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ABSTRACT

Studies were conducted examining the ecology of R. japonicum from the
People’s Republic of China. This dissertation describes experiments designed
to assess: 1) the competitiveness and persistence of indigenous and inoculum
R. japonicum as affected by the numbers of rhizobia in the inoculum and the
cropping system in China; 2) the characteristics of the indigenous R.
japonicum isolated from two Chinese soils; 3) the competition between these
indigenous rhizobia and inoculum rhizobia; and 4) the naturally-occurring
bacteriophages for the indigenous rhizobia.

Field studies were done to study the competition and persistence of R.
japonicum in a rice soil with no prior history of soybean cultivation using
three methods of inoculation in three cropping systems: soybeans followed by
rice, rice followed by soybeans, and soybeans followed by soybeans. 1In
general, significant differences between inoculated and uninoculated
treatments were not observed in both spring- and summer-sown soybeans with
respect to nodule dry weight, plant dry weight, plant nitrogen content, and
seed yield. Nodule occupancy data revealed that at least one of the inoculum
strains was competitive and formed a significant proportion of the nodules on
one soybean cultivar or another. There were significant cultivar-strain
interactions with respect to the competitive success of the inoculum strains.
Competition was influenced by the number of rhizobia in the inoculum and the
cropping system. The inoculum strains formed a greater proportion of nodules
on the soybeans following rice than on the soybeans following soybeans.
Soybean rhizosphere studies revealed that the inoculum strains attained a
greater numerical dominance over one indigenous strain in the rice-soybean
cropping sequence than in the soybean-soybean sequence. Studies of the
survival of R. japonicum after flooding in the soybean-rice sequence revealed

that survival was good, and the numbers of rhizobia in the soil were



relatively unaffected by flooding. Following the harvest of the summer-sown
soybeans, the soil was tested for the persistence of rhizobia. The inoculum
strains, however, were not present in the soil in sufficient numbers to
enable them to form a significant proportion of nodules on soybeans planted
subsequently into the soil.

Soybean rhizobia were isolated from two Chinese soils with different
cropping histories. The first soil, from Honghu county, had been under
soybean cultivation for decades. The second soil was the rice soil from the
field experiments described above. All of the isolates obtained from nodules
on soybeans growing in the Honghu soil were fast-growing, acid-producing
rhizobia; whereas, in contrast, all of the soybean rhizobia recovered from
the rice soil were typical slow-growing rhizobia. Microbiological
characterization of the rhizobia revealed heterogeneity among the isolates.
Representative isolates were tested for symbiotic efficiency. For both the
fast- and slow-growing rhizobia, most of the isolates formed effective
nodules on all the soybean cultivars tested.

A glasshouse study was designed to analyze competition between these
indigenous fast- and slow-growing rhizobia. Two soybean cultivars were grown
in three soils: the Honghu soybean soil with an indigenous population of
fast-growers; the Wuhan rice soil with an indigenous population of slow-
growers; and the Waimea soil, a R. japonicum-free soil from Hawaii. Fast-
and slow-growing R. japonicum were added to the soils in low and high numbers
in either a single strain or multi-strain inoculum. The fast-growers were
highly competitive on both cultivars in soil where they were indigenous even
when the slow-growers were added to the soil in high numbers. Moreover, when
a fast-growing strain was added to the Wuhan rice soil in high numbers, it
was more competitive than the indigenous slow-growers. However, when

soybeans growing in the rhizobia-free soil were inoculated with fast- and



slow—-growers in a mixed inoculum, the slow-growers formed the majority of the
nodules.

The Honghu soybean soil and the Wuhan rice soil were tested for the
presence of bacteriophages. Rhizobiophages specific for the fast-growers
were recovered from the soybean soil only, and no phages for the slow-growers
were recovered from either soil. The phages exhibited a high degree of host
specificity and were lytic on fast-growing soybean rhizobia only. At least
three distinct plaque types were observed. Electron microscopy revealed
diverse morphology among this group of phages. The fast-growing isolates
from the soybean soil were grouped into seven phage sensitivity groups based
on a phage-typing scheme. Some of the fast-growing isolates were found to be

lysogenic and were not included in the phage-typing scheme.
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CHAPTER I

INTRODUCTION

The symbiotic association between legumes and a diverse group of
bacteria belonging to the genus Rhizobium is of enormous practical
consequence to agriculturalists around the world. Applications of expensive,
chemical nitrogen fertilizers can be significantly reduced, and in many cases
eliminated, by providing legumes with effective nitrogen-fixing rhizobia.

One of the oldest and most widely practiced methods of providing legumes with
rhizobia is inoculating legume seeds with effective strains of the bacteria.
However, in soils containing compatible, naturalized rhizobia the efficiency
(and ultimate beneficial effect) of the symbiosis can not be ensured with
seed inoculation due to competition for nodule sites between indigenous and
inoculum rhizobia.

With respect to soybeans, the aftermath of several decades of
experience with inoculation may be generalized by two statements: 1) when
soybeans are sown in soil where appropriate rhizobia are absent, inoculation
will usually result in increased yields; and 2) when soybeans are sown in
soils where appropriate rhizobia are indigenous, inoculation may or may not
enhance yields depending on a myriad of factors, including those that
influence competition between indigenous and inoculum rhizobia. The
inconclusiveness in the latter instance is nowhere better illustrated than in
China, the center of origin and genetic diversity of soybeans. Inoculation
of soybeans in China is particularly challenging because soybean rhizobia are
present in virtually all soils regardless of whether soybeans have been grown
previously in any one particular soil.

The outcome of past experience with soybean inoculation in the United
States is different from that in China. In the U.S., significant yield

increases from inoculation have been reported on soybeans growing in soil not



previously cropped to soybeans and free of R. japonicum (Abel and Erdman,
1964; Caldwell and Vest, 1970). However, little or no crop response to
inoculation is common in soils containing effective strains of R. japonicum
(Ham et al., 1971a; Johnson et al., 1965; Kvien et al., 1981). 1In much of
the soybean growing area in the north central U.S., an area encompassing many
soil types, indigenous strains of R. japonicum serogroup 123 dominate
nodulation of soybeans (Damirgi et al., 1967; Ham et al., 1971b). Although
several factors have been examined to account for the success of serogroup
123 (Ham, 1980), strain characteristics that confer competitive advantage to
123 remain unknown.

The numbers of 123 in the soil and the influence numbers may have in
competition has received little attention. In a soil where 123 was
indigenous, Moawad et al. (1984) enumerated the three indigenous R. japonicum
serogroups that were the major nodulating rhizobia. They found that although
123 clearly dominated in nodule composition, there was no evidence of
dominance by 123 in the host rhizosphere. When competition studies were done
in sterile vermiculite and in soils devoid of naturalized R. japonicum,
strain 123 was not a particularly good competitor (Kosslak and Bohlool,
1985). The condition of being indigenous is apparently crucial to the
competitive success of 123.

The early events in the nodulation process may be the most critical for
competition among R. japonicum strains. Kosslak et al. (1983) demonstrated
how exposure of two-day-old seedlings to a strain can affect the subsequent
establishment of other strains in the nodules. Whether or not the
competitive success of indigenous strains is established in the early stages
in the nodulation process is not known.

Several studies have indicated that when inoculum rhizobia are added to
the soil in high numbers they are able to displace indigenous rhizobia and

form a significant proportion of nodules (Kapusta and Rouwenhorst, 1973;



Weaver and Frederick, 1974; Bohlool and Schmidt, 1973). The method of
inoculum preparation and application has been shown to influence the number
of rhizobia added to the soil and competitive success of the inoculum
rhizobia (Burton and Curley, 1965; Bezdicek et al, 1978; Boonkerd et al,
1978) .

The impact of nodule degradation, release of rhizobia from nodules into
soil, and subsequent establishment and persistence of those rhizobia in soil
has not been the object of much research. 1In soils containing naturalized
populations of 123, Reyes and Schmidt (1979) reported high populations of
strain 123 only in the disintegrating taproot soybean rhizospheres, and these
populations declined rapidly after harvest. Moawad et al. (1984) observed
that although rhizosphere populations of the most successful competitive
serogroup, 123, were significantly higher than populations of the less
successful competitors in samples taken from mature and drying plants, the
numbers of 123 and two other indigenous rhizobia were approximately equal at
planting. This evidence suggests little or no relationships between nodule
occupancy by a strain and persistence of that strain in soil. The
relationship between competition and persistence in soils without naturalized
populations of rhizobia has not been explored.

Soybean rhizobia are known to persist in soil for relatively long
periods. 1In soils that had not been planted to soybeans for 24 years, Norman
(1942) did not obtain a response to inoculation due to the persistence of R.
japonicum. Weaver et al. (1972) reported that R. japonicum numbers in 52
Iowa fields were correlated with whether or not soybeans had been grown at a
site, but were not correlated with the frequency of growing soybeans or the
number of years since soybeans had been grown at a site.

In much of the world, soybeans are grown in rotation with paddy rice,
and surprisingly very little is known about the establishment and survival of

R. japonicum under such cropping systems. Several in vitro studies have



indicated the capacity of R. japonicum to survive flooded conditions (Wu et
al., 1968; De-Polli et al., 1973; Osa-Afiana and Alexander, 1979; Hunter et
al., 1980). From a glasshouse study, Wu et al. (1968) concluded that
submersion of the paddy field does not affect the survival of R. japonicum;
but when soybeans were re-inoculated following flooding in a soybean-rice-
soybean cropping system, they observed significant increases in plant weight,
plant nitrogen, and nodule numbers. The ostensible need to re-inoculate
soybeans after flooding suggests that although R. japonicum may survive in
flooded soils, they do not survive in sufficient numbers for maximum
nodulation. A better understanding of the ecology of soybean rhizobia in
flooded soils is needed in order to determine the inoculation requirements of
soybeans grown in rotation with paddy rice.

In China, competition between indigenous and inoculum rhizobia has not
been studied as extensively as in the U.S. Soybean inoculation programs have
not been well received by Chinese farmers due to the lack of predictable crop
responses to inoculation. Since nearly all soils in China contain
naturalized populations of R. japonicum, competition between these rhizobia
and inoculum rhizobia poses a difficult obstacle to increasing soybean yields
through inoculation. The indigenous soybean rhizobia in China have not been
well characterized and whether or not a situation analagous to the 123 case in
the U.S. exists in China is not known.

Soybeans are considered to be commonly nodulated by slow-growing rhizobia
only. Recently, Keyser et al. (1982) reported for the first time fast-growing
strains of rhizobia isolated from soybean root nodules collected in China.
Studies have shown these fast-growing rhizobia to be distinct in their
microbiological and symbiotic properties from the ‘typical’ slow-growing type
(Keyser et al., 1985). The extent of occurrence of fast-growing soybean
rhizobia in China, or their role in competition between inoculum rhizobia, is

not known. Since China is the center of origin of soybeans, studies in China



of the composition of indigenous populations of soybean rhizobia are
particularly important.

Studies designed to determine inter-strain competition of fast-and slow-
growing rhizobia are few (Franco and Vincent, 1976; Zablotowicz and Focht,
1981; Trinick et al., 1983). In none of the studies were the fast-growers the
host preferred microsymbiont under natural conditions. The behavior of fast-
growing soybean rhizobia as indigenous soil bacteria and their influence in
competition between indigenous and inoculum rhizobia has not been heretofore
addressed.

Most of the reports concerning rhizobiophages have concerned phages for
fast-growing rhizobia (Vincent, 1977). Despite this, the occurrence of
bacteriophages for fast-growing soybean rhizobia in Chinese soils has not been
reported. The most comprehensive investigation of rhizobiophages for slow-
growing R. japonicum reported the presence of phages in Iowa soils in nearly
all soil and nodule samples (Kowalski et al., 1974). They reported that phage
sensitivity was more specific than serological grouping and suggested an
application of a R. japonicum phage test as an indicator for the distribution
of a serogroup in soil.

The purpose of the research reported in this dissertation was to study
the ecology of R. japonicum from China as affected by the number of rhizobia
in the inoculum and the cropping system, to characterize the indigenous
soybean rhizobia in two Chinese soils with different cropping histories, to
determine the competitive ability of these indigenous rhizobia, and to

describe the bacteriophages for these same indigenous rhizobia.
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CHAPTER II

FIELD PERFORMANCE OF INOCULUM AND INDIGENOUS RHIZOBIUM STRAINS

IN SOYBEAN-RICE, RICE-SOYBEAN, AND SOYBEAN-SOYBEAN CROPPING SYSTEMS

Abstract

The effect of numbers of rhizobia in the inoculum on crop growth and on
the ecology of R. japonicum was studied in three soybean-rice cropping
systems. The most probable numbers (MPN) of the indigenous rhizobia were
monitored throughout the cropping seasons. Prior to the spring planting the
soil rhizobial population was relatively low, approximately 72 cells per g
soil. After the spring-sown soybeans, the numbers increased to approximately
4 x 10° cells per g soil; while after the spring-sown rice and fallow they
increased to approximately 1 x 10° cells per g soil. Following the summer-
sown crops the numbers of rhizobia in the soybean fields remained high, while
in the fallow section the numbers decreased to their pre-planting levels. 1In
the rice following soybeans field, the numbers decreased to approximately 1 x
10° cells per g soil. 1In the spring, strains 005 and USDA136 were inoculated
in a two-strain mixed inoculum onto two soybean cultivars, Ai Jiao Zao and
Tai Xing Hei Dow in the summer, strains 005 and USDA123 were inoculated in a
two-strain mixed inoculum onto cultivar Ou Huang # 3. Three inoculations
methods were used to introduce different numbers of rhizobia: peat pelleted
seed, peat-sand mixture, and liquid broth. In general, inoculation of
spring-sown soybeans did not result in significant differences in nodule
mass, top weight, and nitrogen content at flowering, and seed yield.
Inoculated plants did have significantly more nodule mass at 30 d after
planting. Nodule occupancy data revealed that 005 was competitive on one

cultivar, forming a significant proportion of nodules on Ai Jiao zao, while



USDA136 was more competitive on the other cultivar, forming a significant
proportion of the nodules on Tai Xing Hei Dou. Nodule occupancy by strain 005
was influenced by its numbers in the inoculum with the highest numbers and
highest nodule occupancy occurring in the peat-sand mixture treatment. Nodule
occupancy by USDA136 was not affected by its numbers in the inoculum. For the
summer-sown soybeans, in one section of the field soybeans followed spring-sown
rice while in another section soybeans followed spring-sown soybeans. In
general, inoculation of summer-sown soybeans did not result in significant
differences in nodule mass 30 d after planting, nodule mass, top weight and
nitrogen content at flowering, and seed yield. Nodule occupancy data revealed
005 was more competitive on the soybeans following rice (forming as many as 66%
of the nodules) than on the soybeans following soybeans, while USDAl23 was
poorly competitive in both cropping sequences. In general, for the summer-sown
soybeans nodule occupancy was not affected by numbers of rhizobia in the
inoculum. Soybean rhizosphere responses of 005, USDAl123, and an indigenous
strain (identified with fluorescent antibody (FA) USDA110) were studied by
immunofluorescence in both cropping sequences. In the rice-soybean sequence,
005 attained a greater numerical dominance over the indigenous strain and
USDA123, while in the soybean-soybean sequence rhizosphere numbers of 005 and
the indigenous strain were approximately equal. After inoculation, rhizospere
numbers of USDA123 decreased in both cropping sequences. MPN and
immunofluorescence techniques were combined to study the survival after
flooding of indigenous and inoculum R. japonicum in the soybean-rice cropping
sequence. In general, survival was good and not affected by the rice plant
as indicated by the lack of differences in the most probable numbers in the
rice rhizosphere and non-rhizosphere soil. The methodology used to compare
the ability of strains to survive flooding (i.e. serotyping nodules from
soybeans inoculated with aliquots of the soil suspensions used in the MPN

determinations) was not sensitive enough to make comparisons between inoculum



and indigenous strains. Soil samples taken after the summer-sown soybeans
and analyzed for the serogroup composition of the soil rhizobia revealed that
persistence of the inoculum strains was poor. The inoculum strains were not
present in the soil in sufficient numbers to enable them to form a
significant proportion of nodules on soybeans planted subsequently into the

soil.

