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Chapter 1 

Outline 

Well before the Christian era, leguminous 
crops have been cultured and appreciated for 
food. Already in ancient Rome, it was known 
that leguminous species could be used for soil 
enrichment by green manuring. As recorded in 
Roman agricultural writings, e.g. Columella's 
De Re Rustica (362), orderly systems of crop 
rotations based on legumes were developed 
at that time. Crop rotations with legumes were 
responsible for a 40 - 50% increase in food 
production in Europe during the 18th century 
(13). Although one of the earliest botanical 
descriptions of structures on the roots of 
legumes was published in 1587 (70), it was 
not until a century ago that these structures, 
so-called root nodules, were identified as 
nitrogen fixing organs (144). Shortly thereafter, 
the bacteria responsible for the nitrogen fixa
tion were isolated in pure culture (18). Since 
then, it has become evident that by far the 
most significant amount of fixed nitrogen on 
earth comes from leguminous root nodules. 
Moreover, the nitrogen fixed by the bacteria is 
directly available to the legume, which allows 
the plant to grow without nitrogen fertilizer. 

A lot of research has been and still is devo
ted to the understanding of the symbiosis 
between Rhizobium bacteria and leguminous 
plants. The successive steps of the formation 
of a nitrogen fixing root nodule has been well 
documented microscopically. Four major 
stages in nodule development can be recog
nized (357): stage I 'preinfection', stage II ' in
fection and nodule formation', stage III 'nodule 
function and maintenance', and stage IV 
'nodule senescence' respectively (fig. 1.1.). In 
stage I, the Rhizobium bacteria attach to their 
particular host and cause characteristic curling 
of the host's root hairs. Subsequently (stage 
II), bacteria invade the plant through the root 

hair, progressively encased by a host-pro
duced cell wall tube called the infection 
thread. The bacteria are continuously dividing 
as the infection threads branch and penetrate 
through several layers of host root tissue. 
Meanwhile, cells in the root start to divide, and 
this proliferation results in the formation of the 
root nodule. Some infection threads penetrate 
partway into a host cell, stop and bacteria are 
released from the infection thread into the 
plant cytoplasm. After release, bacteria often 
enlarge and/or change shape, and in the 
endosymbiotic form they are referred to as 
bacteroids. This final stage of differentiation is 
the prelude to actual nitrogen fixation (stage 
III). The nitrogen fixing root nodule contains 
both infected and uninfected cells, which 
appear to have distinct functions in the overall 
process of fixation, assimilation and transport 
of nitrogen. The thousands of bacteria, the 
cytoplasm of an infected plant cell may have, 
can be considered temporary nitrogen fixing 
plant organelles (350). Each stage in the Rhi-
zobium-\egume symbiosis is thus character
ized by a series of developmental events con
cerning both bacteria and the plant, resulting 
in a complex, well organized and well coor
dinated plant organ. 

With the rise of molecular biological techni
ques, the knowledge of nodule formation and 
nitrogen fixation at the molecular level has 
progressed in less than a decade from almost 
nothing to a point where these processes can 
be described in considerable detail. It has 
been found that a number of genes in both 
plant and bacterium are only expressed in 
nodules. An effective symbiosis is 
accomplished by differentiation of bacteria 
into bacteroids at the one hand, and differen
tiation of plant cells into a root nodule at the 



other. The major part of research activity has 
concentrated on the nitrogen fixing bacteria, 
which are more easily accesible to genetic 
manipulation in comparison with legume 

genes are the leghemoglobin genes. So far, 
no nodulin gene expression has been found 
during stage I and stage IV. Now, the elucida
tion of both the functions of nodulins and the 

PflEINFECTION INFECTION AND NODULE FORMATION NODULE FUNCTION 
AND MAINTENANCE 

NODULE SENESCENCE 

Figure 1.1. Schematic representation of the stages, and sequence of events, in the formation of a nitrogen fixing root 
nodule , modified after Verma and Long (350), and involvement of nodulins in these stages. 

plants. In Rh/zobium, the genes responsible 
for nodulation {nod), and nitrogen fixation (nif 
and fix ) are located on large, endogeneous, 
so-called sym plasmids. Most of these bac
terial genes have been isolated and their pro
perties are subject of extensive reseach. Yet 
the host plant is equally important in the sym
biosis. The plant provides the right environ
ment, the energy and uses the fixed nitrogen 
for its growth and development. Over the last 
few years, interest in the role of the plant in 
the symbiosis has considerably intensified, 
even if the amount of research still represents 
a small portion of the effort put into the bac
terial partner. The existence of plant genome-
encoded, nodule specific proteins, nodulins, 
has been established beyond question, just as 
the differential expression of nodulin genes 
during nodule development. The latter has 
resulted in the distinction between early and 
late nodulins (fig. 1.1.). Early nodulin genes 
are expressed in the stage of nodule develop
ment during which the nodule structure is for
med (stage II). Late nodulin gene expression 
is associated with the onset of nitrogen fixa
tion (stage III). Type members of late nodulin 

modes of regulation of the encoding nodulin 
genes is a major issue in understanding the 
mechanism of nodule differentiation and func
tioning. 

This thesis is concerned with nodulins, their 
function in root nodule development and the 
regulation of the genes that encode nodulins. 
An early nodulin cDNA clone, pGmENOD2, 
selected from a soybean cDNA library, has 
been used to study the expression of the cor
responding early nodulin gene, and to 
characterize the nature of the product of this 
gene, the nodulin Ngm-75 it codes for. It is 
shown that this early nodulin Ngm-75 is an 
extremely (hydroxy)proline-rich protein, that 
probably represents a cell wall constituent 
(chapter 2.). 

The control of nodule specific gene expres
sion will be exerted at the level of the gene. In 
an attempt to identify the sequences of the 
DNA which are responsible for the regulation 
of late nodulin gene expression, a pea leghe
moglobin gene was isolated from a genomic 
library and analyzed by nucleotide sequenc-



ing. Comparison of the promoter sequence of 
this pea leghemoglobin gene with known pro
moter sequences of other leghemoglobin and 
late nodulin genes revealed two consensus 
motifs that occur upstream of the transcription 
initiation site of all sequenced late nodulin 
gene promoters (chapter 3.)- These consen
sus motifs may be responsible for the tissue 
specificity of late nodulin gene expression. 

Compared with other plant differentiation 
processes, root nodule development is unique 
in the involvement of a prokaryote in the in
duction and control of plant development. In 
addition to the analysis of nodulin gene 
expression, elucidation of the signals bac
terium and plant exchange to accomplish an 
effective symbiosis will contribute to our 
understanding of the symbiosis. In chapters 4. 
and 5. of this thesis the role of Rhizobium in 
regulating nodulin gene expression is investi
gated. By Northern blot analyses using nodu
lin cDNA clones as probes, and by comparing 
the proteins produced by in vitro translation of 
mRNA from roots and developing nodules of 
vetch ( Vicia sat/Va subsp. nigra), several dif
ferent nodulin gene products were identified 
(chapter 4.). Nodulin gene expression has 
been analyzed in vetch nodules disturbed in 
various stages of development, obtained after 
inoculation with engineered Rhizobium and 
Agrobacterium strains. It is demonstrated that 

only a limited number of Rhizobium genes, the 
/raö'genes, are indispensable for the induction 
of early nodulin gene expression (chapters 4. 
and 5.), and evidence is presented that the 
same nod genes are in some way involved in 
the induction of the expression of late nodulin 
genes (chapter 5). The nodules formed were 
simultaneously investigated microscopically, 
revealing a correlation between the expression 
of a certain nodulin gene and the accomplish
ment of a particular stage in the developmen
tal program of the root nodule. On the basis of 
expression in nodules disturbed in develop
ment, both early (chapter 4.) and late (chapter 
5.) nodulin genes can be subdivided into at 
least two subclasses, the expression of which 
is regulated differently. The appearance of 
nodulin gene products can thus be used as 
markers for development. This provides a 
basis for speculations about the possible 
function of nodulins in nodule development. 

