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The chromosomal arrangement of six soybean leghemoglobin genes
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Clones containing six leghemoglobin (Lb) genes have been
isolated from two genomic libraries of soybean. They encom-
pass two independent DNA regions: a 40-kb region con-
taining four genes in the order 5' Lba-Lbc1-iLb-Lbc33'
with the same transcriptional polarity, and another 40-kb
region containing two genes in the order 5' Lbc4-Lbc2 3'
with the same polarity. The order in which the Lb genes are
arranged in the soybean genome imply that they are activated
in the opposite order to which they are arranged on the
chromosome. There is a close similarity between correspon-
ding DNA regions outside the Lb genes in the two clusters.
Thus, a moderately repetitive DNA element is present in cor-
responding positions in each cluster. In addition, at least two
different non-Lb genes are linked to each Lb gene cluster in
corresponding positions. These genes are apparently
regulated in a way which differs from that of the Lb genes.
The existence of two very similar Lb gene clusters in soybean
suggest that soybean may have evolved from an ancestral
form by genome duplication.
Key words: chromosomal arrangement/genome duplica-
tion/leghemoglobin genes

Introduction
Leghemoglobins (Lbs) are monomeric hemoproteins syn-

thesized exclusively in the root nodules which develop
through the symbiotic association of Rhizobia with legu-
minous plants. Soybean nodules contain four major species
of Lbs called Lba, Lbcl, Lbc2 and Lbc3 (Fuchsman and Ap-
pleby, 1979). In addition, several minor Lb components have
been detected in the nodules, but it seems most likely that
some of these components are derived by post-translational
modifications of some of the major components. The dif-
ferences in the amino acid sequences among the various Lb
components are small and correspond to 10 amino acids
(Sievers et al., 1978). Molecular hybridization experiments
have shown that the Lbs are encoded in the soybean genome
by a small family of genes (Sullivan et al., 1981; Marcker et
al., 1981). Cloned Lb cDNA hybridizes to at least seven

EcoRI genomic restriction fragments. Six hybridizing DNA
fragments have been isolated from various soybean DNA
libraries and DNA sequence analysis has been completed for
the Lb genes located on these fragments. Four isolated genes
code for Lba, Lbcl, Lbc2 and Lbc3, respectively, while a fifth
gene is probably non-functional and consequently is an Lb
pseudo gene ({Lb) (Hyldig-Nielsen et al., 1982; Wiborg et al.,
1982, 1983). Preliminary sequence analysis of a complete Lb
gene (Lbc4) encoded on a 10-kb EcoRI restriction fragment
suggests that, this particular gene is functional. In
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addition to the complete genes, two truncated genes have
been identified. Thus, the Lb gene family in soybean consists
of five functional genes, one pseudo gene and at least two
truncated genes. We report here that the six complete Lb
genes are arranged in two independent clusters in the soybean
genome. Four genes are very closely linked in the order
5' Lba-Lbc1-bLb-Lbc3 3'. The distance between the various
genes in this cluster is - 2.5-3 kb. The two remaining genes
are tightly linked in the order 5' Lbc4-Lbc2 3' and are - 2 kb
apart. No direct link between the two Lb gene clusters has
been obtained so far. There are at least two different non-Lb
genes closely linked to the four Lb gene cluster. These genes
are also linked to the two Lb gene cluster in the same relative
positions as for the four Lb gene cluster.
Results and Discussion
Isolation ofLb genomic recombinants
An Lb cDNA clone was used to screen two independent

soybean chromosomal libraries. Both libraries were con-
structed using bacteriophage X as a vector. One library was
constructed from a limited EcoRI digest of soybean DNA,
while the other was constructed from a limited AluI/ HaeIII
digest of soybean DNA. For chromosome walking, appropri-
ate non-Lb gene fragments were subcloned into pBR322 and
subsequently used for screening. In this way >20 different X
recombinants were obtained. Restriction enzyme maps for
these phage DNAs were determined by analysing a combina-
tion of single and double restriction enzyme digests using the
filter hybridization method of Southern (1975). By using
these methods, complete sets of overlapping clones were ob-
tained covering two regions of soybean DNA of -40 kb
each. Six Lb genes are encompassed within these two DNA
regions.
The chromosomal arrangement of six soybean Lb genes
The six Lb genes are arranged in two independent clusters

in the soybean genome as shown in Figure 1. Four genes con-
stitute one cluster and are tightly linked in the order 5' Lba-
Lbc-,7Lb-Lbc3 3'. The distances separating these genes are
- 2.5-3 kb. The two remaining Lb genes constitute another
cluster and are linked in the order 5' Lbc4-Lbc2 3'. The
distance separating these genes is - 2 kb. The transcriptional
orientations of the six Lb genes were determined by a com-
bination of DNA sequence analysis and by analysis of single
and double restriction enzyme digests of the appropriate
clones using various subcloned exons as hybridization probes.
So far no clone has been obtained which links the two Lb
gene clusters and it is therefore not clear whether both clusters
are on the same chromosome, or whether they are on separate
chromosomes. In the former case the two clusters must be at
least 25-30 kb apart.
The Lbc2 and Lbc4 genes are contained within a 10-kb

