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Abstract Amorpha fruticosa was inoculated with rhizo-
sphere soil from lowa, USA, and 140 rhizobia isolated
from root nodules were compared with Mesorhizobium
amorphae originating from Chinese soils. PCR-RFLP
patterns of the 16S rRNA gene from the isolates and from
M. amorphae were the same. All isolates had a symbiotic
plasmid of the same size with a single nifH gene.
DNA:DNA hybridization values, DNA G+C content, and
induced Nod factor patterns also were similar. We con-
cluded that the four genotypes distinguished among 53
representative American isolates were M. amorphae.
Since A. fruticosa is native to the Americas and is highly
specific in its nodulation requirement, M. amor phae prob-
ably was transmitted to China.
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Introduction

Amorpha fruticosa is a leguminous shrub indigenous to
North America (Allen and Allen 1981) and was intro-
duced to China as a windbreak and as soil cover for ero-
sion control. The majority of rhizobia forming a symbio-
siswith A. fruticosa growing in different regions of China
were characterized as a species of Mesorhizobium. These
Mesorhizobium isolates formed effective nitrogen-fixing
symbioses with A. fruticosa (Wang et al. 1999). Wang et
a. (1999) aso identified that afew of the Chinese isolates
were related to Rhizobium and Bradyrhizobium, but these
cultures were ineffective for nitrogen fixation with A. fru-
ticosa.

An extensive analysis of the isolates originating from
China led to the description of the new species, Mesorhi-
zobium amorphae (Wang et a. 1999). This species har-
bors a 930-kb symbiotic plasmid, which is unusua since,
with the exception of Mesorhizobium huakuii (Guo et al.
1999; Xu and Murooka 1995; Zou et al. 1997), most of
the Mesor hizobium spp. carry the symbiotic genesin their
chromosomes. Nodulation appears to be specifically lim-
ited to A. fruticosa since other legume species formed no
nodules in a cross-nodulation test with M. amorphae
(Wang et al. 1999).

The characterization of rhizobia nodulating A. fruti-
cosa included only isolates originating from China (Wang
et a. 1999). Considering that North Americais the center
of origin of A. fruticosa (Allen and Allen 1981) and that
formation of an effectively nitrogen-fixing symbiosis is
specific for M. amor phae, we theorized that M. amor phae
possibly also originated from North America and had
found its way to China together with the host plant.
Therefore, weisolated rhizobiausing A. fruticosa asatrap
host with soils obtained from around the roots of this
legume growing in lowa with the aim of comparing them
with strains originating from China.
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Material and methods
Isolation of bacteria

Rhizosphere soil samples were collected from A. fruticosa grow-
ing in an experimenta field in Ames, lowa and were used as a
source of rhizobiafor plants grown in Leonard jars (Leonard 1943)
as described before (Wang et a. 1999). |solations from root nod-
ules were made using modified arabinose-gluconate (MAG) bacte-
rial growth medium (van Berkum 1990) and the procedure de-
scribed by Vincent (1970). The isolates and the reference strains
used in our study (Tablel) were stored in 50% glycerol at —=70°C
and are kept in the collection center of USDA.

DNA analyses

DNA was extracted from 5-ml peptone yeast extract (PY) cultures
(Noel et al. 1984) in exponential growth phase using a DNA/RNA
isolation kit (Chirgwin et a. 1979). The G+C content was mea-
sured according to the method of De Ley (1970). DNA:DNA hy-
bridization was determined by using the filter method described by
van Berkum et al. (1996). The procedure to amplify thel6S rRNA
genes by PCR using primers fD1 and rD1 (Weisburg et al. 1991)
was as described previously (van Berkum et al. 1998). These PCR
products were digested with Mspl, Hinfl, Hhal, or Sau3Al and the
restriction fragments were separated according to molecular size
by electrophoresis in 3% agarose gels (Wang et al. 1998). A sub-
sample of each DNA preparation was digested with EcoRI or
BamHI for horizontal agarose gel electrophoresis, Southern trans-
fer, and Southern hybridization using a 600-bp nifH fragment of
Rhizobium etli CFN42 (Morett et al. 1988) as probe as described
by Wang et a. (1998). The Eckhardt (1978) method, as modified
by Hynes and McGregor (1990), was used to determine cellular
plasmid content. These gels were prepared for Southern hybridiza-
tion to identify pSym as described (Wang et al. 1998) using a 600-bp
PCR-amplified nifH internal fragment from Snorhizobium meliloti
strain USDA 1002 (Eardly et al. 1992) as probe. The molecular

size of each plasmid was estimated by comparing their migration
distances with those of plasmids from R. etli strain CFN42 as ref-
erence (Wang et al. 1999).