In chapter 6. of this thesis, the current 
knowledge on nodulins and the regulation of 
nodulin gene expression is discussed and in
tegrated with the results presented in the pre
ceding chapters. It is argued that during evo
lution nodulin genes are derived from normal 
plant genes and evolved to fit the constraints 
of the symbiosis. 
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Chapter 2 

Characterization of cDNA for nodulin-75 of soybean 

A gene product involved in early stages of root 

nodule development 

The formation of nitrogen fixing nodules on 
the roots of leguminous plants induced by 
bacteria of the genera Rhizobium or Brady-
rhizobium involves the specific expression of a 
number of plant genes called nodulin genes 
(117,126,190). In a description of nodule 
development, Vincent (189) distinguishes bet
ween three stages in nodule development 
denoted as "pre-infection", "infection and 
nodule formation" and "nodule function". In 
the pre-infection stage the Rhizobium bac
teria recognize their host plants and attach to 
the root hairs, an event that is followed by root 
hair curling. At the moment, nothing is known 
about specific plant genes that are involved in 
this stage. In the next stage, the bacteria enter 
the roots by infection threads while concomi
tantly the dedifferentiation of some cortical 
cells results in the formation of meristems. The 
infection threads grow towards the meriste-
matic cells and bacteria are released into the 
cytoplasm of about half of these cells where 
they develop into bacteroids. In the final stage 
further differentiation of nodule cells occurs 
leading up to a nitrogen fixing nodule. Most 
studies on the expression of nodulin genes so 
far have been confined to the final stage of 
root nodule development in which the forma
tion of a nitrogen fixing nodule is 
accomplished. But the steps involved in root 
nodule formation show that major decisions 
determining the development of a root nodule 
are made in the stages preceding the establ
ishment of a nitrogen fixing nodule. We have 
shown (128) that nodulin genes are differen
tially expressed during development and that 
in pea at least two nodulin genes are transcri
bed in the second stage of root nodule for
mation. These genes are referred to as early 
nodulin genes. Here we report the isolation of 
soybean cDNA clones representing early 

nodulin genes and the detailed analysis of one 
of these clones. 

2.1. RESULTS 

2.1.1. Isolation of early nodulin cDNA 
clones. 

Six thousand clones out of a cDNA library 
prepared against poly(A)+ RNA of soybean 
root nodules were screened by differential 
colony hybridization for the presence of 
copies of early nodulin gene transcripts. Using 
cDNA probes transcribed from poly(A)+RNA 
isolated from either 5-day-old, uninfected 
roots or from nodules picked from 10-day-old 
plants. Ten cDNA clones were isolated that 
specifically hybridized with the nodule cDNA 
probe. These clones represent soybean {Gly
cine matf early nodulin genes and will be 
designated pGmENOD to distinguish them 
from pGmNOD clones that represent nodulin 
genes expressed at later stages of develop
ment. Cross-hybridization studies of these ten 
clones revealed two unique cDNA clones, 
pGmENOD8 and pGmENOD9 having insert 
lengths of 400 and 950 bp respectively, and 
eight clones with common sequences, of 
which the clone pGmENOD2 with an insert 
length of 1000 bp was chosen for further 
characterization. Northern blot analyses 
showed that pGmENOD2 hybridized to a 
mRNA of 1200 nucleotides and indicated that 
the concentration of the GmENOD2 mRNA is 
highest at day 10 and decreases during further 
nodule development (fig. 2.1 A.). Thus the 
GmENOD2 gene is apparently transiently 
expressed during soybean nodule develop-
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Figure 2.1. Autoradiographs of Northern blots containing 
15 microgram of total RNA isolated from 5-day-old 
uninoculated roots (R) or nodules (N) harvested 10, 14 and 
21 days after sowing and inoculation with B. japonicum 
USDA. The blot in A is identical to the blot in C. The blots 
were hybridized at 42°C with 32P-labeled pGmENOD2 (A), 
with pGmENOD8 (B) and with pGmENOD2 and pLb in 
consecutive order (C). The positions of the ribosomal 
RNAs are indicated by arrowheads. 

ment, although in some experiments the con
centration of GmENOD2 mRNA remained 
nearly constant between 10 and 21 days. A 
similar course of transient expression was 
found for the GmENOD9 gene that hybridized 
to mRNA of 1700 nucleotides (not shown). 
However, the GmENOD9 gene was expressed 
at considerably lower levels. In contrast, 
pGmENOD8 hybridized with mRNA of 1000 
nucleotides in length that was present at low 
levels in nodules of 10-day-old plants and 
reached its highest level at day 14 (fig. 2.1 B.). 
The relative abundance of RNA hybridizing 
with pGmENOD2 is in agreement with the high 
frequency by which clones with sequences 
common to pGmENOD2 were isolated from 
the cDNA library. For a more detailed analysis 
we have focussed on pGmENOD2. Since the 
gene represented by GmENOD2 is abundantly 
expressed in normal nodules, it appears fea
sible to analyze the expression pattern of this 
gene in nodules disturbed in development. 

2.1.2. Characterization of pGmENOD2. 

On Southern blots of EccP\ digested soy
bean and B. japonicum genomic DNA five re
striction fragments of soybean DNA, 25, 10.6, 
5.3, 4.8 and 1.5 kb in size respectively, were 
found to hybridize with 32P-labeled 
pGmENOD2, whereas no hybridization was 

observed with the B. japonicum DNA (fig. 
2.2.). Hence the cloned GmENOD2 DNA is 
encoded by the soybean genome and its 
gene probably is part of a small gene family. 
On a Northern blot with root and nodule RNA 
probed with pGmENOD2 under low stringency 
conditions, pGmENOD2 hybridized not only to 
a mRNA of 1200 nucleotides but also to a 
second nodule specific mRNA with a length of 
1400 nucleotides (fig. 2.3A.). In addition, a low 
abundance RNA of about 1000 nucleotides in 
size was detected under those conditions in 
uninfected roots (fig. 2.3B.). This observation 
is consistent with the existence of a small 
gene family. For comparison of the expression 
of the GmENOD2 genes with that of nodulin 
genes expressed later in development, a leg-
hemoglobin (Lb) cDNA clone (pLb) was 
selected from the cDNA library by hybridiza
tion with a soybean Lb cDNA clone (170), 
made available by K. Marcker (University of 
Aarhus, Denmark). The difference in time of 
expression between the GmENOD2 and leg-
hemoglobin genes is illustrated in fig. 2.1C. 
The Northern blot was first hybridized with 
pENOD2 and was subsequently probed with 
pLb. The Lb mRNAs start to appear when the 
GmENOD2 mRNA concentration is already 
decreasing. 
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Figure 2.2. Autoradiograph of a Southern blot containing 
10 microgram of soybean genomic DNA (lane 1) and 1 
microgram of B. japonicum USDA110 DNA (lane 2), both 
digested with £cdR\, and hybridized with 32P-labeled 
pGmENOD2. 
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Figure 2.3. Autoradiographs of Northern blots containing 
15 microgram ol total RNA isolated from (A and B) 
5-day-old uninoculated soybean roots (lane 1) and 
14-day-old nodules induced by B. japorticum USDA110 
(lane 2) and from (C) soybean roots (lane 1) and 
nodule-like structures collected 4 weeks after inoculation 
with ft. freuii USDA2S7 (lane 2). The Northern blots were 
hybridized under low stringent conditions (35°C; 50% 
formamide; 1 M NaCI), with 32P-labeled pGmENOD2 as 
probe. The autoradiograph of the blot shown in B is 
obtained after an approximately ten fold longer exposure 
than the autoradiograph of the blot shown in A. 

2.1.3. pGmENOD2 codes for nodulin 
Ngm-75 . 

To identify the early nodulin encoded by 
pGmENOD2, mRNA was hybrid-selected by 
pGmENOD2 and was translated in vitro in the 
presence of 35S-methionine followed by two-
dimensional (2-D) gel electrophoresis. The 
results showed that the pGmENOD2-encoded 
polypeptide has an apparent molecular weight 
of 75,000 with an isoelectric point around 6.5 
(fig. 2.4A.). In accordance with the nomencla
ture previously established for nodulins (345, 
chapter 6.) the identified polypeptide is named 
Ngm-75. After in vitro translation of the 
pGmENOD2-selected RNA in the presence of 
3H-leucine as the radioactive amino acid, two 
polypeptides were found, one of which com-
igrates with the polypeptide detected after 
translation with 35S-methionine while the 
other, more prominent, polypeptide is slightly 
more basic (fig. 2.4A.). This result indicates 
that the pGmENOD2 hybrid-selected RNA 
consists of two mRNA species. Under the 
stringent hybridization conditions used, only 
mRNA species with a length of 1200 nucleo
tides will have been selected and the low 
abundance mRNAs (compare figs. 2.3A. and 

nodule RNA C H - leucine) PENOD2 selected RNA^- leuc ine) pENOD2 selected RNA (35S-methionine) 
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Figure 2.4. Characterization of the early nodulin cDNA clone pGmENOD2 by hybrid-released translation (A) and 
time-course analysis of the expression of the nodulin Ngm-75 genes during nodule development (B). (A) Total RNA from 
16-day-old soybean nodules and RNA eluted from filter-bound pGmENOD2 DNA were translated in a wheat germ extract 
in the presence of 3H-leucine or 35S-methionine as indicated. The products obtained were separated by 2-D gel 
electrophoresis and fluorographed. The positions of the nodulins Ngm-75 are indicated by arrowheads. (B) Only the region 
of the 2-D gels within the square indicated in (A) is shown, that represents the 3H-leucine in vitro translation products 
obtained from RNA of 5-day-old soybean root (root), root segments of infected soybean plants 6 days after sowing and 
inoculation with B. japonicum USDA110, and soybean nodules 7, 10 and 13 days after sowing and inoculation with the 
same strain. 
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100 bp 

