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Structure and chromosomal arrangement of leghemoglobin
genes in kidney bean suggest divergence in soybean
leghemoglobin gene loci following tetraploidization
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We have determined the structure of one of the leghemo-
globin (Lb) genes of Phaseolus vulgaris (kidney bean) and
deduced the chromosomal arrangement of leghemoglobin
genes by genomic hybridizations with Lb and two other
sequences, each specific to the 5' or 3' region of the soybean
leghemoglobin loci. By comparing this organization with two
other species of legumes, Glycine max (soybean) and G. soja
(wild soybean), a phylogeny of leghemoglobin gene loci was
traced. The intragenic structure of the kidney bean leghemo-
globin gene shows the same intron/exon arrangement as that
of soybean leghemoglobin genes and extensive sequence
homologies in both coding as well as 5' and 3' non-coding
regions. The presence in the kidney bean genome of four
leghemoglobin genes suggests that tandem duplications of a
single primordial plant globin gene had occurred to generate
four leghemoglobin genes in an 'Lb-locus' before Glycine and
Phaseolus species diverged. Chromosome duplication by
tetraploidization in Glycine generated two loci containing
four genes each. A large deletion in one of the two four-gene
loci in soybean resulted in the generation of the Lbc2 locus
containing two leghemoglobin genes, one functional and
another pseudo (Lbi6'). This pseudogene, unlike that present
on the main locus, is represented by only two and a half exons
and appears to be truncated. The two other truncated genes
(LbTj and LbT2) were probably generated similarly in the
genome of Glycine spp. following tetraploidization before the
divergence of G. max and G. soja.
Key words: leghemoglobin/gene organization/Phaseolus vul-
garis/tetraploidization

Introduction
Leghemoglobins are encoded by a family of closely related
sequences in soybean (Glycine max) (Sullivan et al., 1981;
Brisson et al., 1982), which exist as functional, pseudo and
truncated genes (Brisson and Verma, 1982; Hyldig-Nielsen et
al., 1982; Wiborg et al., 1982). The primary structure of
leghemoglobin (Lb) genes was found to be very similar to
those of mammalian globin genes with respect to the position
of two introns common to all globin genes as well as the
presence of several regulatory sequences on the 5' end of
these genes (Lee and Verma, 1984; Brown et al., 1984). The
presence of the third intron in the Lb genes suggested that
plant globin genes are primitive globin genes (Lewin, 1981;
Lee and Verma, 1984). Furthermore, the arrangement of Lb
genes on the chromosome is very similar to animal globin loci
(Efstratiadis et al., 1980; Lee et al., 1983). Although it has
been suggested that Lb genes may have been transferred hori-
zontally from animals to legumes via a retrovirus-like vector

(Jeffreys, 1982), their presence in non-leguminous plants that
are able to fix nitrogen symbiotically (Appleby et al., 1983)
indicate a much older origin of these genes.

Since more information on the structure and chromosomal
arrangements of Lb genes in other legumes is essential to fully
understand the evolution of these genes, we have carried out
experiments with two other closely related legume species,
Glycine soja (wild soybean) and Phaseolus vulgaris (kidney
bean). We isolated and characterized, at the nucleotide level,
a Lb gene from a kidney bean genomic library. Also, we sear-
ched their genomes for the presence of two sequences which
were found to be at the 5' and 3' regions of the main Lb
locus of soybean. The latter appears to be a characteristic of
all loci containing Lb sequences. These results made it poss-
ible to trace the chromosomal arrangement of Lb genes and
the evolutionary relationship among these three related
legumes.

Results
Leghemoglobin gene loci in soybean
The chromosomal arrangement of Lb genes in soybean (Fig-
ure 1) consists of four loci containing Lb sequences (Lee et
al., 1983). Two loci carry functional genes while the other two
have truncated Lb sequences. To investigate how these loci
may have been generated, we characterized the chromosomal
arrangements of Lb genes in two other related species, G.
soja and P. vulgaris. We searched the genomes of these two
species for sequences that surround the main Lb locus in soy-
bean carrying four Lb genes, Lba, Lbcl, Lb,l and Lbc3. The
first sequence is the 3' sequence (designated as an 's' in Figure
1) which was found to be specific to the 3' ends of all four
loci containing Lb sequences in soybean. The other sequence
which is present at the 5' end, has been found to be expressed
in root and leaf tissue (designated as R/L in Figure 1). We
deduced from these results (see below), possible chromo-
somal arrangements of Lb genes in these two species and
compared them with that of soybean to trace the mode of
evolution of Lb gene arrangement.
Structure of the second leghemoglobin gene on the soybean
Lbc2 locus
The Lbc2 locus contains two leghemoglobin genes, one of
which was identified as the Lbc2 gene (Wiborg et al., 1982; see
also Lee et al., 1983), but the other upstream gene was not yet
characterized. We analyzed the nucleotide sequence of the
gene upstream of Lbc2 called {2 in Figure 1. This gene carries
only the first two exons and a half of the third exon of leg-
hemoglobin (Figure 2). The nucleotide sequence revealed the
presence of several copies of a short repeated sequence,
CCA/TCCC at the end of the gene. Also, two important
point mutations were found, one at the second exon (TTG to
TAG) and the other at the splicing junction between the se-
cond exon and intron (GT to CT). The first would result in an
in-phase termination while the second might affect RNA
splicing. Otherwise, this DNA sequence shows a high hom-
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Fig. 1. Chromosomal arrangement of leghemoglobin genes in soybean. The EcoRl and HindIII restriction maps of the regions carrying leghemoglobin
sequences were derived from the detailed analysis of lambda clones of these regions of the chromosome. R and R/L are sequences expressed in root and
root/leaf, respectively, s and s' are two repeat elements [see Lee et al. (1983) for more details].

