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Stellingen

1. De g genen van Azobium zijn betrokken bij de inductio van de expressie van late noduline
genen.

Dit proefschuift.

2. Agrobactemn transconjuganten die ean desl van het Ahzabier sym plasmide bevatten, zijn
slechts beperkt bruikbaar in onderzosk naar de regulatie van noduline gen expressie onder
invioad van bacteridle signalen,

Dit proefschwift.

3. Leigh &f &/ gaan e in de discussie over de rol van het ava// gen product ten onrechte vanuit
dat exopolysacchariden actief bij nodulatie betrokken zijn.

Leigh &t 2/, Coll, 51, 579-587, 1967.
Dit proefschrift.

4. De conclusie van Jargensen &/ g/ dat de promoters van de noduline genen Ngm-23 en leg-
hemoglobine ongeveer even stark zijn, valt nist af te leiden vit de door hen gepresentearde
resultaten.

Jergensen & &/, Nuci. Acids Res., 16, 39-50, 1988,

&. Do suggestie van Tingey &f & dat de aanwezigheid van een wortetknoispecifieke subsenhaid
van glutamina synthetase samenhangt met de morfologie van de wontelknol is ongegrond.

Tingey #f &/, EMBO J., 6, 1-9, 1987.

6. Het gegeven dat het proto-oncogen c—4w codeert voor de transcriptisfactor AP legt esn
direct verband tussen oncogenesa en een varstoring van de regulatie van wranscriptie.

Bas ot 4/, Cell, 52, 705-712, 1988.
Bohmann &f&4, Science, 238, 1386-1392, 1587.




7. Uit de experimentele gegevens van Spicer of &/ is niet duidelijk dat het door hen gekloneerde
cDNA codeert voor een humane wesfselfactor.

Spicer ef af, Proc. Natl. Acad. Sci., 84, 5148-5152, 1987,
Guha &7 &/, Proc. Natl. Acad. Sci., 83, 299-302, 1985.

8. De bevinding van Odell &/ &/, dat in da CaMV 355 promoter een sequentie aanwezig is, die de
transcriptie stimuieert afhankelijk van zijn positie ten opzichte van de start van die transcriptie,
zal eon belangiijke toepassing vinden in de constructie van promotercassettes dio
gekioneerde genen op het gewenste niveau tot expressio brengen in ransgene planten.

QOdell &/, Plant Mol. Biol., 10, 263-272, 1988.

5. De rasultaten van Mignery o7 2/ met betrekking tot de verhouding waarin twee klassen van
patatine genen in de aardappelknol tot expressie komen, zijn zodanig in strijd met de nog
geen half jaar eerder gepubliceerde gegevens van diezelfde onderzoeksgroep, dat zowsl de
intagriteit van deze onderzoeksgroep, als de doslmatigheid van het refarantensysteem van het
tijdschrift Gena, in het geding zijn.

Mignery ef af, Gene, 62, 27-44, 19588,
Pikaard & 2/, Nucl. Acids Res., 15, 1979-1994, 1987.

10. Het modet waarin dilauroyl phosphatidylcholine functioneert als zeep in de stimulering van
een gereconstitueerd cytochroom P450 systeem, berust op een onjuiste bepaling van de kri—
tische micel concentratie van dit fosfolipide.

Taniguchi &f &/, Asch. Biochem. Biophys., 232, 585-596, 1984.
Coon, Meth. Enz., 62, 200-206, 1980.

11. De restrictios gesteld in Nedsiland aan het mogen introduceren van genetisch gemanipu—
leerde planten in het milieu belemmeren het gebruik van dit soort planten zodanig, dat het
schripven van gen methodenboek over genetische manipulatio vooralsnog eanh meor rendabele
toepassing van recombinant DNA onderzoek is, dan het maken van een transgene plant.

12. In de recente plannen om het gemengd dubbel uit de Nederiandse tenniscormpetitie to
schrappen, wordt de sociale betekenis van dat gemengd dubbel emnstig onderschat.

13. De eisen gesteld aan de uitvoering van een proefschrift dianen te worden aangepast aan de
salarigring van een promovendus.

14. Dat de wetsnschapsbijlage van zowel de NRC ais de Volkskrant in de zomermaanden tot één
derde wordt gereduceerd, suggereert ten onrechte dat in de zomer nauwelijks onderzoek
wordt vemicht.