Introduction

Inoculating soybeans with superior nitrogen-fixing strains of rhizobia
in soils that contain indigenous populations of soybean rhizobia does not
result in predictable yield increases. Soils in the U.S. that have been
cropped previously to soybeans generally contain indigenous populations of R.
japonicum. When soybeans are grown in such soils results vary as to the
efficacy of applying inoculum strains to the seed. Competition between the
naturalized soil rhizobia and the inoculum strains often preclude the
inoculum strains producing a large proportion of nodules.

In the U.S., significant yield increases from inoculation have been
reported on soybeans grown in soil not previously cropped to soybeans and
free of R. japonicum (Abel and Erdman, 1964; Caldwell and Vest, 1970).

However, little or no crop response to inoculation is common in soils

containing effective strains of R. japonicum (Ham et al., 197la; Johnson et
al., 1965; Kvien et al., 1981). 1In China, the center of origin of soybeans
(Hymowitz and Newell, 1981), inoculation of soybeans is particularly

challenging because soybean rhizobia are present in virtually all soils
regardless of whether or not soybeans have been grown previously.

Several studies have indicated that high numbers in the inoculum are
required for inoculum strains to displace indigenous strains. In a soil

containing effective soybean rhizobia, Johnson et al. (1965) obtained an



average recovery of the inoculum strains of 5% when applied as peat inoculum
at the standard rate, 1 x 10° cells per seed; however, when inoculum was
applied at much higher than recommended standard rates recovery increased in
Iowa soils but did not increase in Maryland soils. Kapusta and Rouwenhorst
(1973) increased the recovery of an inoculum strain from 18% in uninoculated
plots to 60% in plots receiving 1.5 X 10° cells per cm of row. Weaver and
Frederick (1974) quantified the relationship between soil and inoculum R.
japonicum and concluded that if the inoculum rhizobia are to form at least
50% of the nodules then an inoculum rate of 1000 times the soil population
must be applied. Bohlool and Schmidt (1973) indicated that the quantitative
relationships may be soil specific and recommended the use of a competition
curve, in which the log of the number of an inoculum strain is plotted
against the percentage of nodules formed by that strain. In this manner once
a critical inoculum level is reached such that the indigenous strains produce
few nodules the inoculum rate for the particular soil is determined. Smith
et al. (1981) concluded that inoculation levels above 1 x 10° rhizobia per an
row were necessary to establish effective nodulation in a R. japonicum-free
tropical soil.

The method of inoculum preparation and application has been shown to
influence the number of rhizobia introduced into the soil as well as the
serogroup distribution in the nodules. The standard method of using peat
pelleted seeds in soils containing high R. japonicum populations has been
questioned. Bezdicek et al. (1978) compared peat and granular inoculants and
reported higher soybean yields and better nodulation with the granular carrier.
Burton and Curley (1965) showed that liquid and peat-base inoculants were
effective for pre-inoculating soybeans provided the soybeans were planted 1 d
after inoculation. However, if the seeds were stored for 7, 14, or 21 d before
planting, the peat-base inoculant resulted in better nodulation. Boonkerd et

al. (1978) reported that the numbers and the recovery of an inoculum strain,



USDA 62, were higher when introduced in a liquid inoculum than when introduced
in a peat inoculum. In a R. japonicum-free soil, however, peat-base inoculant
mixed with moist builders sand and drilled in the rows before planting produced
63% as many nodules as peat inoculum even though higher numbers of rhizobia
were introduced with the peat-sand mixture (Hinson, 1969).

Few studies of persistence of rhizobia in the soil associated with

cropping practices have been carried out. Studies have shown R. leguminosarum,

R. lupini, R. meliloti, and R. trifolii to persist in soil from 10 to 125 years

after the cultivation of their homologous host (for review, see Lowendorf,
1980.). 1In soils that had not been planted to soybeans for 24 years, Norman
(1942) did not observe a response to inoculation due to the persistence of R.
japonicum. Lynch and Sears (1952) found that the interval of time (up to 13
years) since soybeans had been grown previously did not influence crop
response to inoculation. Weaver et al. (1972) reported that numbers of R.
japonicum in 52 Iowa fields were correlated with whether or not soybeans had
been grown at the site. However, they found no correlation in the numbers of
R. japonicum in Iowa soils and the frequency of growing soybeans or the
number of years since soybeans had been grown in a soil. Elkins et al.

(1976) reported that crop responses to inoculation were not significantly
affected by previous soybean cropping frequency. They concluded that in
southern Illinois sufficient populations of R. japonicum persist for at least
11 years.

In many parts of Asia, soybeans are grown in rotation with paddy rice.
Surprisingly, very little is known about the survival and establishment of R.
japonicum under such cropping systems. Wu et al. (1968) concluded from a
glasshouse study that submersion of the paddy field does not affect the
survival of R. japonicum. They observed, however, significant increases in
plant weight, plant nitrogen, and number of nodules when the soil was re-

inoculated following flooding in a soybean-rice-soybean cropping sequence.



De-Polli et al. (1973) compared soybean nodulation and nitrogen fixation at
three moisture levels (75, 100, and 125 percent of field capacity) in a pot
study and found the soybean symbiosis was not affected by the soil moisture
levels. O0Osa-Afiana and Alexander (1979) incubated a R. japonicum strain in
soil at three moisture levels in milk dilution bottles and observed that the
strain survived well in flooded soil over a six week period. 1In a glasshouse
study, Hunter et al. (1980) reported that in non-draining glasshouse soil
beds, nodule dry matter was 35 to 50 times greater than in well-drained
controls and concluded that soybeans can respond well to permanent water
tables maintained close to the soil surface.

The objectives of this research were to study the influence of numbers
of rhizobia in the inoculum and cropping practices on competition and
persistence of inoculum and indigenous strains of R. japonicum in a rice-

soybean, soybean-rice, and soybean-soybean cropping system in China.

Materials and Methods

Experimental site and design. The field studies were done on the
experimental farm of Central China Agricultural College (CCAC), Wuhan, China.
The field site was selected because of its cropping history: a crop rotation
of flooded rice and winter wheat. There was no record of prior soybean
cultivation in this field. The experimental field was divided into three
sections of equal size with a smaller adjacent area kept fallow for the
duration the experiment. There were two cropping seasons, spring and summer,
and in each section a different crop rotation was adopted. A schematic of
the experimental site showing the basic layout and crop rotations is shown in
Figure II-1. The chemical analysis of the soil is presented in Table III-1.

Phosphorus (34 kg P per ha as superphosphate) was added to the soil prior to
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Figure II-1. A schematic of the experimental site showing the three cropping sequences studied.
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each planting. The weather data collected during the growing season are
summarized in Appendix A.

In the spring of 1983, one rice (Oryza sativa) crop and two soybean (G.

max L. Merrill) crops were planted. The rice cultivar was a locally adapted,
early-maturing one. The two soybean cultivars were also early maturing ones.
Tai Xing Hei Dou was a black-seeded cultivar obtained from CCAC, and Ai Jiao
Zao was an improved, yellow-seeded cultivar released by the 0ils and Root
Crops Institute in Wuhan for use in Hubei province. Immediately after
harvesting the first crops in July, the second half of the crop rotation was
planted. The rice crop, a locally-adapted, late-maturing cultivar, was
planted in the section where Ai Jiao Zao was grown. The two soybean crops
consisted of the same cultivar, Ou Huang # 3, an improved, yellow-seeded
cultivar and were planted into sections so that in one section soybean
followed rice, and in the other section soybean followed soybean. For the
soybean crops, each treatment was replicated four times in plots (2.4 m X 7.5
m) arranged in a randomized complete block design. Soybeans were planted in
rows 60 can apart at a density of 450,000 plants per ha. The five treatments
during each cropping season are summarized in Table II-1. Soybean plants
were sampled 30 d after planting and at flowering. Samples consisted of ten
plants per plot taken from the two outside rows. Nodule mass was determined
at both sampling times. Top dry weight and nitrogen content of plant tops
were determined at the second sampling. Nitrogen content was determined by
Kjeldahl analysis. At maturity, plants were harvested from a 5 meter section
of the two inner rows of each plot and seed yield was determined.

Rhizobium strains and inoculum preparation. For the spring-sown
soybeans, slow-growing R. japonicum strains 005 and USDAl36 were inoculated
as a two-strain mixed inoculum. Strain USDA136 was ineffective on one of the

spring-sown cultivars, Ai Jiao Zao. For the summer-sown soybeans, slow-



Table II-1. Treatments for spring-and summer-sown soybeans .

Spring-Sown Soybeans
Uninoculated control
Peat-pelleted seed
Peat-sand mixture placed in the furrow with the seed
Peat-sand mixture placed in the furrow 5 cm below the seed
Peat-pelleted seed with nitrogen (50 kg N/ha as (NHz) 5 SO4)
applied at planting
Summer-Sown Soybeans
Uninoculated control
Peat-pelleted seed
Peat-sand mixture placed in thg furrow with the seed

.

Liquid suspension of bacteria applied in the furrow with the
seed

Peat-pelleted seed with nitrogen (50 kg N/ha as Urea) applied in
a split application: 15 kg N/ha at planting and 35 kg N/ha
flowering



growing R. japonicum strains 005 and USDA123 were inoculated as a two-strain
mixed inoculum. USDA136 and USDAl23 were obtained from USDA Culture
Collection Beltsville, MD. Strain 005 was obtained from T.S. Hu, Soils and
Fertilizer Institute, Beijing. All strains were maintained on yeast extract
mannitol (YEM) agar slants (Vincent, 1970). The inoculum strains were grown in
sterile peat. Peat-pelleted seed inoculants were prepared using the procedure
outlined by Vincent (1970). Granular inoculants were prepared by wetting
silica sand with an adhesive (methyl cellulose) and coating the grains with the
peat-base inoculum. The liquid inoculum was prepared by growing the inoculum
strains in YEM broth. The most probable number (MPN) of cells in each inoculum
was determined and the results are presented in Table II-2. For the peat-base
inoculants, MPN values were obtained by the plant-infection test as described
by Vincent (1970). Glycine soja seedlings growing in test tubes (with Jensen
nitrogen-free media (Jensen, 1942) with trace elements (Gibson, 1963) and 1%
agar (Difco Bacto-Agar)) were used as the test plants. Plants were scored for
the presence or absence of nodules after growing for 5 weeks. For the liquid
inoculum, viable cell counts were determined by the drop plate method (Miles
and Misra, 1938).

Immunofluorescence. Fluorescent antibodies (FAs) were prepared from sera
against the somatic components of the inoculum strains according to the
procedures of Schmidt et al. (1968). Gelatin-rhodamine isothiocyanate was used
to suppress non-specific adsorption (Bohlool and Schmidt, 1968). Nodules from
all experiments were dried and stored over desiccant until use. Nodules were
crushed and stained with strain-specific FAs. Stained nodule smears were
examined with a Zeiss universal microscope equipped for epifluorescence and
transmitted dark field. Incident illumination was from an HBO-200 (OSRAM)
light source with a fluoroscein isothiocyanate (FITC) filterpack. Transmitted
light microscopy, i.e. phase contrast with an achromatic-aplanatic DIC

condenser VZ, was used to observe dual infection.



Soil Rhizobium population. The population of soil rhizobia was
determined for each cropping sequence (including fallow) prior to spring
planting, after the spring harvest prior to summer planting, and after the
summer harvest using the MPN procedures described above. When soil samples
were collected from a field following a soybean crop, samples were taken from
one of the uninoculated control plots; otherwise samples were collected to
represent the entire section of the field and were a composite of ten sub-
samples from the AP horizon.

Competition. The ability of the inoculum strains to compete with
indigenous soil rhizobia was assessed by serotyping nodules with strain
specific FAs. Nodules were sampled at 30 d after planting and at flowering.
30 nodules from each treatment from the latter sampling were stained with
four FAs for the spring-sown soybeans and five FAs for the summer-sown
soybeans. The indigenous soil rhizobia were identified using FA USDA110, and
FA USDA31, and the inoculum strains were identified using FA 005, FA USDA136
and FA USDA123. One of the predominant indigenous soil rhizobia cross-
reacted with FA USDA136 making precise distinctions between indigenous and
inoculum strains reacting with FA USDA136 impossible. It was for this reason
that the inoculum strain USDA136 was replaced by USDA123 for the summer-sown
soybeans.

The rhizosphere response of two inoculum strains, 005 and USDA123, and
one indigenous strain, a strain identified with FA USDA110, was estimated for
the summer-sown soybeans using a modification of the procedure of Kingsley
and Bohlool (1981). At each sampling, soybean root systems were carefully
removed from the soil and the loosely adhering soil was gently shaken off the
roots. Ten root systems per treatment (less for older plants) were
composited into a single sample and three such samples were collected per
treatment. The three samples per treatment were all collected from a single

treatment plot in order to eliminate variation between replicate plots. Root



systems were placed in a flask, weighed, and a volume of partially hydrolyzed
gelatin to make a 1:10 dilution was added. The flasks were placed on a
rotary shaker for 30 min. The root systems were then removed and the soil
suspensions were allowed to settle for 1 hr after which 1 ml aligquots were
filtered through Irgalan black-treated membrane filters (Nuclepore Corp.)
The remainder of the soil suspensions were dried to determine the dry weight
of the rhizosphere soil. Immunofluorescence counts were determined as
described previously (Kingsley and Bohlool, 1981). Membrane filters were
examined using an American Optical microscope model 2071 equipped for
epifluorescence. Incident illumination was from an HBO-50 (OSRAM) light
source with a FITC fluor cluster.

Survival after flooding. The ability of Rhizobium to survive in
flooded soil was determined in the summer-sown rice field following spring-
sown soybeans. In a section of the rice field, rice seedlings were planted
in bottomless, clay pots. At each sampling time, two rice rhizosphere
samples were collected by removing two clay pots, making ten-fold dilutions
of the rhizoshpere soil in YEM salt solution, and shaking on a rotary shaker
for 30 min. Ten-fold serial dilutions of the soil suspensions were made and
MPN determinations were made as described above. For the non-rhizosphere
samples, two soil samples, each consisting of 10 sub-samples taken from the AP
horizon from soil between the pots, were collected and suspended in YEM salt
solutions, and MPN determinations were made as described above. In addition,
for two rhizosphere and two non-rhizosphere samples at four sampling times,
soybeans (Ou Huang #3) growing in sterile vermiculite in modified Leonard jars
were inoculated with 1 ml of the soil suspensions used in the MPN procedure;
and after 30 d nodules were collected, dried, and serotyped as described above.

Persistence. The persistence of rhizobia in the plots following the two
summer-sown soybean crops was determined by collecting soil samples from each

treatment, placing the soil in pots, and growing soybeans (Ou Huang #3) in a



light roan for 30 days. Soil samples consisted of 20 sub-samples from the
inner two rows of each treatment. Nodules were collected, dried, and serotyped
as described above.

Statistics. Analysis of variance and Duncan’s multiple range tests were
done using the General Linear Models program from the SAS statistical package
at the Univ. of Hawaii. For data given in percent, the values were converted
to ranks before being analyzed. For rhizobia population data given in counts,
values were converted to square roots before being analyzed. To test the
effect of crop rotation, analysis of variance was performed according to a

split-plot design. A summary of the ANOVA tables are presented in Appendix B.

Results

When the spring-sown soybeans were planted, the soil rhizobial
populations were low averaging 72 cells per g soil in the four sections in the
field (Figure II-2). After the spring-sown soybeans were harvested the
rhizobial populations in the soybean fields increased to approximately 4 x
106 cells per g soil, while in the fallow section and in the flooded rice
field the populations increased to approximately 1 x 10° cells per g soil.
Following the harvest of the summer-sown soybeans, the populations in the
soybean fields remained relatively high at approximately 1 X 10° cells per g
soil, while in the fallow section the population declined to the spring-
sampling level. In the soybean-rice section, the population decreased to
approximately 1 x 10° cells per g soil after the rice harvest.

As indicated in Table II-2, there was a relatively large range in the
number of rhizobia added to the soil with the various inocula. The largest
number of cells per cm row was added in the peat-sand mixture followed by the
liquid inoculum and the peat-pelleted seed inoculum.