ology with that of the Lba gene (Wiborg et al., 1982) in the
main (Lba) locus.
Structure of a kidney bean leghemoglobin gene
We constructed a partial cDNA library of kidney bean nodule
mRNA and isolated a plasmid, pJSLb15, which contains an
insert of - 720 bp long, representing almost the complete Lb
sequence of P. vulgaris (Lee, 1984). The nick-translated insert
of pJSLb15 was used as probe for screening a Phaseolus
genomic library and for Southern hybridization of Phaseolus
genomic DNA to determine the number and possible arrange-
ment of Lb genes in the kidney bean genome.
A kidney bean MboI partial genomic library constructed in

lambda 1059 was screened with the insert of pJSLb15. The
positive clones were mapped with the restriction enzymes,
EcoRI, BamHI and HindIII. A Lb cDNA-hybridizing region
was localized on one of the clones, PvLbl. The nucleotide
sequence of the Lb-containing region (Figure 3) indicated that
this Lb gene is complete. It is interrupted by three intervening
sequences which are located between codons 32 and 33, 68
and 69 and 103 and 104, the same positions as those of soy-
bean Lb genes (see Brisson and Verma, 1982). The corre-
sponding intervening sequences are 78, 95 and 88 nucleotides
long.
The amino acid sequence deduced from the nucleotide

sequence matched the known amino acid sequence of kidney
bean leghemoglobin consisting of 145 amino acids (Lehto-
vaara and Ellfolk, 1975b), except at the positions 98 (Ser-
Asn), 99 (Asn-Asp), 100 (Asp-Ser) and 125 (Gln-Glu). The
changes at positions 98, 99 and 100 could be due to errors in
the protein sequence whereas the change at position 124 is due
to a transition (CAA to GAA).
The region upstream from the initiation codon revealed the

conservation of sequences with those of soybean Lb genes,
including two sequences, CCAAT and TATAAA that are
common to other eukaryotic genes. However, the position of
the CCAAT box is closer to the TATAAA box in the Phas-
eolus Lb gene as compared with that in soybean. A sequence
( - 30 bp) identified in the region surrounding the 'cap' site of

soybean Lb and animal globin genes (Lee and Verma, 1984;
Brown et al., 1984) also shows extensive homology with the
same region of the kidney bean gene, suggesting that it may
be essential for the expression of these genes. Analysis of the
3' non-coding region revealed a consensus sequence (AAT-
AAA) for the poly(A) addition signal. Thus, these results
suggest that this Lb gene has all the attributes of a normal
eukaryotic gene. Since the bulk of the leghemoglobin in
Phaseolus nodules is represented by the deduced sequence,
this gene may be a functional gene.
Four leghemoglobin genes in kidney bean genome
Genomic DNA from kidney bean embryonic axes was di-
gested with various restriction enzymes, separated on agarose
gel, transferred onto GeneScreen Paper and hybridized with
the nick-translated insert of pJSLbl5. As shown in Figure 4,
it revealed several distinct bands, suggesting a family of
related sequences. The presence of four hybridizing bands in
most lanes, whether from single or double digestions, indi-
cated that there are four Lb sequences on the chromosome of
kidney bean.

In the kidney bean, there is only one major Lb component,
PhLba, which is post-translationally modified into one minor
component, PhLbb (Lehtovaara and Ellfolk, 1975a). It is
unclear whether one gene is expressed and the others are silent
or all four genes code for one identical component.