16. Het obligate applaus na een wetenschappelijke voordracht maakt van de spreker een actour,

waarvan het in het merendesl van de gevallen te hopen is dat hij of zij niet tot een toegift
besluit.

Steilingen behorend bij het prosfschrift "Nodulins in roak nodule development®
Wageningen, 27 mei 1988 Jan-Peter Nap
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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 soit
enrichment by green manuring. As recorded in
Roman agricultural writings, &g Columella’s
De Re Austica (362), orderly systems of crop
rotations based on legumes were developed
at that time. Crop rotations with legumes were
responsible for a 40 - 60% increase in food
production in Europe during the 18th century
(13). Although one of the eariest 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 responsibie 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 ptant to grow without nitrogen fertilizer.

A lot of research has been and still is devo-
ted to the understanding of the symbiosis
between A/zobiir 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 | ‘preinfection’, stage Il ‘in-
fection and nodule formation', stage Il ‘nodule
function and maintenance’, and stage IV
‘nodule senescence’ respectively {fig. 1.1.). In
stage |, the A%zobiwm bacteria attach to their
particular host and cause characteristic curling
of the host’s root hairs. Subsequently {stage
Il}, 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
pltant cytoplasm. After release, bacteria often
enlarge and/or change shape, and in the
endosymhbiotic form they are referred to as
bacteroids. This final stage of differentiation is
the prelude to actual nitrogen fixation (stage
lil}. 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 infacted plant cell may have,
can be considered temporary nitrogen fixing
plant organelles (350). Each stage in the A~
Zobiym-legume symbiosis is thus character—
izad by a series of developmental events con-—
cerning boath bacteria and the plant, resulting
in a complex, well organized and well coor-
dinatad plant organ.

With the rise of molecular bioclogical techni—
ques, the knowledge of nodule formation and
nitrogen fixation at the molecular level has
progressed in less than a decade from almost
nothing o 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

genes are the leghemoglobin genes. So far,
no nodulin gene expression has been found
during stage | and stage IV. Now, the elucida-

manipulation in comparison with legume  tion of both the functions of nodulins and the
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Figwre I 1 Schematic representation of the siages, and sequence of events, in the formation of a nitrogen fixing root
nodule , modified after Verma and Long (350), and involvement of noduling in these stages.

plants. In Ahobium, the genes responsible
for nodulation (#o¢/, and nitrogen fixation 72
and #x J 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,
aven if the amount of research still reprasents
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.). Eary nodulin genes
are expressed in the stage of nodule develop-
ment during which the nodule structure is for-
med (stage ). Late nodulin gene expression
is associated with the onset of nitrogen fixa—
tion (stage ). Type members of late nadulin

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 cefl wall constituent
(chapter 2.).

The control of nodule specific gene expres—
sion will be exertad at the level of the gene. In
an attempt to identify the sequences of the
DNA which are responsible for the regulation
of late ncdulin gene expression, a pea leghe-
mogichin 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 ieghemoglobin 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 exprassion.

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 Rizobism 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 #7 wero translation of
mRNA from roots and developing nodules of
vetch {Vicig sativa subsp. mirg), 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 A%Zzobviwsnr and
Agrobacterum strains. It is demonstrated that

only a limited number of Azoism genes, the
Aod genes, are indispensable for the induction
of early nodulin gene expression {Chapters 4.
and 5.), and evidence is presented that the
same s0d 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
nadulin 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 curent
knowledge on nodulins and the regulation of
nadulin gene expression is discussed and in-
tegrated with the results presented in the pre—
ceding chapters. It is argued that during eve-
lution nodulin genes are derived from normal
plant genes and evolved to fit the constraints
of the symbiosis.



CHARACTERIZATION OF cDNA FOR
NODULIN-75 OF SOYBEAN:

A GENE PRODUCT INVOLVED IN
EARLY STAGES OF ROOT NODULE
DEVELOPMENT



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 Afzobdium ot Bracy-
Mizobiyrrinvolves 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
donoted as “pre-infaction”, “infection and
nadule formation” and “nodule function”. In
the pre-infection stage the Ahizotyium 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 spacific plant genes that are invalved 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—
ratic 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 exprassion 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 genas 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.