Both spring-sown soybean cultivars responded similarly to inoculation



Figure II-2. Soil poulations of Rhizobium japonicum.
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(Table II-3). The response to inoculation as measured by nodule mass was
evident at 30 d after planting on both cultivars, but less so at flowering.
Although there were significant differences in nodule mass at flowering
between the uninoculated control and the peat-sand mixture treatment on the
black-seeded cultivar, these differences were not reflected in plant top
weight or nitrogen content at flowering. There were no differences in seed
yield. 1In general, responses to inoculation on Ai Jiao Zao, the yellow-
seeded cultivar, were smaller than the responses on Tai Xing Hei Dou, the
black-seeded cultivar. After the initial sampling 30 d after planting, there
were no differences between inoculated and uninoculated plants.

Although plant parameters showed little response to inoculation, nodule
occupancy patterns revealed that the inoculum strains formed a significant
proportion of the nodules (Table II-4). On Ai Jiao Zao, strain 005 formed
39% of the nodules when introduced in high numbers in the peat-sand mixture
placed in the furrow with the seed. Placing this inoculum mixture 5 cm below
the seed had a negative effect on the ability of 005 to form nodules because
005 was identified in only 230 of the nodules. On Ai Jiao Zao, inoculation
with strain USDA136, ineffective on Ai Jiao Zao, resulted in an increase of
USDA136 in the nodules, although it was unable to perform better than the
effective indigenous strain reacting with FA USDAl110. On Tai Xing Hei Dou,
the black-seeded cultivar, 005 was less successful in occupying nodules;
while USDA136 formed most of the nodules in all of the inoculated treatments.

In the summer-sown soybeans, there was no response to inoculation as
indicated by the various plant parameters (Table II-5). However, like the
spring-sown soybeans, the summer-sown soybeans did reveal a response to
inoculation when nodule occupancy was examined (Table II-6). In the rice-
soybean rotation, strain 005 formed most of the nodules on plants inoculated
with a peat-base inoculum, and only slightly fewer than the indigenous strain

reacting with FA USDA136 when applied in a liquid inoculum.



Table II-2. The number of Rhizobium japonicum in the various inocula.

Inoculum # Cells/100 seeds® # Cells/g mix3® # Cells/mlP # Cells Added/cm Row

Spring-Sown Soybeans
Peat-pelleted seed 2.0 x 107 7.0 x 104

Peat-sand mixture 9.6 x 109 6.3 x 107

Summer-Sown Soybeans

Peat-pelleted seed 4.8 x 107 1.7 x 103
Peat-sand mixture 1.2 x 1010 7.9 x 10°
Liquid inoculant 1 x 109 1.8 x 108

3values determined using the plant-infection test (Vincent, 1970)
byalue determined using the Miles and Misra drop plate count (Miles and Misra, 1938)



Table 11-3. Effect of inoculation on nodule dry weight, top dry weight, nitrogen content,
and seed yleld for spring-sown soybeans.

N content
Nodule dry wt Nodule dry wt Top dry wt of tops at
30 d after planting at flowering at flowering flowering Seed yield
Treatment (mg/sample) (mg/sample) (g/sample) (%) (kg/ha)
Soybean cultivar: Tal Xing Hei Dou (black-seeded cultivar)
Peat-sand mix 661 a 2707ab 50.4ab 2.75a 1845 a
Buried peat-sand mix 566 b 2883a 54.2ab 2.77a 1783 a
Peat-pelleted seed 338¢ 1898bc 48.5ab 2.85a 1770 a
Uninoculated control 2574d 1714¢ 48.2b 2.58ab 1582 a
Peat-pelleted seed +
50 kg N/ha 50e 697d 65.9a 2.13b 1673 a
Soybean cultivar: Al Jiao Zao (yellow-seeded cultivar)
Peat-sand mix 562 x 2649x 60.9 y 2.76 x
Buried peat-sand mix 491 xy 2907x 58.1 y 2.55 x
Peat-pelleted seed 569 x 2619x 60.0 y 2.59 x
Uninoculated control 369y 2087x 55.6 y ) 2.73 x
Peat-pelleted seed +
50 kg N/ha 29z 549y 73.2 x 2.35%

Pre-harvest samples consisted of 10 plants/treatment. Seed yield values were adjusted to 12X moisture. For
cultivar Al Jiao Zao seed yilelds for individuval treatments were not obtained. Total seed ylelds were
determined, and the average yield per treatment was 2059 kg/ha. Numbers followed by the same letter do not
differ significantly (P = 0.05) within a given column. The Duncan's multiple range test was used to distinguish
between treatments.



Table II-4 . Competition amongst inoculum and indigenous strains of R. japonicum
in spring-sown soybeans.

Soybean Cultivars

Ai Jiao Zao Tai Xing Hei Dou
% nodules occupied by % nodules occupied by

Inoculation treatment strains reacting with FA strains reacting with FA

110 136 31 005 110 136 31 005
uninoculated control 69 5 14 p 10 b 04 51 5 33 ¢ 10 p 0bp
buried peat-sand mixture 47 be 15 ap 8 ab 23p 34 91 3 2 ¢ 3 ab
peat-pelleted seed 9. 242 5 251 11¢ 64z 4pe 104
peat-sand mixture 294 23 a 4p 39 4 8 ¢ 80 4 2¢ 9a

peat-pelleted seed + N 60 ab 16 ab 14 a 10 ¢ 27 b 44 b 16 a 11 5

i The inoculum was a two-strain mixed inoculum containing strains USDA 136 and 005.
Values are means of four replicates. Numbers followed by the same letter do not
differ significantly (P = 0.05) within a given column. The Duncan's multiple test
was used to distinguish between treatments.



Table II-5. Effect of inoculation on nodule dry weight, top dry weight,
nitrogen content, and seed yield for summer-sown soybeans;

N content

Nodule dry wt Nodule dry wt Top dry wt of tops at .
30 d after planting at flowering at flowering flowering Seed yield
Treatment (mg/sample) (mg/sample) (g/sample) %) (kg/ha)
Soybean cultivar: Ou huang #3 (soybean following soybean)
Peat-sand mix 9914 2258 a 47.0 a .04 3p 2095 a
Liquid 1165a 2102 a 47.5 a .01b 2546a
Peat-pelleted seed 782a 1922 a 49,3 a .16a 2093a
Control 960a 1693 a 47.1 a .05ab 2131a
Plus Nitrogen 965a 2724 a 60.8 a .06ab 2305a
Soybean cultivar: Ou huang #3 (soybean following rice)
Peat-sand mix 662 X 1556 x 26.8 x .93x 2053
Liquid 728 x 1852x 24.6 x .85x 1960x
Peat-pelleted seed 917 X 2050 x 31.4x .87x 1706x
Control 710 X 1638x 26.1x .87x 2179x
Plus Nitrogen 677 x - 1578x 30.5x .81x 2227%

Pre-harvest samples consisted of 10 plants/treatment. Seed yields were adjusted to 12% moisture. Numbers
followed by the same letter do not differ significantly (P = 0.05) within a given column. The Duncan's
multiple range test was used to distinguish between treatments.



Table II1-6. Competition amongst inoculum and indigenous strains of R. japonicum
in summer-sown soybeans.

Soybean Cultivars

Ou Huang #3 (soybean following rice) Ou Huang #3 (soybean following soybean)

% nodules occunied by % nodules occupied by

Inoculation treatment strains reacting with FA strains reacting with FA

110 136 31 005 123 110 136 31 005 123
uninoculated control 9, 27p 384 O¢ Op 29 5 42 ap 21p 2¢ 0a
liquid Op 514 2¢a 42 4 4 ab 183p 23, 35,3 9b 0a
peat-pelleted seed 2y 12, 4 66 5 8a 264 32p 21y 10p Oa
peat—-sand mix bap 22p 3¢ 51, 2 ab 14y 48 5 17p 234 0a
peat-pelleted seed + N 11, 27p 20p 24p 1p 213  32p 46 5 7b 0a

i The inoculum was a two-strain mixed inoculum containing strains 005 and USDA 123. Values are the
means of four replicates. Numbers followed by the same letter do not differ significantly
(P = 0.05) within a given column. The Duncan's multiple range test was used to distinguish
between treatments.



Table 11-7. Soybuan rhizosphere populations of inoculum and indipenous stralns of K. japonicum .
determined by immunofluorcscence membrane filter counts.
Sovhean-soybean sequence Rice-sovbean sequence
. 3 1.1
Days after - 5L L1 51
planting 005 110 123 005 110 123 005 110 123 005 110 123
0 o.8x10%p 8.5x10%  5.6x10%,  1.5x10%; Loxiody  3.9x10%,  2.5x10%.  3.8x10%, 1.5x10%,  1.7x10%c  4.7x10%  2.3x10%,
3 4
4 L%y Lox10%  2.8x10%  9.2010°.  1.8x10%,  2.2x10°,  6.1x10°; L1x0%  9.3x10%  2.1x10%  5.9x10%  4.9x10%,
8 Lexi0%y  nexao’y 3.2a0%  Lixaot  2.0x10%  2.5x10% 1x0%,  2.ax10%  2.9:0%  Lax10%.  Laxi0'y,  Laxio’y,
15 s.0610%,  Lsxiody  Laxio  4.2x10%  3.3x10% 2.6x10%  5.6x10%  2.5x10°3  3.1x107p 3.1x10%,  1.8x10%,  2.0x10%,
29 Lox10%,  6.8x10%  6.5x10%  1.5x10°%  1.8x10% eox10f,  .x10®y  p.2xaoley  7.2x10% 4.8x10%,  9.3x10%  2.2x107,

ts1 - peat-sand inoculant. LI = liquid inoculant.
significantly (P = 0.05) within a given column. The Duncan's multiple range test was used to distinguish between treatments.

Values are number of cells/g 0.D. soil.

Mumbers followed by the same letter do not differ



In the soybean-soybean sequence, 005 was less successful and was unable to
surpass the indigenous strains in any of the treatments. The other inoculum
strain, USDA123, was not a competitive strain in any of the treatments, and
was not recovered in any of the nodules on soybeans in the soybean-soybean
seguence.

The rhizosphere response of the two inoculum strains, 005 and USDA123,
and the indigenous strain reacting with FA USDA110, was quite different as
indicated in Table II-7. In the first sampling, 4 d after inoculation,
numbers of both inoculum strains had decreased. By the final sampling, 29 d
after inoculation, numbers of one of the inoculum strains, 005, had increased
to levels exceeding those at the time of inoculation; whereas numbers of the
other inoculum strain, USDA123, had decreased to even lower levels. These
patterns were observed for both the liquid and the peat-base inocula, and in
both cropping rotations. In the rice-soybean sequence, however, the inoculum
strain 005 attained a greater numerical dominance over the indigenous strain
than in the soybean-soybean sequence where the indigenous strain and 005
attained similar numbers in the rhizosphere. The other inoculum strain,
USDA123, was unable to grow substantially in the rhizosphere in either crop
sequence as numbers of USDA123 decreased gradually over time.

The ability of rhizobia to survive in flooded soil is indicated in
Table II-8. Survival was not influenced by the rice plant as indicated by
the lack of significant differences in the rice-rhizosphere and non-
rhizosphere samples. There was an initial decrease in the rhizobial
population after flooding. Numbers of rhizobia stabilized at this lower
level until the end of the season when there was another decline. There was
no evidence of differential survival amongst the indigenous strains, and the
lack of occurrence of inoculum strains from the spring-sown soybeans made
comparisons between the inoculum and indigenous strains’ ability to survive

flooding impossible.



Table II-8. The effect of flooding on survival of R. japonicum strains.} -

Most probable

number of % nodules occupied by
Days after R. japonicum strains reacting with FA:
flooding cells/qg soil 005 110 136 31

Rice rhizosphere

0 1.8 x 2 47 37 5 .
15 9.3 x 104 be ND ND ND ND
34 1.6 x 10° b ND ND ND ND
56 2.2 x10° b 3 35 25 20
78 2.1 x 106 a 0 63 48

102 3.2x 104 c 1 52 35 3
Non—-rhizosphere

0 1.8 x 106 x 2 47 37 5
15 2.4 x 104 2 ND ND ND ND
34 2.5 x 10° y ND ND ND ND
56 1.7 x 10° y 2 25 40 10
78 2.9 x 10° y 1 38 38 7

102 1.2 x 104 z 3 25 28 22

{Values followed by the same letter d not differ significantly (P=0.05)
within a given column. The Duncan's multiple range test used to
distinguish between treatments. For nodule occupying data there were no
significant (P=0.05) differences between treatments within a given
strain.

Nodule occupancy was from nodules on ou huang #3 growing in sterile
vermiculite inoculated with 1 ml of the soil suspension used in this MPN
procedure.

ND = not determined



Table II-9. Persistence of inoculum and indigenous strains of
R. japonicum under two cropping sequences.}

Inoculation % nodules occupied by strains
treatment reacting with FA:

Soybean-soybean sequence

005 110 136 123
uninoculated control 2 ab 16 a 41 a la
peat-pelleted seed 2 ab 35 a 36 ab 0 a
peat—-sand mixture 7 a 27 a 45 a la
liquid 5 ab 30 a 45 a la
peat-pelleted seed + N l1b 33 a 26 a la

Rice-soybean sequence

005 110 136 123

uninoculated control 3a 33ab 42b 0a
peat—-pelleted seed 4 a 22 b 31 b la
peat—sand mixture la 22 b 65 a 0a
liquid 6 a 19 b 66 a 0a
peat—-pelleted seed + N la 40 a 4 b 0a

fvalues followed by the same letter do not differ significantly (P=0.05)
within a given column. The Duncan's multiple range test was used to
distinguish between treatments.



After the summer-sown soybeans, soil samples were collected from each
soybean section and the soil was tested for the persistence of rhizobia.
Since inoculum strains were recovered with low frequency there was no
evidence that inoculation or nodule occupancy had an effect on the

persistence of strains in soil following the soybean harvests (Table II-9).

Discussion

In many soils in China competition from indigenous strains of R.
japonicum may be an obstacle to improving soybean yields through inoculation.
The rice soil used in this experiment, with no prior history of soybean
cultivation, is a case in point. Prior to spring planting, soil populations
of soybean rhizobia were relatively low. After harvest, in the two sections
of the field where soybeans were not planted, rhizobial populations showed
similar increases despite the fact that one section was left fallow while the
other was flooded during rice cultivation. After the harvest of the summer-
sown crops, the rhizobial populations declined in the fallow section. The
seasonal fluctuations in the soil populations of rhizobia were similar to the

fluctuations Wilson (1930) observed on R. trifolii and R. leguminosarum

numbers in soil. Few studies have examined the growth of rhizobia in soil or
in the rhizosphere. Rhizobia appear to be good rhizosphere bacteria as
evidenced by the large numbers of strains found around the roots of host and
non-host species (Rovira, 1961; Pena-Cabriales and Alexander, 1983; Reyes and
Schmidt, 1979; Moawad et al., 1984) despite the fact that they make up a
small proportion of total bacteria in the rhizosphere (Moawad et al., 1984).
In the fallow field, the seasonal changes in numbers of rhizobia may be part
of a general response of soil bacteria adjusting to the presence of roots

that enhance bacterial development.



In the spring-sown soybeans, the responses to inoculation measured both
by nodule mass and nodule occupancy by inoculum strains, were greatest in the
inoculation treatments introducing the highest numbers of rhizobia. This
confirms earlier reports emphasizing the need for applying high numbers of
rhizobia in order to displace indigenous rhizobia (Kapusta and Rouwenhorst,
1974; Weaver and Frederick, 1974; Boonkerd et al., 1978; Bezdicek et al., 1978;
Smith et al., 1981).

The two strains in the inoculum in the spring-sown soybeans were 005 and
USDA136. Strain 005 was effective on both cultivars, whereas USDA136 was
effective on cultivar Tai Xing Hei Dou only (Dowdle and Bohlool, 1985). The
responses to inoculation were more pronounced on Tai Xing Hei Dou as measured
by nodule mass 30 d after sowing and at flowering, and reflected the variation
in inoculum size with more nodule mass in the inoculation treatments
introducing the higher numbers of rhizobia. On cultivar Ai Jiao Zao, responses
to inoculation were evident only at the early sampling of nodule mass.
Although the overall response to inoculation was less on this cultivar, the
effective inoculum strain 005 was able to form a significant proportion of the
nodules. Unlike Diatloff and Brockwell (1976) who observed a reduction in
nodulation by an effective strain when an ineffective strain was included in
the inoculum, nodulation on Ai Jiao Zao was seemingly unaffected by the
ineffective strain in the inoculum.