P Hf R AHe AHdRS C P 
I ^ J , , , , L _ U L_|_U J J 

Û R F - 1 P H E K T P P E Y L P P P H E K P P P E Y L P P H E K P P P E Y Q P P H 
GGGGGGGGGGGACCCCATGAAAAAACACCACCTGAGTATCTACCTCCTCCTCATGAGAAACCACCACCAGAATACCTACCTCCTCATGAGAAACCGCCACCAGAATACCAACCTCCTCAT 
0 R F - 2 P M K K H H L S I Y L L L M R N H H Q N T Y L L K R N R H Q N T N L L M 

E K P P H E N P P P E H Q P P H E K P P E H Q P P H E K P P P E Y E P P H E K P 
GAGAAACCACCCCATGAGAATCCACCACCGGAGCACCAACCACCTCATGAGAAGCCACCAGAGCACCAACCACCTCATGAGAAGCCACCACCAGAGTATGAACCACCTCATGAGAAACCA 2 4 0 

R N H P M R I H H R S T N H L M R S H Q S T N H L M R S H H Q S M N H L M R N H 

P P E Y Q P P H E K P P P E Y Q P P H E K P P P E Y Q P P H E K P P P E H Q P P 
CCACCAGAATACCAACCACCTCATGAGAAGCCACCACCAGAATACCAACCACCTCATGAGAAACCACCACCAGAATACCAACCACCTCATGAGAAGCCACCACCAGAGCACCAACCACCT 3 6 0 

H Q N T N H L M R S H H Q N T N H L M R N H H Q N T N H L M R S H H Q S T N H L 

H E K P P E H Q P P H E K P P P E Y Q P P H E K P P P E Y Q P P Q E K P P H E K 
CATGAGAAGCCACCAGAGCACCAGCCACCTCATGAGAAGCCACCACCAGAGTATCAACCACCTCATGAGAAACCACCACCAGAATACCAACCTCCTCAAGAAAAGCCACCACATGAAAAA 

M R S H Q S T S H L M R S H H Q S I N H L M R N H H Q N T N L L K K S H H M K N 

P P P E Y Q P P H E K P P P E H Q P P H E K P P P V Y P P P Y E K P P P V Y E P 
CCACCGCCAGAATACCAACCTCCTCATGAAAAGCCACCACCAGAACACCAACCTCCCCATGAAAAGCCACCACCAGTGTACCCACCCCCTTATGAGAAACCACCACCAGTGTATGAACCC 

H R Q N T N L L M K S H H Q N T N L P L K S H H Q C T H P L M R N H H Q C M N P 

P Y E K P P P V V Y P P P H E K P P I Y E P P P L E K P P V Y N P P P Y G R Y P 
CCTTATGAGAAGCCACCCCCAGTAGTGTATCCACCTCCTCATGAGAAACCACCCATTTATGAGCCACCGCCATTGGAGAAGCCACCGGTCTACAATCCCCCACCTTATGGCCGCTATCCA 720 

L H R S H P Q * 

P S K K N * * 
CCATCCAAGAAAAACTAATAACCACTTGCCTGCGTCACATGTTTTGGTCTACTCAAACTTAGACCTGCCCTTTGTCATATAAAGCTTTTTGTTTCTGTTTAAGATC 840 

TCCCrrCTGCATGCACTACTTCTTCAAMTAAAGGCTTTATGCCTATGW^ 960 

GGCTATAATAAGTTTTTCTTTGTGTTTAAAAAAAAAAAAAAAAAAAAAAACCCCCCCCCCCCCCCCCCTG 

Figure2.5. Partial restriction map, sequencing strategy and nucleotide sequence of the Pst\ fragment from pQmENOD2. 
Sequencing was performed by the Maxam-Gilbert method (226) (open circles), and by the dideoxy method of Sanger 
(23,285) (closed circles). The arrows depict the direction and extent of sequencing from the indicated site. The dashed 
lines correspond to sequences originating within the vectors. In the DNA sequence, nucleotides are numbered on the right 
of the sequence. The predicted amino acid sequence is shown in standard single-letter code for both ORFs and the 
characteristic heptapeptide repeat is overlined in ORF-1. The two partial repeats are indicated by a dotted line. Termination 
codons (*) and potential poly(A) addition sites (+++) are also marked. P, Pst\\ Hf, HinW; R, Rsa\\ A, Acc\\ He, Hae\\\\ Hd, 
/ / M i l ; S, Sph\\ C, C/a\ 

2.3B.) will not be present in the pGmEN0D2 RNA from uninoculated roots (fig. 2.4B.). 
hybrid selected RNA. The two polypeptides Hence RNA analysis by both Northern blotting 
obtained from hybrid-released translation and 2-D gel electrophoresis of the products 
should therefore be closely related and are obtained after in vitro translation of RNA can 
each encoded by a different member of the be used for the study of the expression of the 
GmENOD2 gene family. The polypeptides, Ngm-75 genes. The latter proved convenient 
both referred to as Ngm-75, were also easily especially in the case of limiting RNA quanti-
detected as nodulins in the 2-D pattern of the ties. 
polypeptides obtained upon in vitro translation Strikingly, the translation products of these 
of total RNA from nodules because they are mRNAs of 1200 nucleotides in length have an 
not found among the translation products of apparent molecular weight of 75,000, whereas 
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mRNA of that length has a coding capacity for 
a polypeptide of, at most, 45 kDa. This notable 
discrepancy prompted us to sequence the 
cDNA insert of pGmENOD2 to see if the 
deduced amino acid sequence could explain 
the peculiar physical properties of the enco
ded polypeptides. At the same time informa
tion on the structure may provide clues on a 
possible function of the Ngm-75 nodulins. The 
Pst I insert of the pGmENOD2 cDNA clone 
was sequenced by both the Maxam-Gilbert 
(226) and the dideoxy (23,285) sequencing 
method. The sequencing data (fig. 2.5.) reveal 
that the insert contains 998 nucleotides in
cluding a short 3' poly(A)-tail but excluding 
the dCdG nucleotides generated in the clon
ing procedure. At most 200 nucleotides of the 
5'-end of the 1200-nucleotide-long mRNA, 
including the initiation codon and coding 
sequences for the N terminus of the polypep
tide, are thus missing in this cDNA clone. Two 
open reading frames (ORFs) occur in the 
same strand (fig. 2.5.). From one ORF, desig
nated ORF-1, 728 nucleotides are found in 
the cDNA clone (positions 13-741; Fig. 2.5.), 
and this ORF ends with two successive ter
mination codons. A second ORF, designated 
ORF-2, not in phase with the first one, com
prises 611 nucleotides (positions 14-625; fig. 
2.5.) and ends in a single termination codon. 
Both ORFs are followed by 3'-nontranslated 
regions of about 250 (ORF-1) and 375 (ORF-
2) nucleotides respectively, in which two 
potential poly(A) addition signals are present 
(fig. 2.5.). 

Although both ORFs seem to be able to 
code for a nodulin of about the same size, 
several lines of evidence indicate that only 
ORF-1 corresponds to a nodulin Ngm-75. 
First, ORF-1 gives rise to a completely dif
ferent polypeptide (241 amino acids of which 
none is methionine) than ORF-2 (203 amino 
acids of which 20 are methionine). Such 
entirely different polypeptides will differ in 
physical properties and will not have almost 
the same isoelectric point and exactly the 
same aberrant migration behavior on SDS/ 
Polyacrylamide gels. The two Ngm-75 in vitro 
translation products will therefore most likely 
be related polypeptides with a similar amino 
acid sequence, derived from two different 
mRNAs, and not from two ORFs of one 
mRNA. If then one of the Ngm-75 in vitro 
translation products is shown to contain no 
methionine (fig. 2.4A.), the other Ngm-75 
nodulin may have a low methionine content. 

But the ORF-2-derived polypeptide contains 
20 methionines, indicating that the complete 
polypeptide will be rich in methionine. This 
makes it highly improbable that ORF-2 codes 
for one of the nodulins Ngm-75. We therefore 
deduce that only ORF-1 encodes a nodulin-
75. This conclusion is supported by the 
absence of methionine in the amino acid 
sequence deduced from this ORF. In addition, 
the analysis of the codon usage in both ORFs 
using a codon frequency table (313) compiled 
from several published soybean coding 
sequences indicated that only the codon 
usage in ORF-1 is in agreement with the 
average codon usage of soybean (not shown). 
Moreover, though both ORFs encode a poly
peptide containing repeating peptide 
sequences, the repetitive amino acid 
sequences occurring in the polypeptide enco
ded by ORF-1 are better preserved than 
those present in the ORF-2-derived polypep
tide. This indicates that an evolutionary ten
dency exists for a functional conservation of 
the polypeptide coded for by ORF-1. We 
therefore propose that the ORF-1 will exclu
sively be used for the generation of a nodulin 
Ngm-75. 