Presence of the common 3' repeat sequence ofsoybean in the
genomes of kidney bean and G. soja
As shown in Figure 1, four Lb gene loci in soybean share a
common sequence specific to the 3' end (Lee et al., 1983). We
searched genomic DNAs of two other species for the presence
of this sequence, using as a probe a 2.7-kb HindIII fragment
adjacent to the Lbc3 gene which had been subcloned into
pBR322. Figure 5(A) shows the hybridization pattern of kid-
ney bean genomic DNA digested with various restriction
enzymes. It revealed a single band on each lane, suggesting
the presence of only one sequence in the kidney bean genome.
However, there are as many as four hybridizing bands in the
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Divergence in soybean leghemoglobin gene loci

10 20 30 40 50 60 70 80 90 100 110
Lb 4 2 AAGCTTTGGTTTTCTCACTCTCCAAGACCTCTATACAAACAAATATTGGATGTGAAGTTGTTGCATAACTTGCATTGAACAATTAATAGAAATAACAGAAAAGTAAAAAAAGAAATATGG

Lba AAGCTTTGGTTTTCTCACTCTCCAAGCCCTCTATATAAACAAATATTGGA-GTGAAGTTGTTGCATAACTTGCATCGAACAATTAATAGAAATAACAGAAAATTAAAAAA-GAAATATGG
10 20 30 40 50 60 70 80 90 100 110

130 140 150 160 170 180 190 200 210 220 230
Lb W2 GTGCTTTCGCTGAGAAGCAAGAGGCTTTGGTGAATAGCTCATTCGAAGCATTCAAGGCAAACATTCATCAATACAATGTTGTGTTCTACACCTCGTAAGTTTTTTTTTTTTTTTTTTTCA

Lba TTGCTTTCACTGAGAAGCAAGATGCTTTGGTGAGTAGCTCATTCGAAGCATTCAAGGCAAACATTCCTCAATACAGCGTTGTGTTCTACACTTCGTAAGTTT---------------TCT
120 130 140 150 160 170 180 190 200 210 220

250 260 270 280 290 300 310 320 330 340 350
Lb 2 CTCTAAATACGTGTCTTTTATAGTATGTTTTTGTCTTTTATAGTATGTTTTCCCTTTCGTCGTTTGTTGTGTTTGAAAA--GACATAGTGT-AATGTGAGTGGTTTTGGTTTGAT-AAAA

Lba CTCTAAGCATGTGTCTTCCATTCTATGTTTTTCT--------------------TTTGGAAATTTGTTGTGTTTGAAAAAAGATATATTGTTAATGTGAGTGGTTTTGGTTTGATTAAAA
230 240 250 260 270 280 290 300 310 320

360 370 380 390 400 410 420 430 440 450 460 470
L bis2 ATGAATAGGATACTGGAGAAAGCAGCTGCAGCAAAGGACTAGTTCTCATTTCTAGCTAATGGAGTAGACCCCAGTAATCCTAAGCTCACGGGCCATGCCGAAAAGCTTTTTGGATTGCTA

Lba ATGAATAGGATACTGGAGAAAGCACCTGCAGCAAAGGACTTGTTCTCATTTCTAGCAAATGGAGTAGACCCCACTAATCCTAAGCTCACGGGCCATGCTGAAAAGCTTTTTGCATTGGTA
340 350 360 370 380 390 400 410 420 430

480 490 500 510 520 530 540 550 560 570 580
Lb Q2 AGTATTAGCTAACTAAAATTATAGCATATTTATGTGATTAATTTTAAGATTAAACAT---GTACTT-AACACTCTTAAAGATACAACAAACATACATTG----AATTGTTATTTATATTT

Lba AGTATCACCCAACTAAAATTATAACTATTTTATGTGATTAATTTTAAGATTAAGCATCATGTATTTTAACACTCTTAAAACATCAATGAACATTAATTGTTTGAATTGTATTTTATATTT
450 460 470 480 490 500 510 520 530 540 550 560

590 600 610 620 630 640 650 660 670 680
Lb W2 TTACCATATCTCGTACTAGGAATTGTTTCTAAAGTCCTATTAATTAGTAATTTGTTGAT---TATTTTTCTTTCATG---------------ATTATATATTTTTC-AATTGTAGTTGCG

Lba TTGCCATATCTTGAACTAGGAATAGTATATAAATTTCTATTAGT-----ATTTGTTGATAATTATTTTTCTTTCATAACTATCTTGTCACATATTATATATTTTTTGAATTGTAGGTGCG
570 580 590 600 610 620 630 640 650 660 670

690 700 710 720 730 740 750 760 770 780 790 800
Lb y2 TGTCTCAGCTAGTCAACTTAAAGCAAATGGAACAGTGGTGGCTAATGCCGCACTTGGTCCTCCC1'CTCCCCCCCCCACCCTTTCCTTCTTTTGCCACCCACCTCCCCTCTCTGTTGCATA

Lba TGACTCAGCTTGTCAACTTAAAGCAAGTGGAACAGTGGTGGCTGATGCCGCACTTGGTTCTGT---TCATGCCCAAAAAG--------------CAGTCACTGATCCTCAGTTCGTGGTA
680 690 700 710 720 730 740 750 760 770

810 820 830 840 850 860 870 880 890

Lb,2 TCTTGAA-AATTCTTGTAGAAATACTAGATCTCCTTGTGAAAATCCAACAAAATACTCCAATAATAGATC--------TAAGAATCAAA--------------------TC--TTGAAC-