At flowering, recovery of the inoculum strains in the nodules of both
cultivars was greater for the peat-sand inoculum than for the peat pelleted
seed inoculum. In general, the peat-sand inoculum performed better than the
peat pelleted seed inoculum. It is not readily apparent whether or not this
effect was the result of higher number of cells or of a more favorable
placement of the inoculum. It has been pointed out that granular inoculants
may be of particular value in certain epigeal species, such as soybeans, that

frequently 1lift the seed coat out of the soil during emergence of the



cotyledons (Williams, 1984). ©Under these circumstances, inoculum placed in
the row or below the seed may be closer to the site of nodule initiation and
in a more favorable position to compete successfully with indigenous
rhizobia. In the buried peat-sand treatment, most of the nodules on the tap
roots were formed at or near the depth of inoculation. Wilson (1975)
observed a similar pattern of nodule development in a glasshouse study where
inoculum was placed at varying depths up to 20 cm below the soil surface. In
the present study, nodule mass at the early sampling was negatively
influenced by deep placement, whereas at the latter sampling this effect was
not apparent. This may have been due to increased nodulation by indigenous
strains at the latter sampling. In another study, Hinson (1969) reported
that nodule number was essentially equal at placement depths of 4 and 6.5 cm.
However, no comparisons were made with inoculum placement at the soil
surface.

The inoculum strains for the summer-sown soybeans were 005 and USDA123.
Nodule occupancy by the inoculum strains was affected by the crop rotation
with higher occupancy in the rice-soybean sequence than in the soybean-
soybean sequence. The indigenous population was more than 1000 times higher
in the soybean-soybean section of the field at the time of the summer
planting than in the rice-soybean section, and the more favorable ratio of
inoculum to indigenous rhizobia in the latter section may have been one of
the determinant factors in competition between indigenous and inoculant
rhizobia.

The pattern of responses of the inoculum strains and an indigenous
strain in the soybean rhizospheres were distinctly different. In both crop
sequences the indigenous strain showed gradual or little growth during the
sampling period. The numbers of both the inoculum strains, on the other hand,
declined after inoculation followed by increased numbers of 005 and decreased

numbers of USDA123. The greater numerical dominance of 005 in rhizospheres



in the rice-soybean section versus the soybean-soybean section may be the
result of the smaller indigenous population in the rice-soybean section at
planting.

In much of the soybean growing area in the north central U.S.
indigenous strains of R. japonicum serogroup 123 dominate nodulation of
soybeans (Damirgi et al., 1967; Ham et al., 1971b). Strain characteristics
that confer competitive advantage to 123 remain unknown. Moawad et al.

(1984) examined soybean rhizosphere growth of strain 123 and two other
indigenous strains and concluded that the competitive success of 123 was not
related to an ability to outgrow other indigenous rhizobia in the host
rhizosphere. Kosslak and Bohlool (1985) did competition studies in two soils
devoid of R. japonicum and reported that 123 was a poor competitor in those
soils. In this study, 123 did not grow well in the soybean rhizospheres
after being introduced into the soil and was a poor competitor in forming
nodules, whereas strain 005 grew well and was a good competitor for nodule
sites. The relationships between growth in the rhizosphere and competition
for nodule sites are not well understood and more studies are needed.

The assessment of the need to re-inoculate soybeans following rice has
not received adequate attention. Wu et al. (1968) concluded that despite the
fact soybean rhizobia seem to survive well in flooded soils each soybean crop
following flooded rice should be re-inoculated. From the results of this
study, there is reason to believe that if the indigenous rhizobia had been
ineffective, then inoculation of soybeans following rice would have resulted
in increased effective nodulation.

The ability of R. japonicum to survive in flooded soils was manifest in
several ways. The increase in numbers of rhizobia in the soil following the
spring-sown rice, and the high numbers in the soil following rice in the
soybean-rice sequence indicated that flooding the soil did not have a

significant negative impact on the numbers of rhizobia in the soil. The rice



plant apparently did not influence the rhizobial population as evidenced by
the same response in the rice rhizosphere and non-rhizosphere soil.
Rhizobium sp. are generally considered to be aerobic organisms (Jordan, 1984)
utilizing oxygen as the terminal electron acceptor, and mechanisms of
anaerobic growth are relatively uncharacterized. Daniel et al. (1980)
examined anaerobic growth of R. japonicum strain 505 and showed the strain
was capable of growing under anaerobic conditions by nitrate respiration with
the final product being N,0. They suggested that free living rhizobia may
remove fixed nitrogen from the soil by denitrification. The potential
influence this may have on the nitrogen status of paddy soils deserves
further investigation. It is not known whether or not the indigenous R.
japonicum in rice soils China are characteristically well adapted to free
living anaerobic growth. 1In this study, differential survival of inoculum
and indigenous strains was not observed because of the low recovery of the
inoculum strain throughout the sampling period.

The release and establishment of inoculum strains in the soil following
soybean cultivation was not detected in this study. Following the harvest of
the summer-sown soybeans, soil samples collected from the experimental plots
and subsequent analysis of nodule occupancy on soybeans grown in these soil
samples failed to reveal a significant presence of the strains which were in
the previous inoculum. It has been shown that decaying nodules release high
numbers of rhizobia into the soil (Moawad et al., 1984;) but what influence
this may have on subsequent rhizobia establishment and persistence in the
soil is unknown. There was no difference in the recovery of strain 005 in
soils collected from the soybean-soybean section and in soils collected from
the rice-soybean section despite the fact that 005 was inoculated into the
soybean-soybean section twice and inoculated into the rice-soybean section

only once.
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CHAPTER III

PREDOMINANCE OF INDIGENOUS FAST-GROWING RHIZOBIUM JAPONICUM
IN A SOYBEAN FIELD IN THE PEOPLE’S REPUBLIC OF CHINA

Abstract

Soybean rhizobia were isolated from two soils with different cropping
histories from Hubei province in central China. The first, from Honghu
county, had been under soybean cultivation for decades. All of the isolates
obtained from nodules on soybeans growing in this soil were fast-growing,
acid-producing rhizobia. However, slow-growing, alkaline-producing isolates
were obtained at higher dilutions of the same soil. The second soil, from
Wuchang county, had been under rice cultivation with no record of previous
soybean cultivation. All of the soybean rhizobia recovered from this soil,
and at higher dilutions of the soil, were typical slow-growing, alkaline-
producing isolates. The isolates from both soils were grouped using
intrinsic antibiotic resistance, gel-immunodiffusion, and fluorescent
antibody procedures. Representative isolates were tested for symbiotic
effectiveness with four soybean cultivars (Peking, Davis, Williams, and Ai
Jiao Zao) in a pot experiment. There were significant cultivar-rhizobia
interactions. Moreover, on each cultivar, there was at least one fast-
growing isolate among these new rhizobia that was as effective as the highly

effective, slow-growing reference strain USDA1ll0.

Introduction

Bacteria of the genus Rhizobium nodulate and fix nitrogen in symbiosis
with many legumes. The various species in this genus comprise two broad
groups of fast-and slow-growing strains based on growth rate and effect on the

PH of yeast extract mannitol (YEM) medium (Jordan and Allen, 1974; Vincent,



1974). Citing these and other fundamental differences the slow-growing strains

were transfered to a newly named genus (Bradyrhizobium gen. nov.), while the

fast growers were retained in the genus Rhizobium (Jordan, 1984). This new
taxonomy, however, does not readily accommodate fast-growing soybean rhizobia.

Soybeans are considered to be commonly nodulated by slow-growing rhizobia
only. Recently, Keyser et al. (1982) reported fast-growing strains of rhizobia
isolated from soybean root nodules collected in the People’s Republic of China.
Studies have shown these fast-growing soybean rhizobia to be distinct in their
microbiological and symbiotic properties from the ‘typical’ slow-growing types
(Sadowsky et al., 1983; Stowers and Eaglesham, 1984; Keyser et al., 1985).

Initial studies on the symbiotic effectiveness of the fast growers set
forth the notion that they are effective only with certain soybean genotypes
from Asia but are generally ineffective with several N. American adapted
soybeans (Keyser et al., 1982). Subsequent studies revealed greater diversity
in the symbiotic response between fast growers and soybean cultivars (Van
Rensburg et al., 1983; Hattori and Johnson, 1984; Stowers and Eaglesham, 1984)
with fast growers forming effective symbioses with several commercial soybean
cultivars.

Since China is the center of origin of soybeans (Hymowitz and Newell,
1981), and presumably of its rhizobia, studies in China of the composition of
indigenous populations of soybean rhizobia are particularly important. Since
one of us (SFD) was in China for 16 months, we had the opportunity to compare
the indigenous populations in two soils with different cropping histories. 1In
this study we show that although effective, slow-growing soybean rhizobia were
present in relatively high numbers, the majority of nodules were formed by

fast-growing rhizobia.

Materials and methods



Soils. The two soils, both located in Hubei province in central China,
had markedly different cropping histories. The first, Honghu soil, from Honghu
county had been under soybean cultivation without inoculation for as long as
people could recall. The second, Wuhan soil, from Wuchang county, had been
under continuous rice cultivation with no record of prior soybean cultivation.
Soil analyses were kindly done by Ada Chu, of the Benchmark Soils Project,
Univ. Hawaii. The following procedures (Soil Conservation Service, 1984) were
used: Carbon, 6Ala; Total N, 6Bl; Fe, 6Cl; P, Olsen; Cations, 5Al; pH-H,0 and
KCl, 1:1 suspension and 1 h equilibration. The chemical properties of the
soils were similar except for soil pH (Table III-1).

Soybean cultivars. Five soybean (Glycine max L. Merr.) cultivars were
used in this study. Ou Huang #3 and Ai Jiao Zao are improved, yellow-seeded
cultivars released by the 0ils and Root Crops Institute in Wuhan for use in
Hubei Province. Ai Jiao Zao was the cultivar planted in Honghu where the
Honghu soil was collected. Peking is an unimproved black seeded cultivar.
Davis and Williams are common commercial cultivars in North America.

Isolation of rhizobia. Cultivar Ou Huang #3 was used as the trap host.
The methodology for isolation was devised in order to obtain a heterogeneous
population of indigenous rhizobia. Since the soils had been in cold storage,
the rhizobia population was stimulated by growing soybeans. After ten days the
seedlings were removed. Rhizosphere soil was collected by carefully removing
the seedlings, gently shaking the intact root system to remove soil loosely
adhering to the roots, and placing the root system with the remaining soil
adhering to the roots in 100 ml YEM salts (Vincent, 1970). The rhizosphere
soil suspensions were shaken for 15 min on a wrist action shaker. Five ten-
fold serial dilutions of the suspensions were made and 1 ml of each dilution
was added soybeans planted in sterile vermiculite. In addition, soybeans were
planted directly in the enriched soil. Eight nodules from each dilution were

collected and used to isolate rhizobia. Nodules were rinsed extensively in tap



Table III-1. Chemical analysis of a soybean soil from H nghu county

and a rice soil from Wuchang county.

Org Tot Soluble Extra Bases
o N Extra Iron (%) P (meq/100 g soil) pH
Soil (%) (%) C/N Fe Fe,04 (ppm) Ca Mg Na K CEC H0  KCI  Diff
Honghu 1.1 12 10 4.5 6.4 7.33 1.5 1.6 .04 1.1 12.6 7.1 6.0 -1.1
Wuchang 0.8 .08 n 4.9 6.9 8.72 5.3 2.3 .07 1.1 16.6 5.3 4.1 -1.2




water, immersed in 95% EtOH for 20 seconds, and immersed in 4% H,0, for 4
minutes. Nodules were crushed in 2 ml of YEM salts. Ten-fold serial dilutions
of the nodule crushate were made and 0.1 ml of the appropriate dilutions were
spread on YEM agar plates containing 0.25 mg bromthymol blue per liter and 20
mg actidione per liter.

Purification, authentication, and cataloguing. For each nodule isolate,
a single colony was selected and re-streaked on YEM agar plates and checked for
purity. Once pure cultures were confirmed, each isolate was streaked on YEM
agar plates containing congo red (Vincent, 1970). Each isolate was confirmed
to be soybean rhizobia by inoculating Glycine soja seedlings growing in test
tubes with Hoagland’s plant nutrient agar (Hoagland and Arron, 1938). All
isolates were maintained on YEM agar slants; the agar slants used for the
maintenance of fast-growing isolates contained 0.05% CaCO;. Isolates were
catalogued as follows: isolates with the prefix HH were isolated from the
Honghu soil; isolates with the prefix WU were isolated from the Wuhan soil;
isolates with the initial number of ‘0’ were isolated from plants grown
directly in the soil; isolates with the initial number of ‘1’ were isolated
from the 107 dilution of the rhizosphere soil; isolates with the initial
number of ‘2’ were isolated from the 1072 dilution of the rhizospere soil; and
so on. Thus HH504 is an isolate from the 107° dilution of the Honghu
rhizosphere soil.

Generation times. Growth and pH responses were determined in YEM and
Bishop’s (Bishop et al., 1976) media for 3 fast-growing isolates: USDA205,
HH103, and HH303; and 3 slow-growing isolates: USDA110, WU002, and WU0OG.
USDA205 is one of the fast-growing soybean rhizobia isolated previously
(Keyser et al., 1982); HH103 and HH303 are fast-growing soybean rhizobia
isolated from the Honghu soil. ©USDAl110 is a slow-growing strain from the
USDA Culture Collection, Beltsville, Maryland; WU002 and WU0O6 are slow-

growing soybean rhizobia isolated from the Wuhan soil. Both media were



adjusted to pH 6.9 prior to inocultion. Fast-growing isolates were pre-grown
in each medium for 3 days, while slow-growing isolates were pre-grown for 5
days. Inocula were added to an initial density of 10° cells per ml into 50 ml
of the medium in 125 ml “side-arm” Erlenmeyer flasks. Flasks were agitated
at 25°%C in a water-bath shaker. Cell growth was monitored using a Klett-
Summerson Photoelectric Colorimeter (equipped with a # 66 red filter) and pH
was determined after four days using an Orion Research (model 501) pH meter
and a glass combination electrode.

Intrinsic antibiotic resistance (IAR). Resistance to low levels of
antibiotics was determined by the method of Josey et al. (1979). Fresh
solutions of antibiotics (obtained from Sigma) were filter sterilized
(0.4 um Nuclepore) and added to cooled (48°C) YEM agar medium to give the
following concentrations (ug/ml): chloramphenicol (Chl), 12 and 25;
kanamycin sulfate (Kan), 10; naladixic acid (Nal), 10; neomycin
sulfate (Neo), 2.5; polymixin B sulfate (Pol), 20; rifampicin (Rif),
1 and 6; streptomycin sulfate (Str), 2.5 and 10; tetracycline
hydrochloride (Tet), 1; and vancomycin (Van), 1.5 and 5. Antibiotic
stock solutions were prepared in sterile distilled water at a
concentration of 10 mg/ml, except Chi (10 mg/ml in 95% ethanol), Nal
(10 mg/ml in 1IN NaOH), and Rif (10 mg/ml in methanol). The use of a
multiple inoculator allowed for simultaneous inoculation of up to 28
cultures per petri plate. Each culture was replicated four times per
antibiotic concentration used. Controls consisted of YEM agar plates
without antibiotics. Duplicate plates of each antibiotic
concentration were incubated in the dark for 7 d and isolates showing
growth were scored as positive.

Immunofluorescence. Fluorescent antibodies (FAs) were prepared
from sera against the somatic components of soybean rhizcbia strains

according to the procedures of Schmidt et al. (1968). Gelatin-



rhodamine isothiocyanate (Bohlool and Schmidt, 1968) was used to
suppress nonspecific adsorption. The microscopy techniques have been
described elsewhere (May and Bohlool, 1983).