Multilocus gel electrophoresis analysis

Protein extracts were prepared from 40ml of PY broth cultures as
described by Caballero-Mellado and Martinez-Romero (1994).
Proteins were separated by electrophoresis in starch gels; eight en-
zymes, esterase (EST), glucose-6-phosphate dehydrogenase (G6P),
NADP-dependent glutamate dehydrogenase (GD2), isocitrate de-
hydrogenase (IDH), indophenol oxidase (IPO), NADP-malate de-
hydrogenase (ME), phosphoglucose isomerase (PGI) and phos-
phoglucomutase (PGM), were analyzed by selective staining as
described by Selander et al. (1986). The method of Nei and Li
(1979) was used for cluster analysis of the data.

Nod factors

Nod factors were analyzed according to the method of Laeremans
et al. (1996). A mixture of apigenin, naringenin and chrysin, each
at afinal concentration of 0.4uM, was used to induce nod gene ex-
pression. Products, labeled with 0.1 pCi of D-[*C-(U)]-glu-
cosamine, were separated by thin-layer chromatography and visu-
alized by radioautography. Rhizobium tropici strain CFN299 was
used as areference.

Results and discussion

All 140 isolates (Tablel) obtained from individua nod-
ules were slow-growing, acid-producing rhizobia that on
MAG solid media after 7days incubation at 28°C formed
single colonies less than 1mm in diameter. Each of the

Tablel Bacteriaused inthis

work and their relevant charac- ~ |Solate or strain

ET Plasmids (kb) Source or reference

teristics. The molecular sizes

of the plasmids were estimated I solates from the USA soils

according to their mobility in 1-1, 3-5,5-2, 6-7, 71, 7-3, 7-5, 9-1, 9-3, 1 (930, 550, 250)  This study

0.7% Eckhardt gels (Eckhardt 10-2, 104, 11-2, 114, 11-15

1978) ufsg?otaf:jes Z?Q%’éﬁrfgm' 6-4, 7-6, 8-6, 11-1 1 (930, 550) This study

?{gg]g;)and plasmids of Rhizo- 9-5, 101 ! (930, 250) Th!sstudy

bium etli CEN42 as molecular 1-2, 1-3, 2-1, 2-32, 2-33, 2-36, 2-38, 239, 2 (930) This study

size reference markers. ET 31, 3-2,3-3,34,4-1,4-2,4-3,4-4,5-1,

Electrophoretic type based on 5-8, 6-1, 6-3, 6-5, 74, 8-1, 8-2, 8-3, 84,

Multilocus gel electrophoresis 8-5,9-2,9-4,10-5,11-5

analysis of eight enzyme loci 1-6 3 (730) This study
54 4 (730, 360) This study

Reference strains from China
M. amorphae, B289 9 (930) Wang et a. (1999)
M. amorphae, ACCC19660 8 (930, 150) Wang et al. (1999)
M. amorphae, B109 10 (930) Wang et al. (1999)
M. amorphae, ACCC19665 5 (930) Wang et a. (1999)
M. amorphae, ACCC19663 6 (930) Wang et a. (1999)
M. amorphae, SH190012 7 (930) Wang et a. (1999)
Isolate B276 from A. fruticosa 11 (930) Wang et al. (1999)
Isolate SH1503 from A. fruticosa 12 (930) Wang et al. (1999)
Cloning plasmid

PEM 15 (pSup205 derivative) nif genes of Morett et al. (1988)