ORF-1 shows that the Ngm-75 nodulins are 
peculiar proline-rich proteins. Ngm-75 con
tains a repetitive sequence of 10 or 11 amino 
acids that is repeated at least 20 times. 
Embedded in this repetitive sequence a hep-
tapeptide sequence is found that is conserved 
in 19 out of 20 units (fig. 2.5.). This repeated 
heptapeptide sequence is Pro-Pro-Xaa-Glu-
Lys-Pro-Pro, in which 17 times Xaa = histi-
dine and 3 times Xaa = tyrosine or leucine. 
Three or four amino acids that are not as con
served, mainly proline, glutamic acid/gluta-
mine, and tyrosine flank the heptapeptide 
repetitive sequence. Two apparent partials of 
the heptapeptide repeat are found at positions 
133 and 451 within the sequence. Neither 
alpha-helix nor bèta-sheet conformations 
were found using the method of Lim (211). 
The high proline content of the Ngm-75 
nodulins probably explains the discrepancy 
between the observed apparent molecular 
weight of 75,000 and the coding capacity of a 
1200-nucleotide mRNA. A similar aberrant 
migration behavior on SDS/polyacrylamide 
gels is found for the proline-rich protein col
lagen (113). 
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2.1.4. Ngm-75 is involved in nodule 
morphogenesis. 

To form an idea of the process in which the 
proline-rich Ngm-75 protein might be invol
ved, we attempted to correlate the beginning 
of expression of the Ngm-75 genes with a 
defined stage in root nodule formation. Seven 
days after sowing and inoculation, the nodule 
meristems start to emerge through the root 
epidermis and become macroscopically visible 
as tiny brown spots (45,245). Total RNA was 
isolated from tap root segments of 6-day-old 
inoculated plants, where nodules are not yet 
visible, and from nodules harvested 7, 10, and 
13 days after sowing and inoculation. RNA 
preparations were analyzed by in vitro transla
tion followed by 2-D gel electrophoresis using 
3H-leucine as radioactive amino acid. The 
area of the 2-D gel where Ngm-75 nodulins 
are found is shown in fig. 2.4B. Both Ngm-75 
proteins first appear at day 7 and then in
crease in concentration up to day 13 (fig. 
2.4B.). 

From light microscopic observations 
(45,245, results not shown) it appears that 
around the point of time that the Ngm-75 
proteins become detectable, both the infec
tion process (defined as the development of 
infection threads, penetration of infection 
threads into the nodule meristem and the 
release of bacteria into nodule cells) proceeds 
and the differentiation of the nodule meristem 
into a nodule structure has started. By exa
mining the nodule structures formed by R. 
fredii USDA257, it proved possible to dis
tinguish between the infection process and 
the differentiation into a nodule structure. On 
commercial soybean cultivars, this fast-grow
ing Rhizobium strain cannot form nitrogen fix
ing root nodules but forms nodule-like struc
tures that are not able to fix nitrogen. Histolo
gical examination of these nodule-like struc
tures revealed that they arise from a combina
tion of cell swellings and randomly oriented 
cortical cell divisions (fig. 2.6.). In these 
nodule-like structures, no infected plant cells 
nor infection threads were observed and none 
of the structures examined had an organiza
tion with vascular bundles at the periphery, 
similar to normal nodules. Apparently the for
mation of such a nodule-like structure does 
not require an infection process. By Northern 
blot analysis (fig. 2.3C.) Ngm-75 RNA could 
be detected in RNA isolated from these 
nodule-like structures. This result indicates 

Figure 2.6. (A) Nodule-like structure on soybean roots 
obtained 4 weeks after inoculation with Ft. fredii USDA257. 
(B) Part of a longitudinal section of a nodule-like structure 
is shown. Cell divisions in the outer- and inner cortical cell 
layers are indicated by arrows. VB, root vascular bundle; 
LR, lateral root. (Bar - 100 micrometer.) 

that the expression of Ngm-75 genes is not 
correlated with the infection process. 

2.2. DISCUSSION 

A cDNA library from soybean root nodules 
has been analyzed for copies of mRNA tran
scripts of early nodulin genes. These genes 
are expressed in the early stage of root 
nodule development when the nodule struc
ture is being formed and the roots become in
fected. Three non-cross-hybridizing cDNA 
clones that represent such early nodulin 
genes were identified and one of these 
clones, pGmENOD2, was characterized in 
detail. On Northern blots pGmENOD2 hybrid
izes to mRNA of 1200 nucleotides in length. 
Under low stringency hybridization conditions 
an additional nodule specific RNA of 1400 
nucleotides is seen on Northern blots, and 
under those conditions we could also detect 
mRNA that cross-hybridized with pGmENOD2 
in uninfected soybean roots, (fig. 2.2B). 
However, this root mRNA was smaller in size 
than both nodule GmENOD2 mRNAs and 
Ngm-75 was not found among the in vitro 
translation products from root RNA. Probably 
the root and nodule RNA sequences code for 
different but related proteins, and are most 
likely transcribed from different genes. Ngm-
75 might be the nodule specific form of a pro
tein that normally occurs in roots, analogous 
to the nodule specific form of glutamine syn-
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thetase (68). The nucleotide sequence of the 
Pst I insert of pGmENOD2 has been deter
mined and the derived amino acid sequence 
shows that 45% of the amino acids of Ngm-
75 is proline and that the amino acid 
sequence is organized in highly repetitive 
units. The repetitive nature suggests that the 
encoding gene may be derived from numer
ous gene duplication events. 

In an effort to derive a function for Ngm-75 
in root nodule development from these 
sequence data, we have surveyed the occur
rence of proline-rich proteins in plants and 
their assumed functions. All proline-rich pro
teins that have been described in plants so far 
contain hydroxyproline that is post-transla-
tionally formed and in most cases sub
sequently glycosylated. Although it remains to 
be established whether the soybean Ngm-75 
proteins become hydroxylated and glycosyla
ted in vivo, soybean nodule tissue has 
recently been described as extremely hydro-

binogalactan proteins (AGPs) (344), (///) the 
solanaceae lectins (1), and (iv) hydroxypro-
line-rich agglutinins (196). In table 2.1., the 
amino acid composition of a representative of 
each of these classes is given and compared 
to the amino acid composition derived for 
Ngm-75. Extensins are associated with the 
cell walls of most dicotyledonous plants (186). 
They are assumed to play a role in maintaining 
the integrity of the primary cell wall (61) and 
they may be important in controlling growth 
and development. Extensins have been shown 
to accumulate in plant cell walls upon wound
ing (58) and pathogen attack (139, 302) in 
what is considered a defense response. The 
amino acid sequences of extensins are 
characterized by the occurrence of a repeat
ing Ser-Hyp-Hyp-Hyp-Hyp pentapeptide. 
Neither this pentapeptide (fig. 2.5) nor the 
typical high serine content (table 1.) is found 
in the amino acid sequence of Ngm-75. The 
nodulins Ngm-75 are therefore not closely 

TaO/e 2.1. Comparison of the amino acid composition, expressed as mol. %, of typical representatives of plant 
hydroxyproline-rich glycoproteins and proline-rich proteins, obtained from either amino acid analysis or derived from the 
DNA sequence. All amino acids not mentioned comprise less than 2 mol. % each in all cases. Putative signal sequences 
are not included in the amino acid composition. 

protein Hyp Ser Glu Glx Gin His Lys Tyr Ala Val Gly Leu Cys Reference 

extensin carrot 45.7 14.2 

extensin carrot 42.2 10.9 

AGP French bean 29.6 18.2 

lectin potato 21.9 12.6 

agglutinin potato 50.9 9.4 

P33 carrot 

"protein 4" soybean 

0.4 

2.6 

4.5 

6.9 

1.1 

30.8 2.8 4.7 

40.0 0.0 3.9 

11.8 6.7 11.0 0.4 5.9 0.4 0.4 0.0 (343) 

9.5 11.7 12.0 1.4 4.0 0.0 0.0 0.0 (56) 

0.6 2.6 0.6 16.2 3.2 6.5 3.2 0.6 (344) 

0.0 3.7 3.3 4.1 0.4 12.2 1.2 10.6 (1) 

5.1 15.9 6.2 0.9 3.8 1.1 0.2 0.1 (196) 

1.4 12.8 9.5 4.3 4.2 10.0 1.4 1.4 0.0 (57) 