EcoRI restriction fragment. During phage propagation, the
Lbc4 gene is very often deleted leaving a phage with a 6-kb
fragment which contains the Lbc2 gene. Similar deletions of
globin sequences were also observed during cloning of human
c-globin squences (Lauer et al., 1980). In a previous study the
Lbc2 gene was isolated on a 6-kb EcoRI fragment (Wiborg et
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Fig. 1. Chromosomal arrangement of six soybean Lb genes. Solid boxes indicate the positions of the Lb genes (the three introns present in all Lb genes are
not shown). Identical shadings (A and A', B and B', C and C') represent cross-hybridizing non-Lb regions. The transcriptional polarity of the Lb genes is
indicated by the two arrows. The sizes of the soybean DNA inserts in both sets of overlapping X clones are shown as horizontal lines below the two restriction
maps. Genomic EcoRI(E) sites are indicated by vertical bars. In clones derived from the AluI/HaeIII library, the EcoRI sites generated by addition of EcoRl
linkers are not indicated.
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Fig. 2. MspI restriction maps of the two genomic Lb gene clusters. Lb genes are indicated by solid boxes. The indicated MspI(M) sites have been determined
both in digests of total soybean DNA and in cloned fragments. The subcloned fragments (sizes given in kb) used as hybridization probes are illustrated by
bars above the corresponding genomic regions. Asterisks indicate probes derived from intron sequences.

al., 1982). In genomic blots of soybean DNA, an Lb cDNA
does hybridize to a 6-kb EcoRI fragment, indicating that a
structural Lb sequence is present on such a fragment in soy-
bean DNA. Despite the screening of several soybean DNA
libraries we have never succeeded in cloning this particular Lb
sequence. It is therefore not known whether the Lb sequence
present on a 6-kb EcoRI fragment in soybean DNA re-
presents a complete or a truncated gene. Brisson and Verma
(1982) have isolated a truncated Lb gene consisting of exon 4
and the 3' non-coding end only. In addition, we have isolated
a truncated Lb gene present within a 5.5-kb EcoRI fragment,
which consists of exon 3, intron 3, exon 4 and the 3' non-
coding end. Neither of these truncated genes, nor the struc-
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tural sequence present within the 6-kb EcoRI fragment are
contained within the regions of the soybean genome shown in
Figure 1.

Correlation of clonedfragments with those in total genomic
DNA
To determine whether the cloned Lb gene regions correlate

with the corresponding regions in total genomic DNA, soy-
bean DNA was digested with MspI followed by filter hybrid-
ization analysis. Fragments from several X clones were sub-
cloned into pBR322 and used as hybridization probes. In ad-
dition, an Lb cDNA clone was used as probe. Figure 2 indi-
cates the positions of the MspI sites in the Lb gene regions to-
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Chromosomal arrangement of soybean leghemoglobin genes

gether with the positions of the various DNA fragments used
as hybridization probes. In this way, both Lb clusters were
analysed. In all cases the sizes of the hybridizing restriction
fragments in total soybean DNA corresponded to those pre-
dicted by the map presented in Figure 2. These results
therefore clearly indicate that no detectable rearrangement
occurred within the Lb gene regions during preparation,
isolation or propagation of the clones examined except occa-
sionally for the 10-kb EcoRI fragment previously referred to.
Because of the limited sensitivity of this assay, however, we
cannot rule out the possibility that small rearrangements may
have occurred during the cloning procedure.
At least two different non-Lb genes are linked to each Lb
gene cluster in corresponding positions

Molecular hybridization experiments revealed extensive
cross-hybridization between corresponding DNA regions out-
side the Lb genes in the two clusters. Thus, a 5-kb DNA
region denoted by A in cluster I cross-hybridizes strongly to a
5-kb-region denoted by A' in cluster II. Region A is - 5 kb
upstream from the Lba gene while the corresponding region
A' is - 3 kb upstream from the Lbc4 gene. Similarly, DNA
regions B and C in cluster I cross-hybridize strongly to regions
B' and C' in cluster II. These cross-hybridizing regions are
located 3' to the Lbc2 and Lbc3 genes, respectively. In
eukaryotic genomes repetitive DNA elements are often close-
ly linked to structural DNA sequences. Southern blotting ex-
periments revealed that DNA sequences from regions B and
B' are repeated 10-20 times in the soybean genome, while
the DNA sequences in regions A and C are not repeated
elsewhere in the soybean genome.