R. etli CFN42
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Table2 Allele variation of

eight metabolic enzymes E)réiyg]e Four ETs of the USA isolates  Six ETs of Chinese strains All ten M. amorphae ETs
ggﬁ&;gg}ﬁgg;ﬁfiﬁg&g Number Genetic Number Genetic Number Genetic
and originating from lowa. of aleles diversity (h)c  of aleles diversity (h) of aleles diversity (h)
The number of aldlesimplies —|p 3 0.833 2 0.600 5 0.844
Egﬂse‘:]vg‘nfgﬁﬁ_?(of}')'%yxm IPO 2 0.500 1 0.000 2 0525
the h values, as described by GD2 1 0.000 1 0.000 1 0.000
Selander et al. (1986) PGM 2 0.500 1 0.000 2 0.200
G6P 1 0.000 1 0.000 1 0.000
PGI 2 0.500 3 0.600 4 0.644
EST 3 0.833 3 0.733 5 0.800
Mean 2.0 H=0.458 1.6 H=0.214 2.8 H=0.44
ET strain Genetic diversity among 53 randomly chosen isolates
1-1 was limited (Table2) and only four electrophoretic types
(ETs) were identified (Tablel). The majority of the iso-
1-2 lates had enzyme profiles characteristic of either ET1 or
54 ET2. Only the single isolates 1-6 and 54 had unique en-
zyme profiles and were assighed to ET3 and ET4, respec-
1-6 tively. Although distinct from the reference strains origi-
. | Group1 nating from China, the American isolates were placed
ACCC19665 with the group of ETs formed by M. amorphae (Fig.1).
ACCC19663 The mean genetic diversity among the isolates of Ameri-
can origin was H=0.42, which was more than among M.
SH19012 amorphae originating from China (H=0.21).
. Among the 140 isolates, six distinctive plasmid pat-
ACCC19660 terns were observed (Table1). The number of plasmids
B289 among these isolates ranged from one to three and most
contained a 930-kb plasmid that in strains 1-1, 1-2, 1-3,
B109 a 3-5, 7-3 and 9-5 was identified by Southern hybridiza-
11 B276 Group 2 tion as the symbiotic plasmid. Isolates 1-6 and 54 were
the exception because they harbored a symbiotic plasmid
12 SH1503 Group3 of 730kb instead of 930kb. The presence of a 930-kb

L1 1 1 1 1 1 1 1 |
0.8 0.4

Genetic Distance

Fig.1 Data from multilocus gel electrophoresis analysis using
eight enzyme loci to construct a dendrogram showing the genetic
relationships among the Amorpha fruticosa-nodulating rhizobia
originating from the American and Chinese soils. The strains
ACCC 19665, B276 and SH15003 represent groups 1, 2 and 3
originally defined according to Wang et al. (1999). For the number
of strainsin each electrophoretic type, seeto Tablel

140 isolates had 16S rRNA gene restriction patterns iden-
tical with that of the M. amorphae type strain (data not
shown). The DNA G+C content of randomly chosen iso-
lates 1-1 and 1-2 were 63mol% and 62mol%, respec-
tively. This value is within the range for species of Meso-
rhizobium and is close to 64 mol%, the value reported for
M. amorphae (Wang et a. 1999). DNA:DNA hybridiza-
tion between isolate 1-1 and the M. amorphae type strain
ACCC19665 was 70+8%, which indicated close genetic
homogeneity between the two strains representing the iso-
lates from lowa and from China, respectively.

symbiotic plasmid in most of the American isolates con-
curs with a symbiotic plasmid of equal molecular size in
strains originating from China (Wang et a. 1999). In the
case of isolates 1-1, 1-6, and 54, one hybridization frag-
ment carrying nifH was observed in both restriction di-
gests. Thisresult is similar to that obtained with the type
strain ACCC19665 of M. amorphae (Fig.2). However,
the symbiotic plasmids among these four cultures proba-
bly do differ in base sequences because the molecular
sizes of the hybridizing signals varied among them in one
or both digests (Fig.2). The nod genes of the cultures
originating from China and the Americas probably pro-
duce similar or identical products since Nod factor TLC
patterns among the M. amorphae type strain and isolates
1-2 and 3-5 were identical (data not shown).