Immunodiffusion (ID). Immunodiffusion procedures have been
described elsewhere (Kingsley and Bohlool, 1983). Antigens for
immunodiffusion analyses were prepared from cells grown on the
surface of B5 medium (Gamborg, 1975). Cells were harvested from agar
flats after 3 d of growth, resuspended in 0.85% saline containing
Thimerosal (1:10,000 final conc.), and stored at 40°C until use. Gels
were incubated for 6 d in a moist, dark chamber at room temperature,
rinsed exhaustively for several days with frequent changes of 0.85%
saline solution, stained with amido black ( 0.1% amido black, 4.25x107'M acetic
acid, 4.25x107°M sodium acetate, and 15% glycerol), and destained with 2.0%
acetic acid for several days until the background was clear. The precipitin
bands were recorded photographically.

Host range and symbiotic efficiency. Seeds were surfaced sterilized,

Vigna unguiculata, in 4% calcium hypochlorite, 20 min; Sesbania cannabina

PI180050, in conc. Hy;SO4, 20 min; Macroptilium atropurpureum, in conc. HC1l, 3

min; and planted in sterile vermiculite moistened with 1:4 strength Hoagland’s
nitrogen-free solution in Leornard jars. Five-day-old seedlings were
inoculated with the desired strains and the top of the vermiculite was covered
with sterile perlite and a layer of paraffin-coated sand. There were three
replicates per treatment. Plants were harvested 5 weeks after inoculation.

A glasshouse pot study was designed to evaluate the symbiotic efficiency
of selected isolates on 4 soybean cultivars (Ai Jiao Zao, Davis, Peking, and
Williams). A mixture of sand, perlite, and vermiculite (1:1:1 by vol) was
placed in 3 gal pots (25 cm diam) lined with plastic bags. The pots were
divided into 4 sections with two, 20 cm sheets of fiberglass extending to the

bottom of the pots. A 20 cm (10 mm diam) PVC pipe in the center of the pots



also extending to the bottom of the pots facilitated watering with 1/4 strength
Hoagland’s nitrogen-free solution.

Seeds were surface sterilized for 20 min in 4% calcium hypochlorite,
washed extensively in sterile water, and 4 seeds of each cultivar were planted
in each pot. Three-day-old seedlings were thinned to leave one seedling of
uniform size of each cultivar per pot. The four seedlings in each pot were
inoculated with the same isolate of rhizobia by adding 1 ml of the turbid

culture to each seedling. After inoculation, the top of the sand-perlite-

vermiculite mixture was covered with a 3 cm layer of fine gravel. There were
three replicates for each treatment. Plants were harvested 4 weeks after
inoculation. Plant tops were dried at 70°C, weighed, and nitrogen content was

determined by Kjeldahl analysis.

Results

The method used to enrich and isolate rhizobia from the two soils
yielded a heterogeneous population of indigenous rhizobia (Table III-2). 1In
the Honghu soil, which had a long history of soybean cultivation, fast-
growing isolates were predominant. Moreover, different isolates (i.e.
belonging to different IAR groups and having different gel ID patterns) were
obtained at the various dilutions of the rhizosphere soil. Slow-growing
isolates were also recovered in high numbers as indicated by their recovery
at the higher dilutions of the rhizosphere soil. In the Wuhan rice soil,
with no prior record of soybean cultivation, only slow-growing isolates were
recovered. The slow-growing isolates were tested for serological affinity
using strain-specific fluorescent antibodies. Nearly 100% of the isolates
from the Wuhan soil could be identified using 3 FAs: FA USDAl110, FA CB1809,
and FA USDA31l. The slow-growing isolates from the Honghu soil did not react

with any of the 13 FAs tested.



Table III-2. Composition of indigenous rhizobia from two soil samples from China.?

Soybean Soil Rhizobia

Rice Soil Rhizobia

Fast Slow- Fast- Slow- _Jerogroup B
growing (%) growing (%) growing growing USDA 110  CB 1809 USDA 3 Unidentified
Enriched soil 100 0 0 100 + + + +
0ilutions of
rhizosphere soil .

107! 100 0 0 100 + + + -

102 75 25 0 100 + + - -

10-3 100 0 0 100 + + - -

107 75 25 0 100 + + - -

10°5 100 0 @ eemmeeecccecmmacnee- No nodules ~wec-cecrcccrccncnccnacane

“The soybean soil used in this study was from an uninocuTated soybean field in Honghu county: the rice sof) was from

a rice paddy in Huchang county with no known history of soybean cultivation.

total nodules; + indicates presence; -, absence.

Values in the table are percent of

bln addition to the 3 FA's listed, unidentified isolates were reacted with FA's prepared against the following slow-
growing strains: USDA 123, USDA 138, USDA 76, USDA 46, USDA 94, USDA 6, USDA 135, HU 005, HU121-6 and HU 2031.



Table III-3 . Intrinsic resistance of fast- and slow-growing rhizobia
to antibiotics.

% of Resistant Rhizobia

Antibiotic 43 47
(conc. wg/ml) ... -Fast-growing Slow-growing

Chloramphenicol (12) | 88 100
Chloramphenicol (25) 22 100
Kanamycin (10) 34 100
Naladixic acid (10) 100 100
Neomycin (2.5) | 100 100
Polymyxin (20) 5 100
Rifampicin (1) 5 100
Rifampicin (6) 0 81
Streptomycin (2.5) 5 100
Streptomycin (10) 5 92
Tetracycline (1) 0 100

Vancomycin (1.5) 100 100
Vancomycin (5) 83 100




Table III-4. Summary of intrinsic antibiotic resistance (IAR)
patterns for some fast-growing soybean rhizobia

IAR No. of Chl Kan Nal Neo Pol Rif Str Tet Van
Pattern No. Isolates 12 25 10 T0 25 20 T & 2.5 10 1 1.5 5
1 17 £ oo- - P . oo v+
2 3 . - + + - - - - - - + -
3 6 + - + + + - - - - - - + o+
4 2 = - - + + - - - - - - + +
5 4 S + + « e « = - - + -
6 2 + + + + + + + - + + - + +
7 6 + o+ o+ + + - - - - - - + o+

8 1 + + - + + - - - - - - + o+

*Antibiotic concentration in micrograms per milliliter.
Note: +, growth indicating resistance
-, no growth indicating sensitivity



The fast-growing isolates were grouped according to their intrinsic
resistance to low levels of antibiotics (Table III-3). There were 8 patterns
of antibiotic resistance among the fast growers (Table III-4). The
differences detected among the slow-growing isolates were primarily due to the
slow-growing isolates from the Honghu soil.

The results of immunodiffusion cross-reactions of two fast-growing
isolates from each IAR pattern with somatic cell antisera produced against
fast-growing soybean rhizobia strains USDA192, 194, and 205 are summarized in
Table III-5. The reactions with somatic antisera indicated serological
relatedness between some of the Honghu isolates and the USDA fast-growing
strains reported previously. Of the 15 isolates tested, 7 formed at least one
precipitin band with antisera produced against USDA205, two isolates formed one
band with USDA194, while the remaining isolates formed no bands. The reactions
with whole-cell antisera (data not shown) could not be used to separate the
isolates into serogroups, because all of the isolates shared several heat
labile antigens.

Two slow-growing isolates, WU0O2 and WUOO6 which cross react with FA
CB1809 and FA USDA110, respectively, and two fast-growing isolates, HH103 and
HH303, were selected and mean generation times were determined in two media
(Table III-6). One known slow-growing strain, USDA110, and one known fast-
growing strain USDA205, were included as reference strains. In complex media
(YEM) the fast-growing isolates had mean generation times 3 to 4 times lower
than the slow-growing isolates, while in a defined medium (Bishop’s) they were
4 to 5 times lower. The fast growers acidified both media while the slow
growers made both media more alkaline.

The three fast growers tested were able to nodulate Vigna unguiculata,

Macroptilium atropurpureum, and Sesbania cannabina, but were only effective on

Vigna sp. and Macroptilium sp. (Table III-7). Moreover, there were significant

host-isolate interactions further indicating the heterogeneity of this group of



Table III-5. Immunodiffusion analysis of fast-growing soybean rhizobia.

Antiserum prepared against
Somatic antigen of:

Group Isolates USDA 205 USDA 192 USDA 194
I USDA 205, HH 107 28 0 0
HH 205, HH 504
I HH 002, HH 003 1 0 0
HH 203, HH 208
111 USDA 194, HH 402 0 0 1
HH 502
v USDA 192 0 ' 2 1

v HH 102, HH 103 0 : 0 0
HH 106, HH 303 .
HH 307, HH 505

qNumbers represent the number of precipitiﬁ bands formed.



Table III-6. Mean generation time in hours and final pH of the medium
of several fast- and slow-growing soybean rhizobia.

Medium
YEM* (pH 6.9 Defined** (pH 6.9)
Isolate MGT Final p MGT Final pH
Slow-growing
USDA 110 11.1 7.08 16.9 7.83
- WU 002 8.2 7.08 16.9 7.98
WU 006 14.1 7.10 26.0 7.39
x 1.1 7.09 19.9 7.73
Fast-growing
USDA 205 3.6  6.58 . 3.6 6.96
HH 103 | 3.4 550 4.1 5.51
HH 303 2.6 6.44 5.9 6.72
x 3.2 6.17 4.5 6.40

* Schmidt et al. (21)
** Bishop et al. (2)



Table I11I-7. Response of two legumes, Vigna unguiculata
and Macroptiliwm atropurpurewn, to inocu-
lation with fast- and slow-growing soybean

rhizobia.
V. ungutculata M. atropurpureum
Top dry Nodule dry Top dry Nodule dry

Inoculum strain wt. wt. wt. wt.

Uninoculated control 0.342 -e= .04 .-
USDA 123 1.13 128b .10 13.1b
HH 003 2.59 212 .29 40.9
HH 103 2.26 526 12 9.6
HH 303 1.9 155 .05 5.8
LSD 1.0€ LSD 118 LSD .07 LSD 16.8

dValues are grams per plant and are means of three replicates. ‘
bvailues are mg per plant and are the means of three replicates.
CLSD, least significant difference (p=0.05).



fast-growing rhizobia.

The response of four soybean cultivars to inoculation with fast-and slow-
growing isolates are presented in Tables III-8 and III-9. There were
significant cultivar-strain interactions. Among the slow growers from the rice
soil, one of the predominant isolates, WU002, formed an ineffective symbiosis
with cultivar Ai Jiao Zao. One slow-growing isolate, HH401, from the soybean
soil formed effective nodules on the cultivar Peking but induced rhizobiotoxin-
like symptoms on the leaves which resulted in reduced plant weight. The fast
growers were highly effective on the two cultivars from China, Peking and Ai
Jiao Zao, whereas they were generally less effective on the two North American
cultivars, Williams and Davis. It is important to note, however, that on each
cultivar tested there was at least one fast-growing isolate that was as

effective as the highly effective slow-growing reference strain USDA11lO0.

Discusion

The methodology used to isolate rhizobia from soil was similar to a
method used by Belser and Schmidt (1978) to isolate ammonia-oxidizing
nitrifiers. They obtained different genera of nitrifiers at different
dilutions of the soil. 1In our study, slow-growing rhizobia were recovered in
the soybean soil at higher dilutions presumably because the soil factors
contributing to competitiveness were less emphatic. The advantage of this
methodology for analyzing the composition of an indigenous population is that
bacteria are recovered independently of their competitive ability. Initial
sampling of nodules from soybeans growing in the Honghu field revealed 100% of
the nodules contained fast-growing rhizobia (data not shown), indicating the
recovery of fast-growing rhizobia in this study was not peculiar to our
methodology.

The fast-growing soybean rhizobia reported previously (Keyser et al.,



Table III-8. Response of four soybean cultivars to inoculation
with fast- and slow-growing soybean rhizobia.
I. Percent nitrogen in tops.?
Peking Davis Williams Ai Jiao Zao
Isolate N Isolate N Isolate N "Isolate N

Uninoc. 0.80
WU 002 1.98
WU 108 2.02
WU 006 2.1
USDA 110 2.23
WU 104 2.26
WU 003 2.39

BH 303 2.43
HA 504 2.46
HH 201 2.49
A 103 2.63
HH 507 2.63
USDA 205 2.64
HH 205 2.72
HH 003 2.75
AR 208 2.76
88 502 2.83
HH 401 3.08

LSD 0.51D

Uninoc. 0.82

HE 103 1.42
HH 504 1.45
USDA 205 1.82
HH 502 1.85
g8 205 1.86
HH 208 1.88
88 507 1.93
HH 003 2.29
USDA 110 2.38
HH 303 2.42
WU 006 2.45
HH 401 2.45
WU 002 2.56
HH 201 2.59
WU 108 2.63
WU 003 2.72
WU 104 2.77

LSD 0.42

Uninoc. 0.84
USDA 208 0.87
HH 205 1.40
HE §07 1.79
HH 504 1.81
HA 502 1.84
HR 208 2.14
HH 401 2.21
WU 003 2.26
HH 303 2.33
WU 006 2.37
HH 003 2.38
HA 103 2.4
USDA 110 2.41
WU 002 2.49
WU 108 2.51
HH 201 2.62
WU 104 2.7

LSD 0.39

Uninoc. 0.82
WU 002 1.01
HH 401 2.23
HA 504 2.28
HE 303 2.39
USDA 110 2.44
HH 103 2.46
HH 507 2.47
WU 006 2.48
HH 205 2.49
HH 003 2.51
WU 104 2.52
gH 502 2.56
WU 003 - 2.56
USDA 205 2.63
WU 108 2.63
HH 20 2.72
HH 208 2.77

LDS 0.35

2Italics denote fast-growing isolates.

Values are the means of three replicates.
bLSD, Least significant difference (p=0.05).



Table III-9. Response of four soybean cultivars to inoculation
with fast- and slou-%ming soybean rhizobia.
[I. Top dry weight.

Peking Davis Williams Ai Jiao Zao
Tsolate Ory Wt. Tsolate  Ory wt. Tsolate  Ory wt. TsoTate  Ory Wt.
Uninoc. 0.49 Uninoc. 0.63 USDA 205 0.65 Uninoc. 0.78
HH 401 0.58 HE 504 0.83 HE 205 0.86 WU 002 0.86
WU 108 o.Nn HE 205 0.85 Uninoc. 0.98 HE 205 1.64 -
WU 006 0.75 88 103 1.04 HH 504 1.08 WU 104 1.68
WU 104 0.76 USDA 205 1.08 HH 502 1.13 HE 504 1.68
WU 002 0.84 HE 502 1.10 HH 208 1.13 WU 003 1.69
USDA 110 0.84 HR 208 1.17 HH 507 1.19 HR 208 1.76
HH 201 0.98 HH 507 1.23 HH 003 1.24 . HR 003 1.80
WU 003 1.01 HH 003 1.32 " HH 303 1.25 WU 108 1.81
HB 303 1.04 HE 303 1.35 HH 201 1.39 HH 201 1.84
HR 208 1.10 WU 104 1.47 HA 103 1.58 UsDA 208 1.88
g8 507 1.14 WU 206 1.49 WU 104 1.58 USDA 110 1.88
HH 003 1.17 WU 003 1.61 HH 401 1.64 HH 401 1.89
BH 205 1.19 USDA 110 1.69 USDA 110 1.68 8H 303 1.89
HH 504 1.21 WU 002 1.83 WU 108 1.78 WU 006 1.91
HE 502 1.21 WU 108 1.87 WU 006 1.82 BH 507 1.91
AR 103 1.3 HH 401 1.89 WU 003 . 1.85 HBE 502 1.9
USDA 205 1.35 HH 201 1.95% WU 002 2.06 AR 103 2.68

LSD 0.39b LSD 0.42 LSD 0.54 LSD 0.54

9Italics denote fast-growing isolates. Values are grams per plant and are the means of
three replicates.

bI.SD. Least significant difference (p=0.05).