0.0 0.0 20.0 16.0 0.0 17.4 0.0 0.D 0.0 (157) 

soybean 44.4 0.4 16.6 5.4 9.5 9.5 7.5 0.0 2.1 0.4 1.2 0.4 this report 

xyproline-rich (50). Also the apparent absence 
of a class of proline-rich proteins in plants 
justifies the assumption that the nodulins 
Ngm-75 belong to one of the classes of 
hydroxyproline-rich glycoproteins. There are 
four major classes of hydroxyproline-rich gly
coproteins in plants (228): (i ) the cell wall 
structural hydroxyproline-rich glycoproteins 
(HRGPs) or extensins (56,343), (ii) the ara-

related to extensins. The arabinogalactan pro
teins (AGPs) are freely soluble, acidic due to 
uronic acid residues, and alanine rich (105). 
Ngm-75 does not contain any alanine (table 
1). The overall amino acid composition of 
neither the solanaceae lectins nor the hydro
xyproline-rich agglutinins matches with that of 
Ngm-75 (table 2.1.). Recently two DNA 
sequences coding for proline-rich proteins of 
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unknown function have been reported. An 
auxin regulated soybean gene represented by 
a cDNA clone (157) codes for a proline-rich 
protein, designated by us as "protein 4" in 
table 2.1, with no serines, but a low content of 
glutamic acid. The relatively high valine con
tent of "protein 4" (table 1) is not found in the 
amino acid composition of Ngm-75. A carrot 
cDNA clone was shown (57) to encode a pro-
line-rich 33 kDa polypeptide (designated P33) 
also with a high valine content. Since the 
amino acid composition of none of the 
(hydroxy)proline-rich (glyco)proteins analyzed 
so far resembles the amino acid composition 
derived for Ngm-75, we may be dealing with a 
hitherto unknown class of (hydroxy)proline-
rich proteins, characterized by a remarkably 
low content of serine and a surprisingly high 
content of glutamic acid. Both the highly 
repetitive nature of the amino acid sequence 
and the high proline content suggest that the 
Ngm-75 nodulins are structural proteins. 

To gain a better understanding of the biolo
gical function of the Ngm-75 nodulins in root 
nodule development, we have studied the 
expression of their genes as a function of 
time. The expression of the Ngm-75 genes is 
first detectable at 7 days after sowing and i n 
oculation, when the nodule meristems just 
emerge through the root epidermis. The 
detection of the expression of the Ngm-75 
genes coincided, however, with a change of 
RNA isolation procedure since RNA is first 
isolated from pieces of tap root and then from 
excised nodule structures (as soon as these 
become visible). We were not able to detect 
Ngm-75 RNA in 7-day-old tap root pieces 
with visible nodule structures, whereas we 
could detect Ngm-75 mRNA in excised 
nodule structures of the same age. Therefore 
it cannot be excluded that these genes are 
already expressed earlier than 7 days after 
sowing and inoculation but in fewer cells and 
at a similar or lower level than at 7 days. 

Irrespective of the possible expression of 
these genes before 7 days, a strong stimula
tion of Ngm-75 gene expression occurs from 
7 to 13 days. The Ngm-75 proteins should 
therefore be involved in a developmental 
event that proceeds during this period. Around 
day 7 in our growth system, the nodules 
emerged through the root epidermis. This 
stage of development equals stage VII as 
described by Calvert et al. (45), and cytologi-
cal observations have shown that in this stage 
the meristems start to differentiate into nodule 

structures (45). Some of the meristem cells 
have been invaded by infection threads from 
which the rhizobia are beginning to be 
released. To examine whether the induction or 
stimulation of the expression of the Ngm-75 
genes is specifically related to the infection 
process on the one hand, or to the formation 
of a nodule structure, on the other, we have 
looked for Ngm-75 gene expression in 
nodule-like structures formed by R. fredii 
USDA257. This strain induces the formation of 
nodule structures devoid of intracellular bac
teria and infection threads (fig. 2.6.), in which, 
however, early nodulin Ngm-75 RNA is 
detectable (fig. 2.3.). The expression of the 
Ngm-75 genes in nodules without bacteria or 
infection threads strongly suggests that Ngm-
75 is not involved in the infection process, but 
more likely in nodule morphogenesis. 

Quantitative light microscopic observations 
on nodule initiation have shown (45) that up to 
the stage in which the meristems emerge 
through the epidermis, development can stop. 
However, when a meristem has reached the 
"emergence stage" it will continue to develop 
into a mature nodule. The stimulation of the 
expression of the Ngm-75 genes coincides 
therefore with the moment the soybean 
nodule meristems have reached an apparently 
critical developmental stage. The expression 
of the Ngm-75 genes might therefore reflect 
the definitive "commitment" of the meristems 
to develop into a nodule. The nature of the i n 
volvement of the hydroxyproline-rich nodulins 
Ngm-75 in this commitment remains to be 
established. 

2 3 MATERIALS AND METHODS 

Growth conditions for plants and bacteria. Soybean 
plants (G/ya/iemax(L) Merr. cv. Williams) were cultured as 
described for pea plants (29) but at 28°C. At the time of 
sowing the soybean seeds were inoculated with Bradyrhi-
zobium japonicum USDA110 or Rhizobium fredii USDA257. 
Both strains were cultured as described (22). 

Isolation of nodules. Nodules were excised from the 
roots with a scalpel. For samples prior to 6 days after 
sowing and inoculation, a 4-cm root segment of the upper 
part of the main root (where root nodules normally would 
develop) was harvested. Nodules were frozen in liquid 
nitrogen and stored at -70°C until use. 

Isolation of nucleic acids. Total RNA from nodules 
and roots was isolated as described (126) and poly(A)+ 
RNA was obtained by oligo(dT)-cellulose chromatography 
(218). B. /apon/ct/m USDMÎ0 and soybean genomic DNA 
were isolated as described (219, 374) and Plasmid DNA 
was isolated by the alkaline lysis method (24). 
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Construction of cDNA library. DNA complementary to 
poly(A)+RNA isolated tram nodules from 21-day-old 
plants was synthesized with reverse transcriptase (Anglian 
Biotechnology, Essex, England) and second strand syn
thesis was performed under standard conditions (218). 
Double-stranded cDNA was treated with S1 nuclease and 
size-fractionated on a 5-30% sucrose gradient (Beekman 
SW50; 47,000 rpm; 6 hrs at 4°C). The fractions containing 
double-stranded cDNA with a length of 500 base pairs or 
more were collected. The double-stranded cDNA was 
tailed with dC and then annealed to Pst l-cut oligo(dG)-
tailed pBR322 (Boehringer Mannheim) in a 1:1 molar ratio. 
The annealed mixture was used to transform Escherichia 
coli RR1 (12). On the average 5,000 transformants were 
obtained per microgram of poly(A)+RNA. 

Differential screening of the cDNA library. Individual 
transformants were picked, transferred to 96-well microtiter 
plates containing LB medium, 15% glycerol and 12.5 mg/l 
tetracycline and grown for 16 hr at 37°C. Two replicas, 
each containing 384 transformants, were made on Gene-
SaeenPti/s (New England Nuclear) and they were placed 
on LB agar plates containing 12.5 mg/l tetracycline. The 
colonies were allowed to grow for 16 hr on the filters. The 
filters were prepared for hybridization according to the 
QeneScreen/%s manufacturer's manual. Probes for dif
ferential screening were prepared from poly(A)+RNA isola
ted from segments of 5-day-old, uninfected roots and 
from nodules 10 and 21 days after inoculation, as in the 
construction of the cDNA library except that 10 microCi 
32P-dATP (specific activity 3200 Ci/mmol; 1 Ci - 37 GBq, 
New England Nuclear) was used. The filters were hybrid
ized for 72 hr at 65°C to either root or nodule 32P-labeled 
CDNA in 6x SSC (1XSSC - 0.15M NaCI, 0.15M sodium 
citrate); 5x Denhardt's solution (218); 10 mM EDTA; 0.5% 
SDS; 100 mg/ml sonicated, denatured calf thymus DNA, 
and 20 mg/l poly(A). The filters were washed twice in 2x 
SSC, 0.1% SDS for 15 min at room temperature and twice 
in 0.5x SSC; 0.1% SDS for 30 min at 65°C 

In vitro translation of total RNA. Total RNA (3 
microgam) from roots or nodules was translated in vitro in 
a wheat germ extract (Bethesda Research Laboratories) in 
a 15 microliter mixture according to manufacturer's manual 
to which 15-30 microCi 35S-methionine or 6 microCi 

3H-leucine was added. Translation products were separa
ted by 2-D gel electrophoresis followed by fluorography 
of the dried gel to preflashed Kodak XAR5 film (126). 

