically, based on their symbiotic properties, and genetically using
ARDRA. To establish their phylogenetic position, a number of rhizobial isolates from
Java and Sumatra were studied in more detail by sequencing the major part of 165
IDNA (Chapter 5). This analysis revealed that the rhizobial population in Indonesian
soils is very diverse and include strains belonging to Bradyrhizobium japonicum,
Bradyrhizobium elkanii and, most likely, Sinorhizobium fredii. Finally, the agronomic
and microbiological aspects of the described work are summarised and discussed in a

wider perspective in Chapter 6.
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