1982) were isolated from soybean root nodules collected in four east-central
provinces. In this study, fast-growers were isolated from a soil in Hubei
province in central China where agriculture is primarily devoted to paddy
rice with only scattered acreage of soybeans. The implication is that fast-
growing soybean rhizobia may be a common component of the natural microflora
in China. In contrast to the soybean soil, the composition of indigenous
slow-growing soybean rhizobia in the rice soil was homogeneous. Despite the
fact that soybeans had never been cultivated in this soil, soybean rhizobia
were present, albeit in low numbers (data not shown). In China, it is common
for soils to contain soybean rhizobia irrespective of their cropping
histories, presenting a particular challenge when introducing highly
effective inoculum strains on soybeans. In the United States, in soils where
soybeans have been grown previously, establishment of selected inoculum
strains of rhizobia has been largely unsuccessful due to competition from
indigenous rhizobia (Ham et al., 1971; Vest et al., 1973; Kvien et al.,
1981) .

It is interesting that the bulk of the slow growers in the rice soil
cross-reacted with FAs prepared against strains USDA110 and CB1809, two
highly effective and widely used inoculum strains (Keyser, personal
communication). In addition, two of the more extreme rhizobia-cultivar
interactions reported in the literature were encountered in our limited
sampling: the bacteria-induced chlorosis (Erdman et al., 1957) induced by the
slow-growing isolate HH401 on the cultivar Peking, and the ineffective reponse
between Ai Jiao Zao and WU0O2 which is similiar to the ineffective response
between strains in the 122 serogroup (eg. CB1809) and the cultivar Hardee
(Caldwell, 1966). As noted above, WU002 also falls within the 122 serogroup.

The fast-growing soybean rhizobia previously reported could be separated
into at least three distinct serogroups based on immunodifusion reactions with

the somatic antisera produced against USDA192, 194, and 205 (M. J. Sadowsky,



Ph.D. thesis, University of Hawaii, 1983). Several of the fast-growing
isolates in this study are distinct from the previously reported fast-growers
and did not fall into any one of the three serogroups. In addition, the host
range for effective nodulation of these isolates was different from that
reported earlier. Keyser et al. (1982) reported the fast growers nodulated M.

atropurpureum, S. cannabina, and Glycine max cv. Williams ineffectively,

whereas some of the isolates in this study formed effective symbioses on these
hosts. The highly significant cultivar-strain interactions, not found with the
slow growers to the same extent, deserve further investigation which could lead
to identification of the genes reponsible for host-strain specificity.

To our knowledge, this is the first report illustrating the predominance
of fast-growing soybean rhizobia under natural conditions. This belies the
conclusion that fast-growing soybean rhizobia represent an anamolous situation
of little practical significance. Since the results presented in this study
emanate from samples taken from one soybean field in China, we must excercise
restraint in making generalizations. More collections from similar fields in
China are required to establish a better understanding of indigenous
soybean rhizobia populations. However, we did find: 1) in a soil that
has been under soybean cultivation for decades, fast-growing rhizobia
were predominant; 2) this population had diverse microbiological and
symbiotic characterisitics; 3) there were highly significant cultivar-
strain interactions; and 4) in a rice soil that had no prior history of
soybean cultivation the predominant soybean rhizobia were effective,

slow-growing strains.
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CHAPTER IV

THE COMPETITIVE ADVANTAGE OF INDIGENOUS FAST-GROWING SOYBEAN RHIZOBIA

Abstract

Fast-growing soybean rhizobia occur naturally in soils in China yet
their influence in competition with slow-growing inoculum strains is unknown.
A glasshouse study was designed to analyze competition between effective,
naturally occurring fast-and slow-growing rhizobia for nodulation on the
roots of soybeans (G. max L. Merrill). Two soybean cultivars, Ai Jiao Zao
and Williams, were grown in three soils: one with an indigenous population of
fast-growing soybean rhizobia, one with an indigenous population of slow-
growing soybean rhizobia, and one devoid of soybean rhizobia. Fast-and slow-

growing Rhizobium japonicum were added to the soils in low and high numbers

either as single strain or multi-strain inocula. The fast-growing rhizobia
were highly competitive on both cultivars in the soil where they occurred
naturally even when slow-growing inoculum strains were added to the soil in
high numbers. When a high number of one fast-growing strain was added to the
soil with indigenous slow-growers, it formed 86% of the nodules on Ai Jiao
Zao and 41% on Williams. However, when slow-growing strains were included
with the fast-growing strain in a multi-strain inoculum, the fast-growing
strain was a poor competitor in the rhizobia-free soil as well as in the soil

where the slow-growers were indigenous.

Introduction

An important objective in legume inoculation is to establish highly

effective inoculum strains in the rhizosphere so they can compete successfully

for nodule sites against indigenous soil rhizobia. With respect to soybeans in



particular, inoculum strains superior in nitrogen fixation have frequently
failed to compete successfully with indigenous rhizobia in soils where soybeans
have been cultivated (Johnson et al., 1965; Ham et al., 197l1la; Boonkerd et al.,
1978) . Several studies have reported increased recovery of inoculum strains in
soybean nodules by applying the inoculum strains in high numbers relative to
the indigenous rhizobia (Bohlool and Schmidt, 1973; Kapusta and Rouwenhorst,
1973; Weaver and Frederick, 1974). However, the high numbers that are needed
to overcome indigenous rhizobia are in many cases not practical for soybean
cultivation.

In much of the soybean growing area in the north central United States,

an area encompassing many soil types, indigenous strains of Rhizobium japonicum

serogroup 123 dominate nodulation of soybeans (Damirgi et al., 1967; Ham et
al., 1971b). Although several factors have been examined to account for the
success of serogroup 123 (Ham, 1980), strain characteristics that confer
competitive advantage to 123 remain unknown. The competitive success of 123
was found not to be related to an ability to outgrow other indigenous R.
japonicum in the host rhizosphere (Moawad et al., 1984). Also, when
competition studies were carried out in sterile vermiculite and in soils devoid
of naturalized R. japonicum, strain 123 was found to be a poor competitor
(Kosslak and Bohlool, 1985).

A similar situation may exist in China with fast-growing soybean
rhizobia. Recently, Keyser et al. (1982) reported for the first time fast-
growing strains of rhizobia isolated from soybean root nodules collected in
four east-central provinces in the People’s Republic of China. Studies have
shown these fast-growing rhizobia to be distinct in their microbiological
properties from the “typical” slow-growing types (Sadowsky et al., 1983;
Stowers and Eaglesham, 1984). In the previous chapter it was shown that
although effective slow-growing soybean rhizobia were present in an

uninoculated soybean field in relatively high numbers, the majority of



nodules were formed by fast-growing rhizobia. This evidence suggests fast-
growing soybean rhizobia may be a common component of the natural microflora
in China, the center of origin and genetic diversity of soybeans and
presumably of its rhizobia.

Studies designed to determine inter-strain competition of fast-and
slow-growing rhizobia are few. Franco and Vincent (1976) studied the
competition between a fast-growing isolate from Leuceana (ineffective on
siratro) and an effective slow-grower. They found nodulation on siratro was
almost entirely due to the effective slow-grower unless the ratio of slow-to
fast-growers in the inoculum was extremely favorable to the fast-growing
strain. Zablotowicz and Focht (1981) compared a poorly effective fast-grower
and effective slow-growers isolated from cowpeas and found the fast-grower
produced 95% of the nodules when challenged with one slow-grower, but only 6%
when challenged with another slow-grower. Trinick et al. (1983) studied
effective fast-and slow-growing strains on cowpea and found at lower
temperatures the fast-growing strain was a superior competitor for nodule
sites, whereas at higher temperatures the slow-growing rhizobia were the
better competitors. It is important to note, however, that the fast-growers
were not the host-preferred microsymbiont under natural conditions in any of
these studies. The behavior of fast-growing rhizobia as indigenous soil
bacteria and their influence in competition between indigenous bacteria and
inoculum strains has not heretofore been addressed.

The present study analyzes the competitive ability of effective fast-and
slow-growing strains of soybean rhizobia for nodulation of the roots of
soybeans in three soils: one with an indigenous population of fast-growers, one
with an indigenous population of slow-growers, and one devoid of Rhizobium

japonicum.



Materials and Methods

Soils and soybean cultivars. The chemical properties and cropping
histories of the two Chinese soils used in this study were described in Chapter
ITI. The Honghu soil had been under soybean cultivation without inoculation
for decades and had an indigenous population of fast-growing soybean rhizobia.
The Wuhan soil had been under continuous paddy rice cultivation with no record
of prior soybean cultivation and had an indigenous population of slow-growing
soybean rhizobia. The third soil, a Waimea very fine sandy loam (Typic
Eutrandept, medial, isothermic) was collected on the island of Hawaii and had
no indigenous population of soybean rhizobia. The pH of the Waimea soil
determined in a 1:1 suspension of soil to water was 6.3; and 5.8 in a 1:1
suspension of soil to 1 N KCl. Samples were measured with an Orion Research
(model 501) pH meter and a glass combination electrode after 1 h equilibration.
Two soybean (Glycine max L. Merrill) cultivars were used in this study: Ai Jiao
Zao, a genetically improved, yellow-seeded cultivar released by the 0ils and
Root Crop Institute in Wuhan for use in Hubei province; and Williams, a widely
planted commercial cultivar in North America.

R. japonicum strains. The fast-growing Rhizobium strain used in this
study was HH003, isolated from the Honghu soil and effective on both cultivars.
The slow-growing strains, WU002 and WU006, were isolated from the Wuhan soil.
WU006 was effective on both cultivars whereas WU002 was effective on Williams
but ineffective on Ai Jiao Zao. The procedures used to isolate the strains
were described in Chapter III. Rhizobium cultures were grown and maintained in
yeast extract mannitol (YEM) medium (Vincent, 1970); the YEM agar slants used
for the maintenance of fast-growing isolates contained 0.05% CaCOs.

Soil and inoculum preparation. Since the soil had been in cold storage,
the indigenous soybean population in the two Chinese soils was stimulated by

planting a dense population of soybean seeds in the soil. The seedlings were



removed after ten days. All three soils were sieved (2 mm) and the number of
rhizobia in the soils was determined by plant infection using a most probable
number (MPN) technique (Vincent, 1970). Ten grams of soil were added to 95 ml
of YEM salts, placed on a wrist action shaker for 20 min, and ten-fold serial
dilutions were made in YEM salts. One ml of each ten-fold dilution was
inoculated onto 4 d old Glycine soja seedlings growing in test tubes with
Hoagland’s nitrogenfree plant nutrient agar (Hoagland and Arron, 1938) in a
Sherer model CEL4-7 controlled-environment growth chamber at 27°C. The plants
were examined after four weeks for the presence of nodules.

Rhizobium cultures for inoculum preparations were grown in yeast extract
mannitol (YEM) broth until early stationary phase. The cultures were
centrifuged (6,000 X g) to remove excess media, and resuspended in 0.85%
saline. For each culture, a cell count was made using a Petroff-Hauser chamber
and the cultures were adjusted to the same concentration with the addition of
0.85% saline. In addition, viable counts from each adjusted culture were
determined by the drop plate method (Miles and Misra, 1938).

Glasshouse experiment. Due to scarcity of soil materials from China,
different treatments had to be designed for each soil. 1Inocula were added to
the soils at two levels and were mixed thoroughly into the soil to simulate
the placement of indigenous rhizobia. Thorough mixing of the inoculum and
the soil was accomplished by first incorporating the inoculum strains into
peat and then mixing the peat-rhizobia mixture into the soil to give the
desired final concentration. Seeds were surface sterilized for 20 min in 4%
calcium hypochlorite, washed extensively in sterile water, and three seeds of
each cultivar were sown into 16 oz plastic cups containing 350 g soil.
Inoculum was also introduced into the soil with peat pelleted seeds which
were prepared using the procedures outlined by Vincent (1970). Each seed
harbored approximately 1x10° cells of the desired rhizobial mixture as

determined by viable count on YEM agar. Seedlings were subsequently thinned



leaving one seedling of each cultivar per cup. After thinning, the top of
the soil was covered with a 3 cm layer of fine gravel. Soils were maintained
at 60% water holding capacity throughout the experiment. A plastic straw (6
mm dia) extending to the bottom of the cup facilitated watering with 1/4
strength Hoagland’s nitrogen-free solution. There were three replicates for
each treatment arranged in a randomized complete block design. Plants were
harvested after 4 weeks, and all nodules were collected and serotyped by
immunofluorescence. Data were analyzed by ANOVA and Duncan’s multiple range
tests. Data given in percentages were converted to ranks before being
analyzed.

Immunofluorescence. Preparation of fluorescent antibodies (FAs and
immunofluorescent staining of nodules are described elsewhere (Schmidt et al.,
1968). Strain WU002 was serologically identical to USDA136b (CB1809) and
identified using FA USDA136b. Likewise, WU006 was identified using FA USDA1l1l0,
and HHOO3 was identified using FA USDA205. Smears from nodules were treated
with gelatin-rhodamine isothiocyanate conjugate to suppress nonspecific
staining (Bohlool and Schmidt, 1968). Microscopy was done as described
previously (May and Bohlool, 1983); transmitted light microscopy , i.e., phase
contrast with an achromaticaplanatic DIC condenser VZ, was used to observe dual

infection.

Results

In the soybean soil from Honghu, with an indigenous population of fast-
growing rhizobia, the slow-growing inoculum strains were unable to displace
completely the indigenous fast-growing rhizobia and occupy a majority of
nodules in any of the treatments (Table IV-1). The slow-growers were poor
competitors on Ai Jiao Zao failing to form a significant proportion of nodules

even when they were added to the soil in high numbers. On Williams, when slow-



growing strains were added to the soil in high numbers, the more canpetitve
slow-grower, WU006, was able to occupy 43% of the nodules versus 59% for the
indigenous fast-growing rhizobia; and this was reduced to 17% for WU006 when an
indigenous fast-grower was included in the inoculum.

In the other Chinese soil, the rice soil from Wuhan with an indigenous
population of slow-growing rhizobia, the fast-growing inoculum strain HHO003 was
poorly competitive and unable to displace the indigenous rhizobia when mixed
into the soil in low numbers (Table IV-2). When the fast-grower was introduced
into the soil in a peat pelleted seed inoculum, it was able to form
approximately the same proportion of nodules on Ai Jiao Zao as the indigenous
slow-growing strains. And when HHOO03 alone was added in high numbers, it
occupied 86% of the nodules on Ai Jiao Zao, and 41% on Williams. However, when
the fast-grower was added in high numbers together with two indigenous slow-
growing strains, the fast-grower was only able to occupy only 17% and 8% of the
nodules on Ai Jiao Zao and Williams respectively.

In the R. japonicum-free Waimea soil, the slow-growing strains were more
competitive than the fast-growing strain HHOO03 (Table IV-3). Strain VJJgo06 was
the most competitive strain occupying approximately 80% of the nodules on both
cultivars; strain HHO03 occupied the remaining 20% of the nodules on Ai Jiao

Zao while the remaining 20% on Williams were occupied by WU002.

Discussion

Prior to the report of fast-growing rhizobia isolated from soybean root
nodules collected in China (Keyser et al., 1982), soybeans were considered to
be nodulated only by slow-growing rhizobia. At present, China is the only
country where fast-growing rhizobia are known to occur naturally. The results
from Chapter III have demonstrated that under certain conditions fast-growing

rhizobia are the predominant soybean microsymbiont.



Table IV-1. Competition pattern of inoculum and indigenous Rhizobium japonicum strains in the Honghu soybean soil.?

Soybean Cultivars

——=—m———e——-=-Al Jiao Zao Williams

Inoculum . % Nodules Occupied % Nodules Occupied
Treatment Sizeb ;!NdINDC Nodules/plant by Strains: Nodules/plantd by Strains:
Wuoo2 Wuo06é HHOO03 Wuo02 WUo06 HHOO3
Uninoculated Control 28 Oe O0g 90 1 49 0k 0o 88 pq
Wu002, WU006 Low 4.1 1:5 26 0e 0g 90 1 42 0k 3n 82 qr
WU002, WU0O6 High 7.1 21:1 30 b e g 93 1 37 33 43 1 59 s
Wu002, WU006, HHOO3 Low 4.2 1:4 24 0e 0g 91 1 47 0k 0o 95 p
wWU002, WUQ06, HHOO3 High 7.2 24:1 33 Je 26 £ 70 h 44 59 17 m 5«

3Numbers followed by the same letter do not differ significantly (P = 0.05) within a given column. The Duncan's multiple range
test was used to distinguish between treatments.

byalues are log number of cells /g oven dry soil and were calculated based on viable plate count of inoculum.