21. 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
piants. Ten cDNA clones ware isolated that
specifically hybridized with the nodule cDNA
probe. These clones represent soybean (G~
cie max) early nodulin genes and will be
designated pGmENOD to distinguish them
from pGmNCD clones that represent nodulin
genas axpressed at later stages of develop-
ment. Cross—hybridization studies of these ten
clones revealed two unique cDNA clones,
pGmMENODS and pGmENOD9 having insert
lengths of 400 and 950 bp respectively, and
eight clones with common sequences, of
which the cione pGmMENOD2 with an insert
length of 1000 bp was chosen for further
characterization. Northern blot  analyses
showed that pGmENOD2 hybridized t0 a
mRNA of 1200 nucleotides and indicated that
the concentration of the GmMENOD2 mRNA is
highest at day 10 and decreases during further
nodule development (fig. 2.1A). Thus the
GmENOD2 gene is apparently transiently
expressed during soybean nodule deveiop-
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Figure 2.1. Autoraciographs of Northern blots containing
15 microgram of total RNA isolated from 5-day-old
uninoculated roots {R) or noduies (N) harvested 10, 14 and
21 days after sowing and inoculation with 5 agoonicim
USDA. Tha dlot in A is identical to the blot in C. The blots
were hybridized at 42°¢ with 32P-labeled pGMENDD2Z (A),
with PGMENQODS (B) and with pGMENOD2 and pLb in
censeculive order (C). The positions of the riboscemal
RNAs are indicaled by arrowhpads.

ment, although in some experiments the con-—
centration of GmMENODZ mRNA remained
nearly constant between 10 and 21 days. A
similar course of transient expression was
found for the GmENODS gene that hybridized
to mRNA of 1700 nucleotides (not shown}.
However, the GmENOD9 gene was expressed
at considerably lower levels. In contrast,
pPGMENODS 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. 2.1B.).
The relative abundance of RANA hybridizing
with pGMENQDZ is in agreement with the high
frequency by which clones with sequences
commen to pGMENQOD2 were isolated from
the cDNA library. For a more detailed analysis
we have focussed on pGmENOD2. Since the
gene rapresented by GmENQOD2 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 £coRI digested soy-
bean and 5. dponmicur genomic DNA five re—
striction fragments of soybean DNA, 25, 10.6,
5.3, 48 and 1.5 kb in size respectively, were
found to hylridize with 32P-jabeled
pGmMENOD2, whereas no hybridization was

10

observed with the & jgoorvcern DNA (fig.
2.2}). Hence the clcned 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, pGMENOD?2 hybridized not enly 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, & 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 diffarence in time of
expression between the GmENOD2 and ieg-
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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Flgure 22 Autoradiograph of a Southern blot containing
10 microgram of soybean genomic DNA (lane 1} and 1
microgram of 5 /aocomicus USDA1T10 DNA (lane 2), both
digested wilh £roRl, and hybridized with 32P-labeled
PGMENQDZ.



Fgure 2.5, Autoradiographs of Northern blots containing
15 microgram ot 1otal RNA isolated from (A and B)
§-day-old uninoculated soybean roots (lane 1) and
14-day-old nodules induced by £ saoonncern USDA110
(lane 2} and from (C) soybean rocots (lane 1) and

nodule-like structures ¢ollected 4 weeks after inoculation
with 7 #seai USDA267 (lane 2). The Northern blols were
hybridized under low stingent conditions (35°C; 50%
formamide; 1 M NaCl), with 32P_jabeled pGMENOD? as
prabe. The autoradiograph of the blot shown in B is
oblained afler an appreximately ten foid longer exposure
than the autcradiograph of the blat shown in A,

PENODZ selactod RNACH-leucine)

2.1.3. pGmENOD?2 codes for nodulin
Ngm-75 .

To identify the early nodulin encoded by
pGMENOD2, mRNA was hybrid-selected by
pGmMENOD?2 and was translated #7 wi#e in the
presence of 355-methionine followed by two-
dimensional (2-D) gel electrophoiesis. The
results showed that the pGmMENOD2-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 # wio translation of the
pPGMENQD2-selected RNA in the presence of
3H-lgucine as the radioactive amino acid, two
polypeptides were found, one of which com-
igrates with the polypeptide detected after
tanslation with 3%S-methionine while the
other, more prominent, polypeptide is slightly
more basic (fig. 2.4A)). This result indicates
that the pGmMENOD2 hybrid-selected RNA
consists of two mRNA species. Under the
stringent hybridization conditions used, only
mRBNA species with a length of 1200 nucleo-
tides will have been selected and the low
abundance mRNAs {compare figs. 2.3A. and