Hybrid-released translation. For hybrid-released 
translation, the pGmENOD2 insert (10-15 microgram of 
DNA) was denatured and applied to 0.5 cm2 discs of 
diazophenylthioether-paper (Bio-Rad) essentially as 
described (218). Total soybean RNA from 16-day-old 
nodules (750 microgram) was then hybridized to the 
filter-bound DNA in 0,3 ml of 50% (vol/vol) deionized 
formamide; 0.1% SBS; 0.6 M NaCI; 4 mM EDTA, and 80 
mM Tris-HCI (pH 7.8). Hybridization was initiated at 40°C 
and the temperature was slowly decreased to 37°c over a 
period of 6 hr. After washing, the bound RNA was eluted 
(218) and dissolved in 3 microliter of H2O; 1.5 microliter 
was translated and analyzed as above. 

Northern and Southern blot analysis. Total soybean 
RNA was denatured in dimethyl sufoxide;glyoxal, electro-
phoresed in 0.8% agarose gels (218) and transferred to 
Genesereen (New England Nuclear) filters as described 
(126). The blots were prehybridized for 6 hr in 50% 
(vol/vol) deionized formamide; 1 M NaCI; 0.05 M Tris-HCI 
(pH 7.5); 5x Denhardt's solution; 0.1% SDS, and 100 mg/l 
denatured salmon sperm DNA, and hybridized with nick-
translated (218) probes. Hybridization was performed for 
16 hr at 42°c. Blots were washed twice for 15 min at 42?C 
in 2x SSC; 0.1% SDS, and twice for 30 min at 42°C in 0 5x 
SSC; 0.1% SDS. For Southern blot analysis, soybean and 
B. Japonicum genomic DNA was digested with restriction 
enzymes, separated on a 0.7% agarose gel, transferred to 
nitrocellulose filters (306) and hybridized to 32P-labeled 
pGmENOD2. 

DNA sequencing. Standard techniques were used for 
cloning into M13- and pUC-vectors (232), for dideoxy 
(23,285) and for Maxam-Gilbert (226) sequencing. The 
DNA sequence data were stored and analyzed with 
programs written by R. Staden (313) on a microVAX/VMS 
computer. 

Cytology Nodules were fixed for 16 hr in 3% glutaralde-
hyde in SOrnM sodium phosphate buffer (pH 7.2). After 
fixation, the nodules were rinsed with the same buffer, 
dehydrated in a graded ethanol series, embedded in 
Technovit 7100 (Kulzer, Wehrheim, F.R.G.), sectioned into 
5 micrometer sections, stained with toluidine blue and 
examined under a light microscope. 
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Chapter 3 

Isolation and analysis of a 

leghemoglobin gene from 

pea {Pisum sativum) 

Leghemoglobins are predominant nodulins 
in the root nodules of leguminous plants. 
These monomeric hemoproteins, which 
resemble the vertebrate myoglobins, may 
constitute up to 25% of the total soluble pro
tein in a nitrogen fixing nodule (354). As oxy
gen carriers, leghemoglobins control the free 
oxygen concentration in the nodule (5). In all 
legume species studied, more than one leg-
hemoglobin is found. The various isoforms of 
leghemoglobin are encoded by different 
genes, or result from posttranslational modifi
cations (363). They differ in affinity for oxygen. 
The Lb proteins occurs exclusively in the i n 
fected cells of root nodules (276,378). The Lb 
genes are activated in a defined order (334), 
and it has been suggested that during deve
lopment the leghemoglobin with the largest 
oxygen affinity eventually becomes pre
dominant (335). 

The leghemoglobin gene family in soybean 
{Glycine max ) has been studied in consider
able detail. In this species, four functional, two 
pseudo- and two truncated genes have been 
identified, and their chromosomal arrangement 
and nucleotide sequence has been elucidated 
(33,39,40,170,174,198,318, 364). In addition, 
one of the leghemoglobin genes from French 
bean (Phaseolus vulgaris) (197) and a hemo
globin gene from the non-legumes Paras-
poû/a(\Z9) and Trema (32), respectively, have 
been sequenced. Recently, it has been shown 
that a chimeric gene, consisting of the 5' pro
moter region of the soybean Lbc3 gene 
and the chloramphenicol acetyltransferase 

(CAT) coding sequence, is developmental^ 
correct expressed in root nodules formed on 
regenerated, transgenic Lotus corniculatus 
plants inoculated with the proper Rhizobium 
strain (314). In the latter experiments, it has 
unequivocally been demonstrated that a 2 kb 
region 5' upstream of the start of transcription 
of the soybean Lbc3 gene carries the infor
mation for nodule specific expression of the 
gene in the heterologous legume host. Furth
ermore, these results indicate that the mole
cular mechanism for regulating Lb gene 
expression is conserved in different legume-
Rhizobium associations. 

Comparative studies of promoters of nodulin 
genes isolated from a number of species may 
contribute to the understanding of the regula
tion of late nodulin gene expression. There
fore, the observations on the soybean leghe
moglobin and other nodulin genes should be 
extended to other leguminous plants. Here we 
describe the isolation and structural analysis 
of three leghemoglobin cDNA clones and one 
chromosomal gene from pea (Pisum sativum). 
Sequence analysis revealed that this gene 
contains all regulatory signals known to be 
essential for expression in eukaryotes. In the 
promoter region of the pea leghemoglobin 
gene some sequence elements occur, c om
parable with the sequences in the soybean 
Lbc3 promoter that have been shown to be 
important for nodule specific expression. 
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3.1. Results and Discussion 

3.1.1. Analysis of pea leghemoglobin 
cDNA clones 

From a pea nodule cDNA library constructed 
in plasmid pBRH2 (277) using £ccR1 linkers a 
clone pPsLblOl had been isolated before 
(28). This clone was proven to contain leghe
moglobin sequences by comparing the amino 
acid sequence derived from the nucleotide 
sequence (fig. 3.1.) with the published amino 
acid sequence of pea leghemoglobin (201). 

More Lb cDNA clones were obtained by 
screening approximately 600 cDNA clones 
from a library of pea nodule cDNA cloned in 

GGGGGGGGGGGGAAAAGCAATAATAAAGAGAACAATGGTTTCACCGACAAACAAGAGGCT 
G F T D K Q E A 

TTGGTGAATAGCTCATGGGAATCTTTCAAACAAAACCTTCCTCAARATACTGTTTTGTTT 
L V N 5 S W E S F K Q H L P Q Y S V L F 

TATACTATTATATTGGAGAAAGCACCTCCCGCAAAAGGTATGTTTTCTTTTTTAAAAGAC 
Y T : I L E K A P A A K G H F S F L K D 

ACTGCTGGAGTACAATATAGTCCAACATTACAAGCTCARGCT 
T A G V Q Y S P T L Q A H A E K V F G L 

CAATATAGTCCAACAITACAAGCTCATGCTGAAAAAGTTTTTGGACTG 

CTGCGTGACTCAGCTGTT 

ATTGGGTCCATTCACATTC 

TATCAGAAGAAGTAGTTGTAGGGGATGCAACG 

GTTGTIGATCCTCATTTTGTGGTGGTTAAAGAA 

GCTTTGCTAGAAACTATAAAAGAAGCATCAGGAGAAAAATGGAGCGAAGAATTGAGTACT 

A V E V A Y E G L A S A 1 K K A M H » T 
GCTIGGGAAGTTGCCTATGAAGGATTAGCATCCGCGATTAAGAAGGCAATGAATTAAACA 

TGATATGATTTATArTTArAAArAAATTTAAGAAATAAGACTTGATACTAAATCTTGTTA 

AACAAGTTTATATAATAAATATTATICAAACTATAACATCCAAAAA-poly<A> tall 
p?«Lbl01I«co*l>'pP"l.bl03<f"!/> 

Figure 3.1. Nucleotide sequence of the Eco fl\ fragment 
from pPsLblOl and the Pst\ fragment from pPsi_b103. The 
derived amino acid sequence is shown in standard single 
letter code. The sequences are aligned in the identical 
region. 

the Pst I site of pBR322 by the dC/dG tailing 
method (see Govers et al. (129), for details) 
using the 450 bp EcoR1 fragment from 
pPsLblOl as a probe in colony hybridization 
experiments. Twenty clones containing Lb 
cDNA were identified, of which clone 
pPsLb102 contained the largest Pst I insert 
(500 bp). Northern blot analysis of nodule RNA 
showed the length of pea Lb mRNA to be 
approximately 650 nucleotides. Hence, none 
of the isolated clones contained a full copy of 
the Lb mRNA. 

insert in pPsLblOl (fig. 3.1 .)• the 50 bp dif
ference in insert length being due to the dC/ 
dG tails present in pPsLb102 as result of the 
cloning procedure. Thus pPsLblOl and 
pPsLb102 presumably contain cDNA of mRNA 
derived from the same Lb gene. 