CRatio of inoculum to indigenous rhizobia. The log number of cells /g oven dry soil of the indigenous population was 5.82 + .58.
dyalues are the mean of three replicates. There were no significant differences (P = 0.05) between treatments. -



Table IV-2. Competition pattern of inoculum and indigenous Rhizobilum japonicum strains in the Wuhan rice soil.?

Soybean Cultivars

———emmmee———-A1 Jiao Zao Williams—————mmmemecme
Inoculum % Nodules Occupied % Nodules Occupied
Treatment Sizeb INC/IND® Nodules/plantd by Strains: Nodulesfglantd by Strains:

Wu002  WUQO06  HHOO3 Wu002 WU006  HHOO3

Uninoculated Control 25 7Tef 359¢g 01 28 53 m 37 q Ou
HHOO3 Low 4.3 3:1 27 . 2f 54 g 10 & 23 4l m 32 q Ju
HHOO3 High 7.3 31,000:1 32 0f 18 h 86 i 37 21 n 14 r 41 s
wWu002, WU006, HHOO3 High 7.2 23,000:1 37 0 f 72 g 17 jk 42 1o 82 p 8t
Peat Pelleted Seed 34 20 e 30 n 24 i 32 49 m 38 q 8t

8Numbers followed by the same letter do not differ significantly (P = 0.05) within a given column. The Duncan's multiple range
test was used to distinguish between treatments.

bvalues are log number of cells /g oven dry soil and were calgulated based on viable plate count of inoculum.

CRatio of inoculum to indigenous rhizobia. The log number of cells /g oven dry soil of the indigenous population was 2.8 + .58.

dyalues are the mean of three replicates. There were no significant differences (P = 0.05) between treatments.



Competition between the fast-and slow-growing strains was influenced by
the cultivar, the method of inoculation, and the indigenous population. In
this study, the indigenous fast-growing rhizobia were highly competitive and
formed most of the nodules on both cultivars grown in the Honghu soybean soil.
The relatively high indigenous population of fast-growers in the soil may have
contributed to the poor competitiveness of the slow-growing inoculum strains.
Kosslak and Bohlool (1985) looked at the competitive ability of the slow-
growing strain 123, the most competitive of the native strains in soils of
the north central United States (Ham, 1980). Although highly competitive as
a native strain, 123 was a poor competitor in sterile vermiculite,
vermiculite amended with its native soil, and in a R. japonicum-free soil.
Similarly, in this study the fast-growing strain HHO003 was poorly competitive
in the rhizobia-free Waimea soil. The pattern of competition in the
rhizobia-free Waimea soil was clearly in favor of the slow-grower WUO0O06.

Trinick et al. (1983) studied competition between a fast-grower and a
slow—-grower and reported that when the total numbers in a mixed inoculum were
low, the fast-growing strain was a better competitor; on the other hand, when
the numbers in the inoculum were high, the slow-growing strain was the better
strain and formed more nodules. In the R. japonicum-free Waimea soil, mixed
inocula were added to the soil at two levels, and the total number of cells
in the inoculum had no influence on the competitive ability of the inoculum
strains.

When the fast-grower, HHO003, was tested in a single-strain inoculum
mixed into the Wuhan rice soil with an indigenous population of effective
slow-growers, its competitive success was influenced by the soybean cultivar
and inoculation rate. Weaver and Frederick (1974) predicted that for soils
in the upper midwest in the soybean growing region of the U.S., if the

inoculum rhizobia are to form 50% or more of the nodules then an inoculation



Table IV-3. Competition pattern of inoculum strains of Rhizobium japonicum in the R. japonicum-free Waimea so0il.?

Soybean Cultivars

—————————————— Ai Jiao Zao--

Williams

Inoculum % Nodules Occupied % Nodules Occupied
Treatment Sizeb Nodules/plant®© by Strains: Nodules/plant® by Strains
WU002 WU006  HHOO3 WU002  WU006  HHOO3
Uninoculated Control 0 0
Wu002, WU006, HHOO3 Low 4.2 31 0d 8l e 22 £ 34 26 g 76 h 01
Wu002, WU006, HHOO3 High 7.2 22 0d 91 e 19 £ 22 24 g 79 h 01i
Peat Pelleted Seed 27 2d 89 e 8 f 29 16 g 89 h 1i

Numbers followed by the same letter do not differ significantly (P = 0.05) within a given column.

multiple range test was used to distinguish between treatments.
byalues are log number of cells /g oven dry soil and were calculated based on viable plate count of inoculum.

CValues are the mean of three replicates.

The Duncan's

There were no significant differences (P = 0.05) between treatments.



rate of at least 1,000 times the soil rhizobia population must be used. 1In
the Wuhan rice soil, HHO003 occupied 86% of the nodules on Ai Jiao Zao, but
only 41% of the nodules on Williams even though the ratio of inoculum to
indigenous rhizobia was 31,000:1. When HHOO03 was mixed into the soil in lower
numpbers, or mixed into the soil together with two indigenous slow-growing
strains, its competitive success was greatly reduced.

In general, HHOO3 was more competitive on Ai Jiao Zao than on Williams.
This is consistent with the observation that Williams had a greater affinity
for slow-growing rhizobia whereas Ai Jiao Zao had a greater affinity for fast-
growing rhizobia. The relative affinity was based on the nitrogen-fixing
effectiveness of the symbioses formed between the two cultivars and the various
isolates from the soybean and rice soil (see Chapter III).

The competitive ability of the slow-growers was also influenced by the
soybean cultivars. This was due, in large part, to the ineffective symbiotic
association between Ai Jiao Zao and WU002. MJ002 was a poor competitor on Ai
Jiao Zao and able to form a significant number of nodules on this cultivar only
when it was an indigenous strain. Diatloff and Brockwell (1976) observed a
similar pattern of poor competitiveness with an ineffective cultivar (Hardee)-
strain (CB1809) association and high competitiveness with an effective cultivar
(Hampton) -strain (CB1809) association. Furthermore, they reported that when an
ineffective strain was included in the inoculum, nodule formation by the
effective strains was suppressed. This suppression effect did not occur in
this study.

Although the number of rhizobia differed greatly between inoculum
treatments, there was no significant effect on the number of nodules formed.
Between 0-5% of the nodules were doubly infected by either two slow-growers or
by a fast-and a slow-grower. Dual occupancy of nodules by fast-and slow-

growing rhizobia has been reported before (Trinick et al., 1983).



Studies have shown the fast-growing soybean rhizobia are distinct in
their microbiological properties from the “typical” slow-growing types
(Sadowsky et al., 1983; Stowers and Eaglesham, 1984). The results of this
study demonstrate that the fast-growers are highly competitive in their
native soils, and under certain conditions, as inoculum strains. More
studies in soils from China are needed to determine the extent of the
occurrence of fast-growing soybean rhizobia, their competitiveness under
natural conditions, and their symbiotic effectiveness on genetically diverse

cultivars of soybeans.
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CHAPTER V
BACTERIOPHAGES FOR FAST-GROWING SOYBEAN
RHIZOBIA ISOLATED FROM A CHINESE SOIL

Abstract

A new group of fast-growing rhizobia that nodulate soybeans has been
reported recently. In Chpater III, it was shown that all of the nodules from
soybeans grown in a soil from central China that had been under soybean
cultivation contained fast-growing, acid-producing rhizobia. In contrast, only
slow-growing R. japonicum were obtained from a rice soil from the same province
in China. 1In this chapter, evidence is presented showing that rhizobiophages
specific for the fast-growing soybean rhizobia were present in the soybean
soil. Phages were recovered from the soybean soil directly from
ultracentrifuged soil suspensions and after enrichment with the indigenous host
rhizobia. From the rice soil, rhizobiophage were not recovered despite
enrichment with indigenous slow-growing isolates and with a fast-growing
isolate from the soybean soil. The phages exhibited a high degree of host
specificity and were lytic on fast-growing soybean rhizobia only. At least 3
distinct plaque types were observed. Electron microscopy revealed diverse
morphology among this group of phages. Phages for slow-growing R. japonicum
were not recovered from either soil. The indigenous fast-growing rhizobia
isolates from the soybean soil were grouped into seven phage-sensitivity groups

based on a phage-typing scheme.

Introduction

Rhizobium sp. are susceptible to attack and lysis by bacteriophages.

Bacteriophages and their lytic action have been described for all the main

groups of rhizobia (Vincent, 1977). Most of the reports have concerned



phages for the fast-growing rhizobia types, while less attention has been
given the phages for the slow-growers.

Bacteriophages specific for rhizobia are commonly found in soils where
the legume hosts for the rhizobia are grown and only occasionally in soils
were the host legume has not been cultivated (Katznelson and Wilson, 1941;
Kleczkowska, 1957; Kowalski et al., 1974). The influence of rhizobiophages
on the culture of legumes and rhizobial ecology has been the subject of
controversy. Early work ascribed a role for bacteriophages in the decline of
productivity of soils where lucerne had been cultivated (Demolon and Dunez,
1935;). Kleczkowska (1950) indicated that phage-resistant mutants of

Rhizobium trifolii appearing in the presence of phage produced less effective

nodules than the parent form of the bacteria. Evans et al. (1979)
demonstrated the ability of bacteriophage to reduce the population of
susceptible strains in the root zone of Trifolium growing in seedling agar.
Schwinghamer and Brockwell (1978) reported a competitive advantage for phage-
producing strains of R. trifolii in broth and peat cultures. Several
investigators have reported the production by Rhizobium sp. of bacteriocins
that resemble phage-like structures (Lotz and Mayer, 1972; Schwinghamer et
al., 1973; Joseph et al., 1985) although the ecological significance for the
producer strain has not been demonstrated. Other studies have concluded that
bacteriophages had no effect on nodulation, nitrogen fixation, and normal
growth of legumes (Laird, 1932; Almon and Wilson, 1933; Bruch and Allen,
1955; Kleczkowska, 1945).

Until the report of Keyser et al. (1982) soybeans were considered to be
commonly nodulated by slow-growing rhizobia only. It is now accepted that
soybeans are nodulated by both fast-and slow-growing rhizobia (Keyser et al.,
1985). At present, fast-growing soybean rhizobia are known to occur
naturally only in soils in China. Heretofore, there have been no data on the

occurrence of phages for fast-growing soybean rhizobia. This chapter is the



first report of the isolation of phages for fast-growing soybean rhizobia

from a soil from China.

Materials and Methods

Soils and Rhizobium strains. Two soils from China were used to isolate
phages. The chemical properties and cropping histories of the soils were
described in Chapter III. The Honghu soybean soil had been under soybean
cultivation for decades whereas the Wuhan rice soil had been under continuous
flooded rice cultivation with no prior history of soybean cultivation. The
Honghu soil had an indigenous population of both fast-and slow-growing
soybean rhizobia, whereas the Wuhan rice soil had an indigenous population of
only slow-growing soybean rhizobia. The Rhizobium strains used to isolate
phages from these soils were indigenous bacteria, and the isolation
procedures were described in Chpater III. 1In addition, one fast-growing

Rhizobium japonicum strain, USDA205, one of the original fast-growing

Rhizobium japonicum strains reported by Keyser et al. (1982) and not

indigenous to either soil, was used to isolate phages. The strains were
maintained on yeast extract mannitol (YEM) (Vincent, 1970) agar slants; the
agar slants used for the maintenance of fast-growing isolates contained 0.05%
CaCOs3;. Other rhizobia tested for phage host range are listed in Table V-2.

Phage isolation and purification. Methods of isolation, purification,
and propagation were essentially as described by Adams (1959). Two procedures,
with and without prior enrichment, were used to isolate phages. The host
rhizobia strains indigenous in the two soils were chosen on the basis of being
in different intrinsic antibiotic resistence (IAR) groups (see Chapter III).
For the enrichment procedure with the fast-growers, 5 g of soil was added to 50
ml of an exponentially growing Rhizobium strain in mannitol nitrate (MN)

defined medium (Vincent, 1970). The cultures were incubated for 36 h on a



rotary shaker, and following a mild centrifugation (4,000 x g) to remove most
of the soil and bacterial cells, the supernatation was added to another
exponentially growing culture of the enriching Rhizobium for 18 h. This was
repeated twice so that the phages were passed through four enrichment
treatments of the Rhizobium strain. After the final enrichment, the
supernatation was filtered on membrane filters (Nuclepore .40 um pore size).
The enrichment procedure with the slowgrowers was similar to the procedure for
the fast-growers except the length of the first enrichment period was 48 h,
followed by three 36 h periods.

To isolate phages from soil without prior enrichment, 10 g of soil was
placed in 95 ml of phage diluting broth (Vincent, 1970) and placed on a wrist
action shaker for 15 min. The soil suspension was centrifuged (4000 x g, 20
min) to remove bulk soil particles, followed by an ultracentrifugation (30,000
rpm, 30 h) after which the pellet was resuspended in phage diluting broth and
filtered on membrane filters as above.

Suspensions were assayed for plaque formation on the enriching strain
using the standard agar overlay method (Adams, 1959) which was performed as
follows: MN medium with 1.0% agar (Sigma) was used as the basal agar layer, and
MN medium with 0.42% agar (Sigma) was used as the top layer. Each phage was
purified by three successive single-plaque isolations on its original host.
Once purified, high titer phage stock solutions were prepared by passing the
phage through three exponentially growing cultures of the host rhizobia similar
to the methods described above. Phage stock solutions were stored at 4°C.

Electron microscopy. A drop of phage suspension was applied to a one
hole grid with a Formvar support and stained with 2% uranyl acetate. The grid
was examined using a Zeiss 10/A electron microscope operated at 80 kV.

Host sensitivity and phage typing. Double layer agar plates were
prepared as above. 200 ul of a turbid culture of the host rhizobia was added

to the molten (48°C) soft agar layer and spread onto the basal agar layer. 250



ul of a 107! dilution of the high titer phage stock solutions were added to the
wells of a sterile Costar 96-well tissue culture cluster. A multiple
inoculator was flame-sterilized with 95% EtOH and, after cooling, set into the
wells and then allowed to set on the upper agar layer after it had solidified.
Phage suspensions were added to each plate in duplicate, and each host was
replica-plated; thus each phage-host combination was replicated four times.
Plates were examined after 48 h incubation at 28°C. Control plates consisted
of the host-rhizobia added to the molten soft agar layer and spread onto the
basal agar layer. The multiple inoculator was flame-sterilized and, after
cooling, set on the upper layer. No phages were added to the control plates.
Lysogens were detected when plaques appeared on the control plates and were not

included in the phage-typing scheme.

Results

Rhizobiophages for the native fast-growing rhizobia in the Honghu soybean
soil were obtained with or without prior enrichment with the host rhizobia
(Table V-1). Six fast-growing strains native to the Honghu soil were selected
and phages were obtained for each host strain. When two slow-growing strains
native to the Honghu soil were used as host bacteria, phages were not detected
in the Honghu soil even’ after enrichment with these indigenous slow-growing
hosts. Similarly, when the non-native fast-growing R. Jjaponicum strain USDA205
was used enrich for phages in the Honghu soil, no phages were detected. In the
Wuhan rice soil, rhizobiophages were not isolated despite attempts to enrich
for them with native slow-growing strains, non-indigenous fast-and slow-growing
strains from the Honghu soil, and USDA205.

Differences in phage morphology were observed by electron microscopy.
Four distinct phage morphologies were observed. Phage HH204 was characterized

by an icosahedral head 39 nm in diameter and a flexuous, non-contractile tail



Table V-1. 1Isolation of rhizobiophages from a soil from the
People”s Republic of Chinat

Soybean Soil Rice Soil
Phages lytic
on: Enrichment No enrichment Enrichment No enrichment
Indigenous
fast-growers + + NA NA
Indigenous

slow-growers - - - -

Non-indigenous
fast -growers - - - -

Non-indigenous
sOW—growers - - - -

jmeans plaque formation; -, no plaque formation; NA, not applicable.