i

PENQD2 selectad RNA (55 -methionine)

il

Tad

Qd

Figure 2.4 Characieri2ation 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 nocules and RNA eluted from filter-bound pGMENOD2Z DNA were translated in a wheal germ extract

in the presence of JH-leucine or 3%

S-methionine as indicated. The praducts oblained were separated by 2-D gel

slectrophoresis and flucrographed. The positions of the nodulins Ngm-75 are indicated by arrowheads. (B) Cnly the region
of the 2-D gels within the square indicated in (A) is shown. that reprasents the SH-leucine # o translation products
abtained from RNA of 5-day-old soybean root (roat), rool segments of infected soybean plants 6 days after sowing and
incculation with 8 /gocaicerr USDA110, and soybean nodules 7, 10 and 13 days after sowing and ingculation with the

same strain.
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ORF-1 P HE XTWPPEYLUPVPPHENXUZPPZPEVYILPPMHWEI KTPPPEVYOQ?PPH
CCCCATGAAAAAACACCACCTGAGTATCTACCTCC TCCTEATGAGAAACCACCACCAGAATACCTACCTCCTCATGABAAACCGCCACCAGAATACCAACCTCCTCAT 120
ORF-2 P M KEK #HELS 1Y LLLMPRIY¥UHHEQNTTYTULLMNRNZRIHEQNTNKTILTILHN

@ PP HEIEK®PPEHRAQ?PUPHEIKTPZPPETVYEFPPUHETIKTP
GAGAMCl:ACCCCATGI.EMTCCACCACCGENSCACCAACCAECTCATGAEAAGEEACCAGAECACCAACCACL‘I‘CATGAGAAGCEAEEAEEAGAGTATEMCCACCTCATEAGAMCCA 240
R N M R I HHRSTNU HILMSESUHQQST®NMHTLMERSHH® S MMNIMHBLMRBRNAEB

P PEY QPPHETK®PPPETYSQQ?P?PPHET XKXT®PPPEVYQPPHET KTPPPEHNAQQ F P
CCACCAGAATACCAACCACCTCATGAGAAGCCACCACCAGAATACCAACCACCTCATGAGAAACCACTACCAGAATACCAACCACCTCATSAGAAGCCACCACCAGAGCACCAACCACCT 360
HQHNTNUBHLM®BRSE I QNTWHNELNRLEZEHQFNFTNHLNMNRSHHHQSTHNEL
HEKPPEMHOQPPUHTEEX?PPPEYQPUPETEIKTPPTPETYUQFPPQETZ KTPPU HTEHZK
CATGAGAAGCCACCAGAGCACCAGCCACCTCATGAGAAGCCACCACCAGAGTATCAACCACCTCATGAGAAACCACCACCAGAATACCAACCTECTCAABAMAAGCCACCACATGAAAAL 48D
M R 8§ H QS TS HL KRS HHQS I NHZLMPEREWMNI EEQNTHNLTILTEKTEKTSHHNTEKH?R

P P PEY QPP HEIKPPPE®WB QP PHEERKPP PV ¥ PPPYEI KUPUPUPV Y E T
CCACCGCCAGAATACCAACCTCCTCATGAAAAGCCACCACCAGAACACCAACCTECCCATGAAAAGCCACCACCAGTGTACCCACCCCOTTATGAGAAACCACCACCAGTGTATGAACCC 600
HRQUKNTDNILTLMMKSH HEEYQNTUHNTILPTLIEKSHHQCTH HPLM®XRNIHEMROQTCMNNSNTP

P YEKPPPVVYPPPHEI KP?PIVYEPTP?PEPLEJZ KEPZPVYHNPPPY GRYTP
CCTTATGAGAAGCCACCCCCAGTAGTGTATCCACCTCCTCATGAGAAACCACCCATTTATGAGCCACCGL CATTGGAGAAGCCACCGATCTACAATCCCCCACCTTATGGCCGCTATCCA  T20
L MRS EPOQ®*

P § K K N * *
CCATCCAAGAAAAACTAATAACCACTTGCCTGCGTCACATCTTTTGGTCYAC TCAAACTTAGACC TGCCCTTTGTCATATAAAGCTTTTTGTTTCTG TTTAAGATCTCAAGTACAATATG 840