In an attempt to obtain a Lb cDNA clone 
covering the 5' end of the Lb mRNA, the Plas
mids from the twenty Lb cDNA clones were 
hybridized using the 150 bp fragment from 
pPsLb102 (fig. 3.1.), containing the 5 ' - Pst\-
/•///Tdlll-fragment, as a probe. This yielded 
clone pPsLb103, which moreover did not 
hybridize with the fragment from pPsLb102, 
containing the 350 bp Hindlll-Pstl-3' f rag
ment. Sequence analysis subsequently 
showed pPsLb201 to contain the 5' end of the 
Lb mRNA, including the start codon and 5' 
untranslated region (fig. 3.1.). The similarity in 
nucleotide sequence in the overlapping region 
between pPsLb102 and pPsLb103, however 
only 30 nucleotides in length, suggests that 
pPsLb103 is derived from the same Lb gene 
as pPsLb102. 

Hybrid released translation of mRNA 
selected with pPsLb102, followed by two-
dimensional gel electrophoresis of the in vitro 
translation products revealed four polypep
tides corresponding to leghemoglobin transla
tion products (fig. 3.2A.). Because pPsLb102 
apparently hybrid selected several Lb mRNAs 
due to sequence homologies, it is impossible 
to determine which of the three Lb polypep
tides is encoded by this cDNA clone. After 
immuneprecipitation of the in vitro translation 
products of total pea nodule RNA with an 
antiserum prepared against pea leghemoglo
bin, the polypeptides indicated in fig. 2B have 
previously been identified as pea leghemo-
globins (126). Surprisingly, the fourth and 
most acidic Lb polypeptide identified by i m -
munoprecipitation, does not occur among the 
in vitro translation products of the mRNA that 
was hybrid selected by pPsLb102. This sug
gests a substantial difference in nucleotide 
sequence between the mRNA for this transla
tion product and the other Lb mRNAs. Also a 
minor leghemoglobin in vitro translation pro
duct (fig. 3.2A.) had not been detected before 
in the in vitro translation pattern of total RNA. 

The cDNA insert of pPsLb102 appeared to 
have a sequence identical to that of the cDNA 
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Figure 32. Characterization of the Lb cDNA clone by hybrid-released translation. RNA eluted from filter-bound pPsl_bl02 
DNA (A) and total RNA from 17-day-old pea nodules (B) were in vitro translated in a wheat germ extract in the presence of 
35S-methionine The products obtained were separated by 2-D gelelectrophoresis and fluorogrphed. In (B) the translation 
products that previously have been identified by immunoprecipitation to be leghemoglobins are indicated by arrowheads. 

3.1.2. Isolation and sequence analysis 
of a pea leghemoglobin gene 

Southern blot analysis of Eco RI digested 
pea DNA confirmed that the leghemoglobins 
in pea are encoded by a multigene family. 
Using pPsLb102 as probe, eight genomic 
fragments of circa 40, 9.4, 7.8, 7..1, 4.7, 4.3, 
2.7, and 2.5 kb were found to contain Lb 
sequences (fig. 3.3A.). The large number of 
fragments is not due to partial digestion of the 
genomic DNA, because only a single fragment 
was found if the same blot was hybrid
ized with a probe for pea ribosomal DNA (not 
shown). We therefore conclude that the leg-
hemoglobin multigene family in pea consists 

Figure 3.3. Autoradiographs of Southern blots containing 
pea genomic DNA digested with Eco RI (A) or Hin dill 
(B-D). The blots were hybridized with pPsLb102 (A), the 5' 
Pst\ - Hind III fragment of pPsLb102 (B), the 5' Bam HI -
Sal\ fragment of pPsLbl (C), and the 3' Hin dill - Sait 

fragment of pPsLbl 

of at least six to eight members. 

A pea genomic library of approximately 1 x 
106 lambda plaques, which represents 1.2 
genome equivalents of pea DNA if a haploid 
genome size of 4.0 x 109 nucleotides (79) is 
assumed (218), was screened by hybridization 
with a mixture of nick-translated inserts from 
pea Lb cDNA clones. One hybridizing phage, 
designated Iambda-Lb1, was purified and 
shown to contain a 16 kb fragment of genomic 
pea DNA. The physical map of this 16 kb frag
ment of cloned pea DNA was determined (fig. 
3.4.) and by hybridization with a mixture of 
pPsLb102 and pPsLb103, it was shown that 
the leghemoglobin gene sequences were 
contained within a 3.7 kb Bam H\-Sa/\ frag
ment located at the 3' end of the genomic 
fragment pea DNA. Because the cDNA in 
pPsLb103 did not hybridize with the 1.2 kb Hin 
6\\\-Sa/1 fragment located at the extreme 3' 
end (not shown), the coding sequence runs 
from 5' to 3' in the direction from the Bam H1 
to the Sal I site. Hence, the major part of the 
genomic DNA in Lb1 contains upstream 
sequences of the Lb gene. In this upstream 
region only one Eco RI site occurred, approxi
mately 12 kb upstream of the leghemoglobin 
gene. Therefore, the genomic DNA fragment 
bearing this Lb gene should be larger than 16 
kb in length. We therefore expect the gene 
that we have isolated is located on the 40 kb 
fragment identified by Southern blot analysis 
of Eco R1 digested pea DNA described above 
(see fig. 3.3A.). 
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TTGAGGGTCTCAAACCATAGTTGTGTGCTTGATGTGGCATTGGTGGATGCACACATTACC -1060 
TACAAAAGAAACAAAACTATACATATACATATTTTTGGTTTTTTGGTTAGTAAATAATGA -1000 
AAAAAAAAGTATGATACAATCAAATATGCTTGGTGATCTCTCCCAATGAATGAGGGGTAA -940 
GA-AGGATGTCTTTGTGTGATCCCAAAGCTAATCCATAAGATGAGATAGCATGAGGGATC -880 
TTAGGGTCAAATTGGGGTCTTACACACACCACATAGTTTTCTCAACCGATAACAAGTACA -620 
TACATGATCGATTTTCATTAACAGTTTATTTTCACCTTTGAAAACAAGAGTTTATCATAC -760 
TCTCCGTTAGATCAACATCTTCTGACATATTTACAAAACTTTGGATTTCGATTAGACCCA -700 
ATCAAAAGCCCAACTCTTAATATCAATTGTTGGATTTCCTATGTAAATTACAGAATATAT -640 
AATTCTAAATCAACAAACCATTTTTATTCCTCAGAGAATAATGAAATTCCTACCAGTTTT -580 
TAGGATCCTATTGGCGAGCTCTAAGCCGGCTATATAGAGTCTAAGTCAACAAACCTGGTT -520 
GTATCCGTCACAATGAAATAATGAAATTCGATTAATCGTTTTCTTCACGATAAATTTCCT -460 
AATTGGTCGATGCTTATAGAATAATGACTAAGTTACTTATTTATTTTCCATAAACTTCCA -400 
TTAATCTTAACTTGATTTGAAATGCCATATTATATTTAAAAATAAATAAAATTACCTTCA -340 
TGGTATAAATGACCATTTTAGCCTTAACCTCATATTTACGAAATATTAAAATCTCGATGA -280 
TATAATTAACTCAAGATTATAGATTATCATTTTTATTAGATTAGTTAATAGTTAATTTGA -220 
ATAAACAAAATAAATTTACAATAATGATTAATTTTTTTATTATTAATTATATTTAGTGAA -160 

AAAAGTATATTAAGTTTGGCAAAAGATTTTGTCTCTTTGATTATGTTAATGGACATCTCC -100 

AAGAGCCAATAGATAATTTTACAATAATCATCAGAAATATACTATATTTCTTTAAATCTA -40 

AATATTTTTTATATAAACAAGTATTGACTGTATTATTAC 

G F 
1 TACACTACCAACACAAAAGAAAAATACAAAGAAGAACAAGAGGAGGAGAAATATGGGTTT 

T E K Q E A L V N S S V E L F K Q N V E 
61 CACTGAGAAGCAAGAAGCTTTAGTTAATAGCTCATGGGAATTATTTAAACAGAATTGGGA 

L F K Q H P H Y S V L F Y T 
121 ATTATTTAAACAGAATCCTAATTATAGTGTTTTGTTCTACACCA/GTAAGCTTGTATCCTT 
181 GGCTTTTAGTTTTTTTTTTTTGTTAATTATTGTTTTATAAGAAGTGGTGTGAACGAAAAG 
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I I L E K A P A A 
241 CATTAATAATTCTGGCTGATTTACTCAAAATAG/TAATATTGGAAAAAGCACCCGCAGCAA 