North America is the center of origin of A. fruticosa;
therefore, the presence of rhizobia that form nitrogen-fix-
ing symbioses with this legume in soils of this continent
can be expected. However, it was unknown whether the
isolates from China and the Americas would be similar or
different. Unknown also was whether or not M. amorphae
was an opportunistic rhizobial species of another legume
native to China, with an inherent ability to nodulate
A. fruticosa. The rhizosphere soils collected from roots of
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Fig.2 Southern hybridization analysis of the nifH gene among the
A. fruticosa-nodulating isolates from the American soils compared
with that of M. amorphae type strain ACCC19665. Total DNA
was digested with (A) EcoRI or (B) BamHI and hybridized to a
600-bp PCR-amplified nifH fragment from Snorhizobium meliloti
USDA1002 using the procedure of Eardly et a. (1992). Lane 1
Isolate 1-1, lane 2 isolate 1-6, lane 3 isolate 54, lane 4 type strain
for M. amorphae, ACCC19665

A. fruticosa growing in lowa, USA, harbored bacteria
with characteristics common to M. amorphae. Therefore,
it must be concluded that both soils of China and the
Americas contain M. amorphae and that this bacteria
species is a natural microsymbiont of A. fruticosa. Con-
sidering our data, we would disagree with a conclusion
that M. amorphae evolved in Chinese soils and nodul ated
A. fruticosa by being opportunistic or by acquisition of
the genetic information through genetic transfer and re-
combination.

The difficulty is to explain the presence of M. amor-
phae in Chinese soils considering that this legume is not
inoculated when grown in China. Two theories have been
proposed based upon the study of common bean (Phaseo-
lus vulgaris) and the rhizobia that form symbioses with
this leguminous crop species. The first theory, to explain
the presence of presumptive R. etli and R. tropici in the
soils of Europe and Western Africa (Diouf et al. 2000;
Herrera-Cervera et a. 1999; Sessitsch et a. 1997), is that
the rhizobia of bean were transmitted from the Americas
along with the grain when it was exported (Perez-Ramirez
et al. 1998). This suggestion would seem plausible, but
the usefulness of bean as a model for the study of the dis-
tribution of rhizobia from the Americas to other geo-
graphic locations is hindered by the promiscuity of this
legume as ahost (Michiels et a. 1998). For example, Rhi-
Zobium mongol ense nodul ates and forms effectively nitro-
gen-fixing symbioses with bean even though Medicago
ruthenica is its natural host and both plant and microbe
originated from the steppes of Inner Mongolia, where
bean has not been introduced (van Berkum et al. 1998).
A second theory, to explain nodulation of bean by Rhizo-
bium leguminosarum, Rhizobium gallicum and Rhizobium
giardinii, includes the exchange of the genes for symbio-
sis with bean from unintentionally introduced R. etli to

native bacterial populations present in the fields where
bean is cultivated outside of the Americas (Herrera-Cer-
veraet a. 1999). This suggestion aso would seem possi-
ble, except for the distribution of particularly R. legumi-
nosarum and R. gallicum. For example, Illinoisis the ori-
gin of the type strain of R. leguminosarum (Keyser and
Griffin 1987); the Mexican bean isolate FL27 isastrain of
R. gallicum that nodulates at least three other hosts be-
sides bean (Sessitch et al. 1997) and bean-nodulating
R. leguminosarum are present in soils of Colombia
(Eardly et a. 1995) and the prairies of North America
(Graham et al. 1999). Also, the presence of just a single
copy of nifH in R. gallicum (Amarger et al. 1997) isin-
consistent with three copies in R. etli (Martinez et al.
1985). Possibly the theory is more convincing in the case
of R. giardinii; however, distribution of this species ap-
pears very limited (Amarger et al. 1997; Herrera-Cervera
et a. 1999) and on bean the symbiosisis either ineffective
or very poor (Amarger et al. 1997). Although some argu-
ments may be made for genetic differences among the two
biovars of both R. gallicum and R. giardinii, the promis-
cuous nature of bean is as likely an explanation for the
nodulation of this legume host by both species as is the
acquisition of the genetic determinants from R. etli. Our
data are significant by providing more substantial support
for a possibility that rhizobia may be transmitted between
continents. The basis of this support is that A. fruticosa
and M. amorphae are specific for their nodulation require-
ments, and the bacteria from soils of China and lowa are
genetically more homogeneous.
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