TCCCTTCTGCATGLACTACT T CTTCAAAATAAAGG L TTTATGLCTATGTATAATACTCTACTT TAATTCTCCTTICACCATCGATATTGTAATGTCAACTACTAGTGIGGGTTTATCTAT 960
P
GGCTATAATAAGTTTTTCTTTG TS TTTAAAAAAAAAAAAAAAAAARAAAACCCCCOCECCCCCCCCCOTO

b

Figwre 2.5 Partial restriction map, sequencing strategy and nudleotide sequence of the Fs71 fragment from pGmMENCD2.
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
lings comespond 1o sequences ofiginating within the veciars. In the DNA sequence. nucleolides are numbered on the right
of the sequence. The predicied amine acid sequence is shown in siandard 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 poteniial poly(A) addition sites (+++) are also marked. P, Psfl; HE, Azt R, Asal; B Aecl; He, Hge Il H,
MHimll; 3, Sgrl; €, oral

2.3B.) will nat be present in the pGMENOD2
hybrid selected RNA. The two polypeptides
obtained from hybrid-released translation
should therefore be closely related and are
sach encoded by a differant member of the
GmENOD2 gene family. The polypeptides,
both referred to as Ngm-75, were also easily
detected as nodulins in the 2-D pattern of the
polypeptides obtained upon #7 wivo translation
of total RNA from nodules because they are
not found among the translation products of
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RNA from uninoculated roots {fig. 2.4B.).
Hence RNA analysis by both Northem blotting
and 2-D gel electrophoresis of the products
obtained after /#7 wiro translation of RNA can
be used for the study of the expression of the
Ngm-75 genes. The latter proved convenient
especially in the case of limiting RNA quanti—
tigs.

Strikingly, the transiation products of these
mRNAs of 1200 nucleotides in length have an
apparent molecular weight of 75,000, whereas



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 pGmENODZ to see if the
deduced aming acid sequence couid expiain
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
FPst | inserit 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 nuclectides 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 mMRNA,
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 clong (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.
2.8.) and ends in a single termination codon.
Both ORFs are followed by 3'-nontransiated
regions of about 250 (ORF-1)} and 375 {(ORF--
2) nucleotides respectively, in which two
potential poly(A) addition signals are present
{fig. 2.56.).

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 iscelectric point and exactly the
same aberrant migration behavior on SDS/
polyacrylamide gels. The two Ngm-75 &7 wiro
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
mBNA. If then one of the Ngm-76 7 wiro
translation products is shown to contain no
methionine (fig. 2.4A), the other Ngm-75
nodulin may have a low methioning content.

But the ORF-2-derived polypeptide contains
20 methicnines, 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 conciusion 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 CRFs
using a codon frequency table {313} compiled
from several published soyhean coding
sequences indicated that only the codon
usage in ORF-1 is in agreement with the
average codaon usage of soybean (not shown).
Moreover, though both ORFs encode a poly-
peptide  containing repeafing  peptide
sequences, the repetitive amino acid
sequences occuming in the polypeptide enco-~
ded by ORF-1 are befter 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-
sefved, mainly proline, glutamic acid/gluta—
mine, and tyrosine flank the heptapeptide
repsetitive sequence. Two apparent partials of
the haptapeptide repeat are found at positions
133 and 451 within the sequence. Neither
alpha-helix nor béta~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
praline-rich Ngm-7& protein might be invol-
ved, we attempted to correlate the beginning
of expression of the Ngm-75 genes with a
defined stage in raot nodule formation. Seven
days after sowing and incculation, 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 #7 wiro transla-
tion followed by 2-D gel elecirophoresis using
SH-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  ohservations
{45,245, resuits 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
ralgase of bactenia into nodule cells) proceeds
and the diffarentiation of the nodule meristem
into a nodule structure has started. By exa-
mining the nodule structures formed by A
fregy USDA267, it proved possible to dis-
tinguish between the infection process and
the differentiation intc a nodule structure. On
commercial soybean cuMivars, this fast-grow-
ing Ahzobim strain cannot form nitrogen fix-
ing root nodules but forms nodule-like struc—
tures that are not able to fix nitregen. Histclo-
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 bundies 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
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Figure 28 (A) Nodule-like structure on soybean roots
obtained ¢4 weeks after inoculation with 2 fear USDA2ST.
{B} Part of a longitudinal secticn of a nodule-like structure
is shown. Cell divisions in the outer- and inner cortical cell
layers are indicated by arrows. VB, rool vascular bundle;
LR, lateral root. (Bar - 100 micrometer.)