K G M F S F L K D S A E V V D S P K L Q 
301 AAGGAATGTTCTCATTTCTTAAGGATTCGGCTGAAGTAGTGGATAGTCCTAAACTTCAAG 

A H A E K V F G M 
361 CCCATGCTGAAAAAGTTTTTGGAATG/GTGAGTGAATCCGTATTCAATAACTTGGGCTTCA 
421 TATTTTAGTTCAACTCTCAAAATACATGGTTGTTAAATCTTATTTTAAATAATAATTGTT 
481 ACAAACATAATGTTTCATTTCCAATTTCAATGAAATATTTAATAAAATTATTAAATTTTG 
541 ATTTTCCATGTTCACCTTATGTAAAGTAGATTTTCTATGAATATATAAAGTTATATTGCA 
601 TTCTTTATTTTAATCTAAATTTTACCTATATGATCTTATATATAGCCAAAAACATAGACC 
661 ATATTCAAAAGTTAACGGGGTCAAAAAAGGTCCTTCGAGCATGATACTTCTTAGGTTGTG 
721 TTTAGTTTGTGAACTATATAACTTTAAATCTTAAAATATTTATACCTTCTTAAATTACAG/ 

V R D S A I Q L R A S G E V V V G D A T 
781 GTGCGAGACTCAGCTATTCAACTTCGAGCCTCAGGAGAAGTGGTTGTAGGGGATGCAACA 

L G A I H I Q K G V V D P H F V 
841 TTGGGTGCCATTCACATTCAGAAGGGAGTTGTTGATCCTCATTTTGTG/GTACGTAATATA 
901 ACAAAAAAGACGCATTCTTAATTTTTTATTGGCTAATGGTCACCTATTGTCAAATTCAAT 
961 AATACAACAATATATAATTGAATAAATTTATGTAAAATTAATTTTGAAAAATAAAAATAT 

1021 GTCATATATTTAATCATTATTTAGCTCGGGTATATAGTATAAGTTCTTAAAGTGAGAAAA 
1081 CAATAGTTGATATGATAATCAACCATGATATACTATGATTGGTCTATATACTACTAATCA 
1141 TTGATTTATTAACAAAAATTGATTTCACTTCTTTTTTATACTAATGCTATATATCTCTCT 
1201 ATTCTCTAAAGTTACTTGTTAATTTTAGAAGAGTCTTTCCAATAAAAAATAAATTTAATG 
1261 GGACGTAACTAACAAGTTTGCAATAAAGTTATGAATTATTGCTATAAAGTTATGTTGTTT 
1321 TTACTTCTTATTATGTATTCCATTTAAAAATATTATTGGCTTTAAATTAATTATATATAT 
1381 TTTTTAAATTTAATAATTAAAAGTATACATTTTCAAATAAAATGACATATTTAATTTTAT 
1441 ACTACTATATTGGGTCTATTAACTAATAAAGAAGCATGCAAAGGAAAATAATATTATAAA 
1501 GATATTAATAATTAGATATTTTTTATTTTACAAACATACCTATTTTCAAATGTCTAAAAC 

V V K E A L L E 
1561 TCTAACCTAAATTTAATGCTTTTGGTGCCTTGCAG/GTGGTTAAAGAAGCTTTGCTAGAAA 

T I K E A S G E K W S E E L S T A W E V 
1621 CCATAAAAGAAGCATCAGGAGAAAAATGGAGCGAAGAATTGAGTACTGCTTGGGAAGTTG 

A Y E G L A S A I K K A M N * 
1681 CCTATGAAGGATTAGCATCCGCAATTAAGAAGGCAATGAATTAAACATGATATGATTTAT 
1741 ATTTATAAATAAATTTAAGAAATAAGACTTGTATAACTAAATCTTGTTAAACAAGTTTAT 
1801 ATAATAAATATTATTGAAAGTATAAGATCCAAATTCTCATATTACATTAGTTGTTGTTAC 
1861 TTTTCTGTTCCTCTGCTAGTATGATGAGTTAGGGTATATTAGTCTAGATATATATACTAT 
1921 TAGGACTTTATGGAG 

Figure 3.4. Partial restriction map of lambda Lbl and of the 3,7 kb Bam H\-Sak fragment containing the Lb gene. The 
sequencing strategy for the latter fragment is shown below the restriction map. The arrows depict the direction and the 
extent of sequencing. In the DNA sequence of the BamH\-Sak fragment, the nucleotides are numbered relative to the 
putative point of transcription initiation, which is indicated with an arrow. The consensus sequences TATAA and CCAAT are 
underlined. The sequences AAAGAT and CTCTT from the organ specificity box are overlined. Amino acids are indicated in 
single letter code, above the coding sequence. Termination codons (*) and potential poly(A) addition sites (+++) are also 
marked. H, Hintm. B, BamH\, E, EcoR\. 
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The 3.7 kb BamW\-Sal\ fragment subcloned 
into pBR322 was designated pPsLbl. Smaller 
fragments were subsequently subcloned in 
appropriate M13 vectors and sequenced using 
the dideoxy method. The fragments Bam H l -
H/nd\\\, 1.5 kb Hin (M-Hin dill and Hin d l l l -
Sal I were also subcloned into pUC vectors. 
Exonuclease Ill-generated deletions of these 
subclones were obtained and cloned in M13 
phages for sequencing. Figure 3.4 shows the 
sequencing strategy and complete sequence 
of the Bam HI - Sal I fragment carrying the 
pea Lb gene. 

The nucleotide sequence of the coding 
sequence in the leghemoglobin gene present 
in this genomic clone differs from the nucleo
tide sequence of the cDNA clones pPsLb102 
and pPsLb103, indicating that the Lb mRNAs 
corresponding to these cDNA clones do not 
originate from the gene we have isolated. 
Strikingly, the nucleotide sequences of the 3' 
non-translated region are identical in the 
cDNA clone pPsLb101 and the genomic 
clone. The consensus sequences identified in 
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Figure3.S Reconstruction analysis to estimate the number 
of genes that contain the 1.5 kb Hin dill fragment. 
Autoradiograph of a Southern blot containing Hin dill-
digested genomic pea DNA and different amounts of Hin 
dill- digested DNA from clone pPsLbl, corresponding to 
the genome equivalents indicated. The blot was hybridized 
with nick-translated pPsLb102 as probe. Comparison of 
the intensities of hybridization of the 1.5 kb Hin dill 
fragment from genomic DNA with the hybridization of the 
cloned fragment, indicates that six to eight genes have 
this Hinû\\\ fragment in common. 

the 3' non-translated region of several Lb 
mRNAs (183) are also present in this pea Lb 
mRNA. Comparison of the genomic sequence 
with the cDNA sequences revealed that the Lb 
gene contains three introns, all of which obey 
the Breatnach-Chambon rules for intron/exon 
boundaries. The positions of the introns coin
cide with the positions of the three introns 
found in other (leg)hemoglobin genes from 
soybean, French bean, Parasponia'and Trema. 
Except for the central intron, which appears to 
be unique for plant hemoglobin, the other two 
are also found in the animal globins at corres
ponding positions. The conserved position of 
these introns is an indication of the existence 
of a common ancestral gene present well 
before the radiation of plants and animals. 

When Hin dill digested pea DNA was 
hybridized with the 150 bp fragment of 
pPsLb102 covering the 5' end of this cDNA 
clone, only one hybridizing fragment of 1.5 kb 
was found (fig. 3.3B.). This result suggests 
that all members of the pea Lb gene family 
have this fragment in common. Indeed six to 
eight genes were estimated to contain this 1.5 
kb fragment in a reconstruction experiment in 
which a concentration range of Hin d i l l -
digested pPsLbl was used to calibrate the 
number of genes (fig. 3.5.). Since the 1.5 kb 
Hin dill fragment contains all three introns, we 
conclude moreover that the intron size in the 
pea Lb gene family does not vary as strong as 
in Lb genes of soybean. 

Southern blot analysis of Hin dill digested 
pea DNA was also used to explore the flank
ing regions of the isolated pea Lb gene. After 
hybridization of Southern blots containing Hin 
dill-digested pea DNA with the 1.0 kb Bam 
H\-Hin dill fragment, covering the 5' end of 
the gene as probe, a smear was obtained (fig. 
3.3C). Such a hybridization signal may i n 
dicate that a highly repetitive sequence is 
present 5' upstream of the pea Lb gene. 
Hybridization of Southern blots of Hindlll 
digested pea DNA with the 1.2 kb Hinû\\\-Sal 
I fragment covering the 3' end of the gene 
revealed a major hybridizing fragment of 2.6 
kb (fig. 3.3D). These findings show that a 
number of Lb genes have a Hin dill site at a 
conserved site, approximately 2.5 kb down
stream from the stop codon, suggesting that 
the 3' downstream region of these genes is 
conserved as well. 
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