Figure V-1la, Electron micrograph of Figure V-1b. Electron micro-
a long-tail phage isolated on HH204. graph of a stub-tail phage
' isolated on HH102,



Figure V-lc. Electron micrograph of Figure V-~1d. Electron micro-
a stub-tail phage isolated on HHOO3. graph of a tail-less phage
isolated on HH402.



88 nm long with a base plate structure at the end of the tail (Figure V-1la);
phage HH102 exhibited an icosahedral head 42 ran in diameter and a stub tail 10
nm long with no structure visible at the end of the tail (Figure V-1Db); phage
HHOO3 was characterized by an icosahedral head 56 nm in diameter with a stub
tail 10 nm long with a base-plate-like structure at the end of the tail (Figure
V-1c); and phage HH402 revealed an icosahedral head 36 nm in diameter and no
tail (Figure V-1d).

There were at least three distinct plaque morphologies as shown in Figure
V-2. Phage HH303h formed 2 mm diameter clear plaques with distinct
boundaries; phage HH 204 formed 5 mm diameter clear plagques with distinct
boundaries; and phage HH504 formed 6 mm diameter plaques with a turbid center
surrounded by a hazy zone with less distinct edges.

In total, seven phages were isolated and all were tested on different
strains of Rhizobium from several different Rhizobium species. The host
range of the phages was limited to fast-growing R. japonicum strains in the
Honghu soil (Table V-2). None of the slow-growing R. japonicum strains
tested were sensitive to any of the phages.

When 41 of the fast-growing isolates from the Honghu soil were tested
for phage sensitivity in a phage-typing scheme, they were separated into
seven phage-sensitivity groups (Table V-3). In general, the phages were very
specific and had a narrow host range. Four of the fast-growing Honghu
isolates were lysogenic and were not included in the phage-typing experiment.
The plating procedure would induce the temperate phage to become lytic, and
the control plates without added phage revealed plaques indicating the
presence of prophage. This phenomenon is shown in Figure V-3 for strain

USDA192.



Figure V-2. Plaque morphologies of phages isolated
on fast-growing soybean rhizobia.



wABLE V-2, Rhizobium-host range for rhizobiophages for fast—growing soybean rhizobia isolated from a soil from China.

Host Plant and ——Phages Enriched on Strains;——
Rhizobium Strains Source HHO03 HH204 HH303h HH102 HH402

Glycine max
Rhizobium japonicum: HHOO3 See reference
HH204
HH303
HH102
HH402
HHS504
USDA6 Dr. H. Keyser, USDA Beltsville, MD
usDA3l
USDAds
USIA76

USDAL10
UsDAl22
USDA123

LI O (N O O O O I B I
LI O T A I A I I O B

LN I O D O I O N B N B N |
Frtr o+ +
(N O O A N B |

Bhizobium trifolii: T2 Dr. B. Rolfe, UNU Canberra City, Australia
50794 MifTAL Culture Collection, Univ. Hawaii, HI

bedicago sativa
Bhizobium meliloti: NZP4010 Dr. R.M. Greerwood, DSIR Palmerston North, -~ - - - -
NSP4013 New Zealand
1530 Dr. B. Rolfe - - - - -
Phaseolus vulgaris

Bhizobium phaseoli: TAL1472 NifTAL Culture Collection - - - - -
CIATBS9 CIAT, Cali, Colambia - - - - -

Leucaena leucocephala
TAL1145 NifTAL Culture Collection - - - - -
BAstragalus sinicus
7653 T.S. Hu, Institute of Soil & Fertilizer - - - - -
Peking, China
Pisum satirum .
hizobi
Jleguminosarum: 92A3 Dr. J.C. Burton, Nitragin Co., WI - - - - -
128A12Z : - - - - -
128053 - - - - -

2 + means plaque formation; -, no plaque formation



TABLE V-3. Phage typing of fast-growing soybean rhizobia isolated
from an uninoculated soybean field in the People's Republic of Chinat

No. of Phages Enriched on Strains
Phage Pattern Isolates HHOO03 HH204 HH303h HH303w HH402 HH504 HH102

I 7 + + - - - - -

IT 7 + - - - - - -

II1 3 - - + + + - -

v 2 - - - - - + -

v 1 - - - - - - -

Vi 1 + + - - - + -

VII 192 - - - - - - -

1 + means plaque formation; -, no plaque formation

a Includes non-indigenous fast-growing strains USDA192, USDA194, and USDA205.



Figure V-3. Lysogeny of USDAl194 revealed by plaque
formation on control plates without
added phage.



Discussion

Phage morphology, as revealed by electron microscopy, was quite
diverse. Phage HH102, with a short tail 10 nm long, was similar in
morphology to the R. japonicum phages SB4 and SB5 described by Kowalski et
al. (1974). All seven R. japonicum phages they examined were similar
morphologically. Since there have been few reports concerning bacteriophages

for slow-growing Rhizobium japonicum, the degree of diversity in this group

is not known. Stacey et al. (1984) reported the bacteriophage TNl that lyses
R. japonicum 3I1b110 had a long, contractile tail. The long-tail phages
isolated in this study had distinct non-contractile tails similar to four
groups of R. trifolii phages described by Barnett (1972). Phage HH402, the
tail-less phage, was morphologically similar to rhizobiophage RS2 which lyses
rhizobia from Sesbania (Lajudie and Bogusz, 1984).

Rhizobium host range of the phages in this study was limited to fast-
growing soybean rhizobia. Reports have shown the host range for some
rhizobiophages to cross taxonomic boundaries within related species of the
Rhizobiaceae (Schwinghamer and Reinhardt, 1963; Kleczkowska, 1957; Napoli et
al., 1980). The fast-growing soybean rhizobia are distinct in their
biological and symbiotic properties from the slow-growing R. japonicum
(Keyser et al., 1985), and although they appear to be related biochemically
to other fast-growing species of Rhizobium (Sadowsky et al., 1983) they do
not nodulate the hosts of the other fast-growing species R. melitoti; R.

trifolii; R. phaseoli; R. leguminosarum (Keyser et al., 1982). The narrow

host range of the rhizobiophages for the fast-growers in this study is a
further indication that the fast-growing soybean rhizobia represent a unique
addition to the Rhizobium germplasm.

The phage-typing scheme in this study revealed a relatively high degree

of host specificity. Not surprisingly, the seven phage sensitivity groups



showed little correlation with the IAR grouping (see Chapter III) which was
used to select the isolates used to enrich for the phages. Grouping the
isolates according to IAR proved a valuable tool when dealing with a
relatively large group of unknown rhizobia. Phage typing slow-growing R.
japonicum was more specific than the serological test (Kowalski, et al.,
1974) and may be a valuable tool to further differentiate rhizobia within a
single serogroup.

In the Honghu soybean soil, the relative abundance of rhizobiophages
for the fast-growing rhizobia raises the question of the influence phages may
have on the rhizobial population. Although the soybean soil contained both
fast-and slow-growing rhizobia, phages were detected for the fast-growing
rhizobia only. In addition, 100% of the nodules on soybeans growing in this
soil were occupied by fast-growing rhizobia. This is evidence against an
ecological role of phages in determining competition.

The localized concentration of phage on roots, nodules, and in soil
surrounding the roots (Kleczkowska, 1957), where the population of host
rhizobia is most concentrated, may be interpreted to represent a potential to
have a selective influence on rhizobial populations. That such a selective
influence is possible is underscored by the host specificity of
rhizobiophages. However, there have been no reports which combine serology
and phage sensitivity to examine the influence of phages on the strain
composition of the rhizobial population. Kowalski et al. (1974) reported
that among 51 R. japonicum-phage isolates, 45 lysed only rhizobial strains
from the same serological group as the strain on which the phage was
isolated. They suggested that a R. japonicum-phage test could be developed
and used as an indicator for the distribution of a serological group of
rhizobia. A similar application may be possible in order to detect the

distribution of fast-growers in China. ©No data are available concerning the



occurrence or distribution of rhizobiophages for fast-growing soybean

rhizobia in soils in China.
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CHAPTER VI

GENERAL DISCUSSION

The results presented in this dissertation have several implications
for the practical application of rhizobial inoculants on soybeans and on
future research on the soybean symbiosis.

The results of Chapter II indicate that the competitive success of
rhizobial inoculants is influenced by the number of rhizobia in the inoculum
and the cropping system. In the presence of effective, indigenous rhizobia
the response to inoculation could not be measured by plant parameters (such
as nitrogen content, seed yield, etc.); rather, the response was quantified
by serotyping nodules with strain-specific fluorescent antibodies. Although
R. japonicum survived in flooded soil, nodule occupancy of soybeans following
flooded rice was affected by inoculation. In this particular soil, the
indigenous rhizobia were effective, but in a soil with ineffective indigenous
rhizobia there is reason to believe that inoculation of soybeans following
rice may result in increased soybean yields. This is an area of research
that deserves more attention.

The predominance of fast-growing rhizobia in nodules on soybeans

growing in the Honghu soybean soil described in Chapter III raises several

questions. The frequency of occurrence of fast-growers in Chinese soils and
their competition with inoculum rhizobia is unknown. Surveys to determine
the range of fast-growers in China would be welcome. The competition studies

described in Chapter IV suggest that the fast-growers are successful
competitors when they are indigenous bacteria, as well as under other
circumstances such as those imposed in the Wuhan rice soil.

One proposed solution to the problem of competition is to find a
cultivar-strain combination that would exclude any other strains from forming

nodules on the cultivar. In these data, with respect to symbiotic



efficiency, there was-more cultivar-strain interaction among the fast-growers
than with the slow-growers. A more detailed knowledge of the genetics of the
symbiosis would undoubtedly be helpful in discovering or engineering an
exclusive cultivar-strain symbiosis. The bacteriphages described in Chapter
V may prove useful for developing a tool for the study of the genetics of the
soybean symbiosis.

The data presented in this dissertation are the result of an extended
stay in China. The primary motivation for working in China was to work in
the center of origin of soybeans with the possibility of encountering new
soybean and rhizobial germplasm. It was an exciting prospect, and the
results will hopefully contribute to the pool of knowledge on the Rhizobium-

soybean symbiosis.



APPENDIX A. Climatic data collected from March 1, 1983
to November 10, 1983 at Central China Agricultural
College, Wuhan, People's Republic of China

Monthly'Average Monthly Total Soil temp.
Month Air temp. Air temp. -5 cm Rainfall Sunshine Pan evaporation
(°c) (°0) (°c) (mm) (hrs) (mm)

Max ©~ Min Max Min 8 AM 2 PM
March 14.4 6.6 447.5 205.5 8.2 15.1 37.6 131.6 89.3
April 21.4 13.2 642.6 395.1 15.0 21.5 159.3 134.1 93.7
May 27.0 19.1 837.9 593.2 21.3  29.1 270.6 204.1 128.2
June 28.8 21.7 864.9 651.9 24,0 31.1 - 219.7 141.0 113.0
July 30.9 24.4 956.8 755.8 26.4  33.4 423.5 154.1 131.1
August 33.3  24.7 1032.7 766.2 28.1 38.8 95.5 268.1 176.0
September 29.2  21.4 875.8 642.5 24.4 32.5 116.9 201.4 130.9
October 21.4 14.5 661.9 451.0 17.1  22.8 379.3 122.4 72.1

November 1-10 20.3 12.5 203 125 14.4 20.0 38.1 35.8 19.6




Appendix B. Abreviated ANOVA Tables

I. Effect of inoculation on nodule dry weight top dry weight, nitrogen content,
and seed yield for spring-and summer-sown soybeans.

Mean squares of:

sources

treatment
error

treatment
error

treatment
error

treatment
error

df

4
12

4
12

12

4
12

Nodule dry wt Nodule Dry wt top dry wt N content Seed yield
30 days at flowering at flowering at flowering

Spring-sown soybeans
Cultivar: Ai Jiao Zao

201575.2 ***  3611084.4 *** ]186.4 ** .1042 ns
9999.1 446773.4 35.4 .1115

Cultivar: Tai Xing Hei Dou

239369.7 ***  3067727.9 *** 43,0 DS 0.3341 *
1893.1 249009.7 78.79 0.1189

Summer-sown soybeans
Cultivar: Ou Huang #3 (soybean following rice)

442697.7 NS 178914.8 NS 34.59 Ns .00823 NS
122660.9 309632.8 15.7 .0274

Cultivar: Ou Huang #3 (soybean following soybean)

74088.6 NS 603562.3 ns 139.8 ns L0126 *
74646 .6 310449.4 77.2 .0034

42719.1 ns
74682.6

170%80.9 NS
79575.9

152335,2 ns
130117.6



I. cont'd.

treatment 4
error 12

treatment 4
error 12

treatment 4
error 12

treatment 4
error 12

% nodules occupied by strains reacting with FA:

005 110 1809 31
Spring-sown soybeans

Cultivar: Ai Jiao Zao

40556 .9 **x 5115.7 #** 2757.7 ** 4407.6 NS

1107.4 219.9 753.5 1922.6

Cultivar: Tai Xing Hei Dou

8889.2 * 41872.8 *** 4886 .3 #**% 12585,5 ***

3525.0 943.4 271.0 739.9
Summer-sown soybeans

Cultivar: Ou Huang $3 (soybean following rice)

62069,.2 *** 9406.8 ** 13401.6 **x 38931.4 **x

678.7 2018.3 1559.6 1399.1

Cultivar: Ou Huang #3 (soybean following soybean)

15637.6 **= 4728.5 ** 4827.6 **x 11183.1 **%

680.2 1273.2 432.8 1257.6

123

4556.0 *
1772.0



II. Effect of rotation on summer-sown soybeans

Mean squares of: Nodule dry wt Nodule Dry wt  top dry wt N content Seed yield
sources df 30 days at flowering at flowering at flowering

Cultivar: Ou Huang #3

rotation 1 546858 .2 ** 1641465.2 ns 5051.3 #*** -390 ** 437228.1 *
error 3 38717.4 1020657.1 93.2 .025 76800.3
treatment 4 21703.1 ns 248881.8Ns 129.2 *» .011 ns 180834.1
error 24 98653.8 310041.1 46.45 .015 104846.7

% nodules occupied by strains reacting with FA:
005 110 1809 31 123

Cultivar: Ou Huang #3

rotation 1 123932.5 ***  158319,3 #** 15602.5 ** 90012.7 #*#* 13050.2 ***
error 3 1900.4 2119.8 1236.2 1085.4 133.7
treatment 4 63553.6 *** 8954.7 *** 5240.8 ** 28958 .4 *** 2278.0 *
error 24 679.4 39497 .8 996.18 1338.3 885.98



III. Soybeans rhizosphere populations of inoculum and indigenous strains of R. Japonicum
determined by immunofluorescence membrane filter counts.

% nodules occupied by strains reacting with FA:

Mean squares of:
source df 005 110 123

Rice-soybean sequence
Peat-sand inoculum
treatment 4 1525358.1 ***  4011.4 ** 29763 .4 ***

error 10 32852.6 1106.7 2503.8

Liguid inoculum

treatment 4 208325.7 **« 2049,2 *** 6002.3 *4*
error 10 28387.0 285.4 890.4
Soybean-soybean sequence

Peat-sand inoculum

Mean squares of:
source af

treatment 4 49706.5 ** 13781.3 *** 23007.3 **
error 10 11229.9 818.1 3985.8

Liquid inoculum

treatment 4 60%1.3 43525.0 *** 14888 .4 ***
error 10 2205.5 4904.2 273.3



IV. Effect of flooding on survival of R. japonicum.

Number of R. japonicum cell/g soil
Means squares of:

source df Rice-rhizoshpere Non-rhizosphere
treatment 5 1969552.3 *** 971743.9 *%*

error 38 42712.4 14813.8

V. Persistence of inoculum and indigenous strains of R. japonicum
under two cropping sequences.

% of nodules occupied by strains reacting with FA:

Means squares of:
source df 005 110 1809 123

Soybean following rice

treatment 4 280.0 Ns 1104.0 * 1355,5 #*#*+ 91.9 Ns
error 12 601.5 350.6 192.7 132.7

Soybean following soybean

treatment 4 903.1 ns 958,2 NS 729.5 * 464.4 NS
error 12 385.1 730.0 235.3 423.5

*** denotes significance P = 0.01
** denotes significance P = 0.05
*  denotes significance P = 0.1

ns = not significant
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