Northern blotting analysis using subcloned DNA frag-
ments from regions A and C as probes revealed the presence
of hybridizing mRNAs in poly(A) + RNA extr#cted from soy-
bean roots. These mRNAs are not amplified to any signifi-
cant extent in poly(A) + RNA extracted from nodules. Conse-
quently, the DNA regions in A, A' and C, C' most likely en-
code structural soybean genes. The function of these genes is
unknown and it is also not clear whether the genes present in
all four regions are expressed. However, at least two different
genes present in these regions are expressed in uninfected soy-
bean roots, and no amplification of expression seems to occur
after the roots are infected with Rhizobia. Thus, the soybean
Lb genes are closely linked to other soybean genes which are
regulated in a manner different from that of the Lb genes.
Evolution of the soybean Lb genes
We have used molecular cloning and genomic blotting pro-

cedures to establish the chromosomal arrangement of six soy-
bean Lb genes. The six Lb genes are arranged in two indepen-
dent clusters. One consists of four genes and the other of two
genes. At least two different non-Lb genes, which are closely
linked to the Lb genes in both clusters, are present in cor-
responding positions in each cluster. In addition, a moderate-
ly repetitive DNA element is present in both clusters in cor-
responding positions. The close similarity between the two Lb
gene clusters extending over a region of -40 kb therefore
suggests that the two clusters arose either by duplication of a
large segment of a soybean chromosome or by genome dupli-
cation. Soybean is a tetraploid (Datta and Saha, 1973) and it
is therefore plausible that the existence of two almost identical
Lb clusters in soybean is due to genome duplication in an
ancestral soybean species. The presence of two independent
globin gene clusters in Xenopus laevis (Jeffreys et al., 1980) is
apparently also due to tetraploidization. Prior to the putative

genome duplication in the soybean ancestor, it is reasonable
to assume that an Lb gene duplication had already occurred
generating a tandemly linked pair of Lb genes. After the
assumed genome duplication, a tandem Lb gene duplication
occurred in one of the clu-sters leading to a four Lb gene ar-
rangement. The differences between the two clusters may
therefore have arisen after genome duplication and may re-
flect recent divergence of the two clusters.

Vertebrate a and ,B globins are differentially expressed dur-
ing development. Normally the globin genes are activated in
the order in which they are arranged on the chromosome. An
exception to this rule is the ,B-globin gene cluster in chicken
which contains an embryonic gene on the 3' side of an adult
gene (Villeponteau and Martinson, 1981). The soybean Lb
genes also appear to be induced at different times during
nodule development (Fuchsman and Appleby, 1979; Verma
et al., 1979). Thus, it seems certain that the Lbc3 gene is ac-
tivated before the Lba gene. This, therefore, implies that the
Lb genes are activated in the opposite order to which they are
arranged on the chromosome. However, the detailed changes
in the transcription pattern of the Lb genes during nodule
development is unknown. Thus, it is still unclear at what
stage the Lbc,, Lbc2 and Lbc4 genes are activated.

Materials and methods
Screening ofphage libraries
Two X Charon 4A recombinant phage libraries containing either EcoRI or

AluI/HaeIII partial digestion fragments of soybean DNA were used. About
6 x 105 recombinant phages from each library were screened with a 32p-
labelled Lb cDNA clone as described by Maniatis et al. (1978). For isolation
of clones from regions outside the Lb genes, appropriate fragments were
subcloned into pBR322 and used as hybridization probes. Phage correspon-
ding to positive signals were purified and the DNA prepared according to
Maniatis et al. (1982).
Preparation ofsoybean DNA
Chromosomal soybean DNA was prepared from 4 day old seedlings as

previously described (Marcker et al., 1981).
Restriction endonuclease analysis
Enzyme digestions were carried out according to the manufacturer's in-

structions. Samples were fractionated on agarose gels and transferred to
nitrocellulose filters as described by Southern (1975).
Subcloning into pBR322

Recovery of DNA fragments from agarose gels for subcloning were per-
formed according to Dretzen et al. (1981). The procedures used for subcloning
and plasmid preparation were according to Lacy et al. (1979).
Hybridization

Hybridization of filters was conducted at 67°C for 16-20 h in 2 x SSC,
20 x Denhardt's solution (Denhardt, 1966), 0.107o SDS, 50 Ag/ml denatured
salmon sperm DNA, 100 jig/ml poly(A) and an appropriate amount of
denatured 32P-labelled probe. The filters were washed at 67°C in the following
succession of solutions: 2 x SSC, 10 x Denhardt's, 0.10o SDS; 2 x SSC,
0.1To SDS; 1 x SSC, 0.1%o SDS; 0.3 x SSC, 0.1I% SDS. For analysis of soy-
bean genomic DNA, dextran sulphate was added to the hybridization solution
to a final concentration of 10%.
DNA sequencing
DNA sequencing was performed by the dideoxy chain termination method

described by Sanger et al. (1980) using a synthetic dodecadenoxynucleotide as
primer. Sequencing reaction products were electrophoresed on 6 or 8%o
0.3 mm polyacrylamide-urea gels.
Northern blotting analysis

Total RNA was extracted from 3 week old nodules, roots or leaves by the
guanidium rhodanide procedure (Chirgwin et al., 1979) and subsequently
fractionated on an oligo(dT) cellulose column. Poly(A) I RNA was separated
by electrophoresis in lo agarose gels, transferred to DBM paper and
hybridized with appropriate 32P-labelled clones (Alwine et al., 1979).
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Note added in proof
Further DNA sequence analysis has shown that the Lbc4 gene has a stop
codon in exon 2 and therefore is a pseudo gene.

1168