that the expression of Ngm-75 genes is not
correlated with tha 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—
facted. Three non-cross—hybridizing cDNA
clones that represent such early nodulin
genes were identified and one of these
clones, pGmENQD2Z, was characterized in
detail. On Northern blots pGmENQOD2 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
mMRNA that cross—hybridized with pGmENQD?2
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 #2 wio
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—




thetase (68). The nucleotide sequence of the
Fst | insert of pGMENQD2 has been deter—
mined and the derived amino acid sequence
shows that 45% of the amino acids of Ngm-
75 is proling and that the amino acid
sequence Iis 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-transia-
ticnally formed and in most cases sub-
sequently glycosylated. Aithough it remains to
be established whether the soybean Ngm-75
proteins become hydroxylated and glycosyla—
ted #7 Wi soybean nodule tissue has
recently been described as extremely hydro-

binogalactan proteins (AGPs) (344), {# ) the
solanaceae lecting {1), and fi#) hydroxypro-
tine—iich agglutinins (196}. In table 2.1., the
aming 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 mast dicotyledonous plants (186).
They are assumed ta play a role in maintaining
the integrity of the primary celt 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 occusrence 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

Tave 2. 7. Comparison of the aming acid composition, expressed as mol. %, of typical represeniaiives of plant
hydroxyproline-rich glyceproteins and proling-rich proteins. oblained 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 segquences

are not included in the amino acid composition.

Amino acid

Pro +

pratein plant Hyp Ser Glu Glx Gln  His Lys Tyr Ala val Gly Leu Cys Reference
extensin carrot 45.7 14.2 0.4 11.8 6.7 11.0 0.4 3.9 0.4 0.4 c.0 (343}
extensin carrot 42.2 10.9 2.6 9.5 11.% 12.¢ 1.4 4.0 0.0 0.0 Q.c (56)

AGP French bean 29.6¢ 18.2 4.5 0.6 2.6 0.8 16.2 3.2 6.5 3.2 .6 (344)
lectin potato 21.% 12.86 6.9 0.0 3.7 3.3 4.1 0.4 12.2 1.2 10.§ (1)
agglutinin potato 50.9 9.4 1.1 51 15.9 B.2 0.9 3.8 1.1 0.2 0.1 1196)
P33 carrot 30.8 2.8 4.7 1.4 12.8 9.5 4.3 4.2 10.0 1.4 1.4 0.0 {57)
‘protelin 4" soybean 40.0 0.0 3.9 0.0 0.0 20.0 18.0 0.0 17.4 0.0 ©0.0 0.0 1157}
N-173 soybean 44.4 0.4 18.8 5.4 9.5 $.5 7.5 Q.0 2.1 0.4 1.2 0.4 this repert

xyproline-rich (50}, Also the apparent absence
of a class of proling—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): 4 ) the cell wall
structural hydroxyproline-rich  glycoproteins
{HRGPs) or extensins (56,343), (# ) the ara-

related 10 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 solanaceas lactins nor the hydro-
xyproling—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 compoasition of Ngm-75. A carrot
cDNA clone was shown (57) to encode a pro-
ling—rich 33 kDa polypeptide (designated P33}
also with a high valine content. Since the
aming 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 prateins, 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 studiad 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 in-
oculation, when the nodule meristems just
emerge through the root epidermis. The
detsction 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 pisces
with vigible 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 tevel 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 VIl as
described by Calvert et al. (45), and cytologi-
cal observations have shown that in this stage
the meristemns start to differentiate into nodule
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structures (46). Some of the meristem cells
have been invaded by infection threads from
which the rhizobia are beginning to be
released. Ta examine whether the induction or
stimuiation 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 A feodi
USDA257. This strain induces the formation of
nodule structures devoid of intraceilular 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 nadules without bacteria or
infection threads strongly suggests that Ngm-—
75 is not involved in the infection process, but
more likely in nodule morphogenesis.