Lba TGATAAATAAT-------GAAATGTTATAATAAATTATGC------------ATACTTCAATTTTTCATGGAGCAGTTTAATGATCAACACACACTTCTTTTGTTTCAGTCATTTGATAA
790 800 810 820 830 840 850 860 870 880

900 910 920 930 940 950 960 970 980 990
Lb 2 CTAAGATCTAC-----TTGCAAG-----AACCTTTATTGGAGATTACCTAGGGTTTACTTTGCCTTTTTATTTTATTTTTGGGCTTGACATGTAATTTAGGCACACAAGATT-----TAT

Lba CTACAATCTTAAAATGTTGCAATCTTAAAAATAGTATTAAAAATA---TAACATTTAATTAGCTCATCAATATT-TTTCTGT--------TGCAATTTTTTATGAAAAAATTATAATTAT
890 900 910 920 930 940 950 960 970 980

1010 1020 1030 1040
Lb 2 GTGA---TTGTCCATCGATCTCATATAA------TTCAAATATCCGGTACTTT

Lba GAATTCTTTGAGCAATGTTTAATTAAAAAATTGATTTAATAATGAAATAACTA
1000 1010 1020 1030 1040

Fig. 2. Nucleotide sequence of the second gene on the Lbc2 locus. The nucleotide sequence of a pseudo (truncated) gene on the Lbc2 locus was determined
and compared with the corresponding region of the Lba gene on the main (Lba) locus (Hyldig-Nielsen et al., 1982). Homologous sequences between two
genes are indicated by colons, two point mutations are shown by stars and exons are underlined. The deletion point is indicated by an arrow. Dashes (-)
represent the sequences that might have been deleted or inserted. A short repeated sequence, CCA/TCCC is upperlined at the end of this gene.

case of G. soja [Figure 5(B)]. Since it was found that the
2.7-kb HindIII fragment contains two sequences, only one of
which is common to all four loci in soybean (Lee et al., 1983),
the presence of almost the same number of hybridizing bands
as that in soybean may suggest that Lb genes in G. soja are
arranged similarly to those in soybean.
Search for the S' sequence expressed in root and leaf
In soybean, the Lba and Lbc2 loci were found to be flanked
by a sequence 5' to them which is expressed preferentially in
root and leaf tissue (Lee et al., 1983). To determine whether
this gene is always linked to the Lb locus, we searched for this
sequence in the genomes of two other legume species. Figure
6 shows the hybridization pattern of genomic DNAs digested
with BamHI or EcoRI using as a probe a 1.5-kb HindIII frag-
ment from the Lbc2 locus which had been subcloned into
pBR322. It revealed that G. soja, like soybean, carries two
copies of this sequence while only one copy of this sequence
was found in the kidney bean genome.

Discussion
The second Lb gene on the soybean Lbc2 locus is truncated
The nucleotide sequence of the second Lb gene on the Lbc2
locus indicates that the Lb gene is truncated and is different
from two other truncated genes (LbT, and LbT) carrying
only the last exon (Brisson and Verma, 1982; Lee, 1984).
How this truncated gene was generated on the Lbc2 locus is

unclear. However, a comparison of the 5' non-coding region
of the Lb4'2 gene on the Lbc2 locus with that of the Lba gene
revealed 967o homology between two genes. Also, a similarity
was found between the Lbc2 and Lbc3 genes with respect to
the number of amino acids. They encode one extra amino
acid as compared with the Lba and Lbc, genes. Thus, a de-
letion in the main locus (Lba) may have given rise to the Lbc2
locus. The mechanism by which the deletion occurred is not
apparent. The presence of a few copies of a short repeat
sequence at the breakpoint (see arrow in Figure 2) may sug-
gest the possibility of the involvement of these sequences in
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-150 -140 -130 -120 -100 -90 -80 -70 -60 -50 -40 -30
Lbc3 TTTTTGAAAAGATGATTGTCTCTTCACCATAGATCACCCTCCTCCAACAAGGAGACATAAGTTTTATTAGTTATTCTGATCACTCTTCAAGCCTTCIATATAAATAAG

PhLba .... GTACGTAACACTTAGATTTTTTTCTGAC --AGGTTTCTAITAAGAAG
10 20 30 40 50

-20 -10 1 10 20 30 40 50 60 70 80 90Lbc 3 TATTGGATGTGA GTTGTTGCATAACTTGCATTGAACAATrAATAGAAATAACAGAAAAGTAGAAAAGAAATATGGGTGCTTTCACTGATAAGCAAGAGGCTTTGGTGAGTAGCTCATTT
PhLba TATAGGATGTGAGTTGTTGCATAACTTGAATTGAAGAG -ATAGAAATAAGAGAAAAGTAGAAAAGAAAAATGGGTGCTTTCACTGAGAAGCAAGAGGCTCTGGTGAACAGCTCATGG

MetGlyAlaPheThrGluLysGlnGluAlaLeuValAsnSerSerTrp60 70 80 90 100 110 120 130 140 150 160

100 110 120 130 140 150 160 170 180 190 200 210
Lbc3 GAAGCATTCAAGACAAACATTCCTCAATACAGTGTTGTGTTCTACACCTCGTAAGTATTCTATCTAAATTATGTGTCTTATTGTATGTTTAACTTTCGTGGGTTGTTGTGTTTGAAAAAA
PhLba GAAGCATTCAAGGGAAACATTCCACAATACAGTGTTGTGTTCTACACCTCGTAAGTGTTTTGTTTAAAC-ATGTGTGTT-TTGTTTGTTTGTGTTT--TGGTTTGAC------GAAATAA

GluAlaPheLysGlyAsnIleProGlnTyrSerValValPheTyrThrSer
180 190 200 210 220 230 240 250 260 270

220 230 240 250 260 270 280 290 300 310 320 330
Lbc 3 GATATATATTGTTAATGTGAGTGGTTTTGGTTTGACTAAAAATGAATAGGATACTGGAGAAAGCACCTGTAGCAAAGGACTTGTTCTCATTTCTAGCAAATGGAGTAGACCCCACTAAT
PhLba TATATATA-------------------------------AAAATAATAGGATACTGGAGAAAGCACCAGCAGCAAAGAATTTGTTCTCATTTCTTGCTAATGGAGTAGATCCCACTAAT

IleLeuGluLysAlaProAlaAlaLysAsnLeuPheSerPheLeuAlaAsnGlyValAspProThrAsn
290 300 310 320 330 340 350 360

340 350 360 370 380 390 400 410 420 430 440 450
Lbc 3 CCTAAGCTCACGGGCCATGCTGAAAAACTTTTTGGATTGGTAAGTACTAGCCTACTAAAATTAAAATCCTATTAGTATTTTTTATTATTTTTC---TTCCATGATTGTCTTGTCACATAT
PhLba CCTAAGCTCACGGCTCATGCTGAAAGCCTTTTTGGATTGGTAAGTCTCAACC------AAATCAAATTTTATGTGAATTTTTTTCATTTTTGGATGTTTCATGAATTAATAATA--ATAT

ProLysLeuThrAlaHisAlaGluSerLeuPheGlyLeu
300 380 390 400 410 420 430 440 450 460 470

460 470 480 490 500 510 520 530 540 550 560 570
Lbc 3 TAT-ATATTTTTTGAATTATAGGTACGTGATTCAGCTGGTCAACTTAAAGCAAGTGCAACAGTGGTGATTGATGCCGCACTTGGTTCTATCCATGCCCAAAAAGCAATCACTGATCCTCAA
PhLba TATGATATTTTTGAAATTGTAGGTGCGTGATTCAGCTGCACAACTTCGAGCAAATGGAGCAGTGGTGGCTGATGCTGCACTTGGTTCTATCCACTCTCAAAAAGGAGTAAACGATTCTCAG

ValArgAspSerAlaAlaGlnLeuArgAlaAsnGlyAlaValValAlaAspAlaAlaLeuGlySerIleHisSerGlnLysGlyValAsnAspSerGln490 500 510 520 530 540 550 560 570 580 590 600

580 590 600 610 620 630 640 650 660 670 680 690
Lbc3 TTTGTGGTATGATAAATAATGAAAAGCTACAATAAATGCACAAATACTTAATTTTACATAGTGCAGTGCTATATGATCATCACTTTCGTACTAAGTAATGAATTTACTTATTTTTTTTAC
PhLba TTTCTGGTAGCGT---TAATGAA-------------------------------------------------------------------------------------------------

PheLeu
610 620

700 710 720 730 740 750 760 770 780 790 800 810
Lbc3 AGAAGTAATGGATTTACTTAAAATCTTAAATTATGTACTTCTTTAAAGAGTTTTGTATGGAATTTTAATTATAAAGAAAAATGTAAGAGCTAAACCATTGCTG---ATGATTTCGAAGGTG
PhLba -----------------------------------TATTGTTTTATAATGTTAAATTTTGAAGTTTGATATGAAA--------TAAGAGCTAAAGCATGGGTATGTATGAATTGC-AGGTG

Val
630 640 650 660 670 680 690

820 830 840 850 860 870 890 900 910 920 930 940
Lbc 3 GTTAAAGAAGCACTGCTGAAAACAATAAAGGAGGCAGTTGGGGACAAATGGAGTGACGAGTTGAGCAGTGCTTGGGAAGTAGCCTATGATGAATTGGCAGCAGCTATTAAGAAGGCATTT
PhLba GTAAAAGAGGCTTTGCTTAAAACATTAAAGGAAGCAGTTGGAGACAAATGGACTGATGAACTCAGCACTGCTCTCGAACTAGCCTACGATGAATTGGCAGCAGCTATTAAAAAGGCATAT

ValLysGluAlaLeuLeuLysThrLeuLysGluAlaValGlyAspLysTrpThrAspGluLeuSerThrAlaLeuGluLeuAlaTyrAspGluLeuAlaAlaAlaIleLysLysAlaTyr700 710 720 730 740 750 760 770 780 790 800 810

950 960 97 980 990 1000 1010 1020 1030 1040 1050
Lbc 3 TAGGATCTACAATTGCCTTAAAGTG ¶iAT 1 ATTATTTCACTAAAACTTGTTATTAAACAAGTTCTCG-ATATAAATGTTGGTTAAAA-TAAGTAAATTATATGGTATT-GGA

PhLba GCTTAG----GATTGCCTTTATTTCTAAT ATA -TTGTTTAGAAAGAACTTGTTATTAAACAAGTTCCCCCATATAAATGTTTCTTAAAAATAAGTAAATTCTATTGTATTTGGG
Ala***
820 830 840 850 860 870 880 890 900 910 920 930

Fig. 3. Nucleotide sequence of a kidney bean leghemoglobin gene and its comparison with that of the soybean Lbc3 gene. The nucleotide sequence of a
kidney bean Lb gene present on the clone PvLbl was compared with that of the Lbc3 gene of soybean (Brisson and Verma, 1982). Dashes (-) represent the
sequences which might have been deleted or inserted. Consensus sequences found at the 5' and 3' regions (Brown et al., 1984; Lee and Verma, 1984) are
boxed. Homologous sequences between two genes are indicated by colons. The exons in the Lbc3 gene are underlined and the amino acids corresponding to
exons in the Phaseolus gene are indicated.

homologous recombination. It is probable that the deletion is (Lewin, 1981; see Lee and Verma, 1984) and that introns
the result of a non-homologous exchange during replication could have been removed during evolution (Blake, 1983) as
as recently observed in the human ,B-globin gene cluster with the actin genes and the preproinsulin gene.
(Vanin et al., 1983). Sequence comparison of this gene with one of the soybean
Kidney bean leghemoglobin gene structure is identical to that Lb genes showed a significant structural similarity, indicating
of soybean leghemoglobin genes their close evolutionary relationship. Also, it suggests that
The nucleotide sequence of a kidney bean leghemoglobin tney nave been under certain constraints that prevent them
gene indicated that this complete gene is interrupted by three from diverging. Similar comparison between seed storage
intervening sequences which are located at the same positions proteins of soybean and kidney bean (Schuler et al., 1983)
as those in soybean leghemoglobin genes (Brisson and Verma, shows that although conglycinin and phaseolin genes may
1982) -but are shorter. The difference in the number of introns have diverged from a single ancestral gene, their level of
also found in the Phaseolus Lb gene is consistent with the divergence is much greater than that of Lb genes of two
idea that these genes are ancestral to the animal globin genes species.
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Fig. 4. Identification of restriction fragments containing leghemoglobin
sequences in kidney bean genomic DNA. DNA isolated from kidney bean
embryonic axes and digested with various restriction enzymes was subjected
to Southern hybridization with nick-translated inserts of pJSLbl5. Lanes:
1, EcoRI; 2, EcoRI and HindIII; 3, HindIII; 4, EcoRI and BamHI; 5,
BamHI; and 6, HindlII and BamHI. The positions and sizes (in kb) of the
HindIII-digested lambda DNA are shown.

Chromosomal arrangements of leghemoglobin genes in kid-
ney bean and G. soja
The genomic hybridizations indicate that two sequences, each
specific to the 5' or 3' region of the soybean Lb loci are also
present in the Phaseolus genome. As identified in the Lba and
Lbc2 loci of soybean (Lee et al., 1983), the presence of only
one copy of each sequence in the kidney bean genome sug-
gests that the four Lb genes may be arranged on one location
similarly to the arrangement on the Lba locus of soybean.
However, it seems likely that the intergenic regions of the
kidney bean 'Lb locus' are quite long as compared with those
of soybean loci. Also, the 3' sequence specific to Lb loci does
not appear to be as closely associated with any kidney bean
Lb sequence as that in Lb loci of soybean. This could be ex-
plained by the genome sizes of the two species. Although soy-
bean genome was duplicated by tetraploidization (2n = 40)
(Hadley and Hymowitz, 1973), its size (1.8 x 109 bp) (Walbot
and Goldberg, 1978) is almost identical to that (1.9 x 109 bp)
of kidney bean genome (2n = 22) (Sun et al., 1981; Evans
1980).

G. soja is the closest ancestral relative of the modern
soybean (Glycine max). G. soja and G. max both have 40
chromosomes and the two species can be intercrossed (Hymo-
witz and Newell, 1980). Therefore, we also searched the
genomic DNA of G. soja for the presence of two 5' and 3'
sequences in order to predict the chromosomal arrangement
of Lb genes in G. soja. The presence of the two copies of the
5' gene and at least four copies of the 3' repeat sequence indi-
cates that the Lb genes in G. soja are arranged on the
chromosome, similarly to those of soybean, probably in four
loci.

A 1 2 3 4 5 6 7 B1 2 3 4 5 6 7

23.7-

9.5-
6.7-

-23.7

* -9.5
- 6.7

,^i - 4*3

4.3-

-2.3
- 2.0

20-

Fig. 5. Southern blots of kidney bean genomic DNA (A) and G. soja DNA (B) for the search of the 3' repeat sequence. Genomic DNAs from these species
were digested with combinations of EcoRI, HindIll and BamHI and hybridized with the nick-translated 2.7 kb HindlII fragment adjacent to the Lbc3 gene of
soybean (Lee et al., 1983). The positions and sizes (in kb) of the markers (HindlIl-digested lambda DNA) are shown. Lanes: 1, soybean DNA cut with
EcoRI; 2, EcoRI; 3, EcoRI and HindIII; 4, HindIII; 5, EcoRI and BamHI; 6, BamHI; and 7, HindlII and BamHI.
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Evolutionary relationship among leghemoglobin genes in dif-
ferent species
We have traced the possible evolutionary divergence in the
arrangement of Lb genes in three species (Figure 7). On the
basis of our findings we suggest three major evolutionary
steps leading to soybean leghemoglobin genes: (i) gene dupli-
cation, (ii) genome duplication and finally (iii) deletion in one
of the Lb loci.

B E

1 2
B E

3 4

B E

5 6

23.7-

9.5-
6.7-

4.3-

2-3-
2.0-

Fig. 6. Southern blot of genomic DNAs of soybean, kidney bean and 0.
soja for the search of the 5' sequence expressed in the root and leaf tissue.
Genomic DNAs of three species were subjected to Southern hybridization
after digestion with BamHI (B3 or EcoRI (E). Lanes: I and 2, soybean; 3
and 4, kidney bean; 5 and 6, G. soja. Nick-translated 1.5-kb HindlII
fragments were used as a probe. The positions and sizes (in kb) of the
markers (HindlIl-digested lambda DNA) are indicated.

Deletion in one locus

Genome duplicated

LbT Generated

Gene duplicated (2nd)

Gene duplicated (1st)

Original globin gene

Before Glycine spp. and kidney bean diverged, a single
primordial plant globin gene might have duplicated twice to
generate a locus, carrying four Lb genes which was surround-
ed by two different types of sequences, one at the 5' region
and the other at the 3' region. After kidney bean and Glycine
spp. had diverged, a truncated gene might have been gener-
ated from the last gene of the four gene locus. It is unclear
how the truncated gene was generated and dispersed on the
same or different chromosome. A recombinational event,
probably unequal crossing over, involving a short repeat
sequence found in the truncated gene (Brisson and Verma,
1982) may be responsible for the generation of the truncated
sequence. This, followed by chromosome duplication (tetra-
ploidization), could have resulted in the generation of two
loci, each carrying four Lb genes and also two identical trun-
cated genes. This presumably occurred before the divergence
of two Glycine species. In soybean, a deletion on one four-
gene locus removed - 12 kb DNA to generate the Lbc2 locus
carrying a functional and pseudo (truncated) gene.

This type of evolution is not unique to legumes. It has been
suggested that the Xenopus laevis globin gene family evolved
by tandem duplication of a single primordial globin gene,
followed by chromosome duplication through tetraploidiz-
ation (Jeffreys et al., 1980; Hosbach et al., 1983). If we
assume that the gene duplications occurred before genome
duplication, the extensive homologies among soybean Lb
genes could have been maintained by concerted evolution
(Zimmer et al., 1980; Brown et al., 1984).

Polyploidy creates an abundance of genetic material, which
can be exploited by subsequent mutation and selection
(Ohno, 1970). It has been suggested that after polyploidiz-
ation there is a strong tendency to evolve into a diploid state
by chromosomal rearrangement and by sequence diversifi-
cation (Leipoldt and Schmidtke, 1982). This diploidization of
the tetraploid occurs also at the level of gene expression. The
deletion might have occurred to prevent overproduction of
leghemoglobins after tetraploidization. Since only one major
leghemoglobin is produced in kidney bean, it is probable that
four genes in soybean are expressed at a reduced rate although
their multiplicity, variability and temporal expression indicate
a possible distinct role for each component during nodule
development (see Verma et al., 1979; Verma, 1982).
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Fig. 7. Phylogeny of the leghemoglobin loci. The chromosomal arrangements deduced from this study revealed possible events which could have occurred
through the evolutionary time to lead to the leghemoglobin organization in soybean. LbT, an ancestral truncated gene.
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Plant versus animal globin genes
Globins are wide-spread in nature. They include the tetra-
meric hemoglobins of higher vertebrates, monomeric hemo-
globins of protochordates, a variety of invertebrate globins,
monomeric myoglobins, the monomeric leghemoglobins in
legumes (Hunt et al., 1978) and the dimeric globins found in
the root nodules of nitrogen-fixing non-leguminous plants
(Appleby et al., 1983). Although plant and animal globin
genes might have diverged between 900 million and 1.4 billion
years ago (the estimated time for the plant-animal divergence)
(Brown et al., 1984), their similarities in structure as well as in
chromosomal arrangement (Lee et al., 1983) suggest that they
have been under certain evolutionary constraints.

It is generally believed that duplication of hemoglobin and
myoglobin genes occurred - 700 million years ago before the
divergence of the a- and ,B-globin genes - 500 million years
ago. In contrast with hemoglobin, which functions as a tetra-
meric protein, myoglobin is monomeric and encoded by a
single gene from a family of related sequences in humans.
The chromosomal arrangement of these genes is not yet
known (Weller et al., 1984). It may be similar to the kidney
bean leghemoglobin. However, the presence of only two
introns on the myoglobin gene rules out the possibility of a
close evolutionary relationship to leghemoglobins.

Although this study made it possible to trace the mode of
evolution for three related species for a short time period, the
recent findings of dimeric hemoproteins in non-leguminous
plants (Appleby et al., 1983) raise an important question
about the origin and evolution of plant globin genes. Jeffreys
(1982) has suggested that the leghemoglobins arose as a result
of a horizontal gene transfer from an animal to an ancestral
legume plant. However, this does not seem likely. The X-ray
crystallographic studies on lupin leghemoglobins (Vainshtein
et al., 1975) suggested that animal globin and leghemoglobin
had been generated - 1.2 billion years ago (the estimated time
for the plant-animal divergence). Leghemoglobin does not
appear to be more closely related to certain globins which
may have been transferred. The extent of corrected sequence
divergence for amino acid replacements causing base substi-
tutions is > 1000o between the plant and animal globin se-
quences (Brown et al., 1984). This may indicate that plant
and animal globin gene families diverged over one billion
years ago. It is possible that ancestral hemoglobin genes ex-
isted in many (if not all) higher and lower plant families, but
these genes may have become silent in plants which have not
acquired the ability to associate with nitrogen-fixing organ-
isms. The selective advantage which biological nitrogen-
fixation provided to the legume plants may have fixed these
genes in these plants. Also, since there are other nodule-
specific genes in legumes, they may have co-evolved with
leghemoglobin genes to optimize this unique association in
nature. More data about Lb genes in other legumes, as well as
the globin genes in non-leguminous plants, will shed light on
the origin and evolution of this unique group of plant genes.

Materials and methods
Growth ofplant tissue
Twenty-one day nodules of kidney bean (P. vulgaris) were obtained following
inoculation of the seedlings with Rhizobium phaseoli (strain RCR3610).
Plants were grown as described (Verma and Bal, 1976; Verma et al., 1974)
and the tissue was stored under liquid nitrogen.
cDNA synthesis and cloning
Poly(A)+ RNA was isolated from total polysomes of nodules as described
(Verma et al., 1974; Auger et al., 1979). Synthesis and cloning of double-

stranded cDNA of nodule RNA was essentially carried out as described
(Fuller et al., 1983). PstI-cut pBR322 tailed with dGTP was obtained from
Bethesda Research Laboratories.
Molecular cloning and isolation ofDNAs
Various restriction fragments from genomic clones were subcloned into
pBR322. Plasmid DNAs were purified on CsCl/ethidium bromide gradients.
Genomic DNA from soybean and kidney bean embryonic axes and DNA
from leaves of G. soja were isolated as described (Varsanyi-Breiner et al.,
1979). Phage DNA was isolated by the methods of Blattner et al. (1977) and
Maniatis et al. (1978).
Isolation of a kidney bean genomic clonefrom a bacteriophage library
About 5 x 105 recombinant bacteriophage were screened as described by Woo
(1979) from a MboI partial genomic library of kidney bean embryonic axes
DNA constructed in lambda 1059. EcoRI strain K802 was used as the host.
Southern hybridization
DNA digested with restriction endonucleases (Boehringer Mannheim) were
electrophoresed through agarose gels and transferred to GeneScreen Paper
(New England Nuclear) by the method of Southern (1975). Pre-treatment,
hybridization and washing of filters were performed as described by Wahl et
al. (1979) and used previously (Lee et al., 1983).
DNA sequencing
Appropriate DNA fragments were subcloned in M13 mp8 or mp9, pro-
pagated in the host JMI01, and DNA was purified from phages as suggested
by Amersham. DNA sequencing was performed by the dideoxy termination
method described by Sanger et al. (1977). Sequencing reaction products were
electrophoresed on 60Vo 0.3 mm polyacrylamide-urea gels. Sequences were ob-
tained in both orientations. Comparison of sequences was made using the
NucAln computer program of Wilbur and Lipman (1983).
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