Quantitativa light microscopic observations
on nodule initiation have shawn (45} that up to
the stage in which the meristems emerge
through the epidermis, development can stop.
However, when a meristemn 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 meristoms
to develop into a nodule. The nature of the in-
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 (Gjoing max (L) Merr. cv. Williams) were cultured as
described for pea plants (29) but at 28°9C. At the time of
sowing the soybean seeds were inocuiated with Sragiy-
Zobium jgoonelrn USDAIG or Rinzotvum /reoif UJSDA2ST.
Both strains were cultured as described (22).

Isolation of nodules. Nodules were excised from the
roots with a scalpel. For samples prior (0 6 days after
sowing and incculation, a 4-cm rgot segment of the upper
part of the main root {where roct nodules normally would
develop) was harvested. Nodules were frozen in liquid
nitrogen and stored at -70°9C until use.

Isolation of nucleic acids. Total RNA from nodules
and roots was isolated as described (126) and poly(A)+
RNA was obtained by oligofdT)-cellulose chromatography
(218). & jqooricwrr USDA11G and scybean genomic DNA
wera isolated as described (219, 374) and plasmid DNA
was isolated by the alkaling lysis method (24).




Construction of cDNA library. DNA complemeniary to
poly(h)+RNA isolated from nodules from  21-day-old
plants was synthesized with reverse transcriptase (Anglian
Biotechnology, Essex, England) and second strand syn-
thesis was periormed under standard conditions (218).
Doubte-stranded cDNA was treated with 51 nuclease and
size-fractionated on a §-30% sucrose gradient (Beckman
SW50; 47,000 rpm; & hrs at 42C). The fractions containing
double-stranded cDNA with a lengtn of 500 base pairs of
more were collected. The double-stranded cDNA was
taled with o and then annealed 1o Fst|-cut oligo(dG)-
tailed pRBR322 (Boshringer Mannheim) in a 1:1 molar ratio.
The annealed mixture was used io iransform EScherichia
coli RR1 (12). On the average 5000 transformants weare
obtaingd per microgram of poly(A)+RNA.

Diffevantial screaning of the cDNA library. Individual
transformants were picked, transferred to 95-well microtiter
plates containing LB medium, 15% glycerol and 12.5 mp/l
tetracycline and grown for 16 hr at 379C. Two replicas,
sach containing 384 transformants, were made on Gene-
Screanus (New England Nuclear) and they were placed
on LB agar plales containing 12.5 mg/l tetracycline. The
colonies were allowsd 1o grow for 16 hr on the filters. The
fillers were prepared for hybridization according to the
GeneScreenF/s manufaclurer's manual. Probes for dif-
ferential screening werg prepared from poly(A}+RNA isola-
tad from segments of 5-day-old, uninfected roots and
from nodules 10 and 21 days after incculation, as in the
construction of the cONA library except that 10 microCi

P-dATP {specific activily 3200 Ci/mmot; 1 i - 37 GBg,
Naw England Nuclear} was used. The fillers were hybrid-
ized for 72 hr at 85°C 10 gither root or nodute 32P-labeted
GDNA in 6x $SC (1x35C - 0.15M NaCi, 0.15M sodium
cilrate); 5x Denhardt's solution (218); 10 mM EDTA; 0.5%
SD3; 100 moiml sonicated, denatured calf thymus DNA,
and 20 mgJl polyfA). The fillers were washed twice in 2x
38C; 0.1% SDS for 15 min at room iemperature and twice
in 0.5% §$5C; 0.1% SDS for 30 min at 655¢

M vitro Uransiation of total RNA. Total RNA (3
microgam) from roots or nodules was translated #7 wizro in
a wheat germ extract (Bethesda Research Laboratories) in
a 15 microliter mixture according to manutacturer's manal
i which 15-30 microCi 35S-methionine or & microCi

3H-leucing was acded. Transiation products were separa-
ied by 2-[3 gel electrophoresis toliowed by fluorography
of the dried gel to proflashed Kodak XARS film (126).

Hybrid-reieased translation. For hybrid-reigased
translation, the pGMENQD2 insert {10-15 microgram of
DNA) was denatured and applied to 0.5 e¢m? discs of
diazophenyithioether-paper (Bio-Rad) essentially as
described (218). Totah soyboan RNA from 16-day-old
nodules {750 microgram) was then hybiidized to the
fitter-bownd DNA in 03 ml of 50% {(vollvol) deionized
tormamide; G.1% 5B8S; 0.6 M NacCl, 4 mM EDTA, and 8C
mM Tris-HCI (pH 7.8). Hybridization was initiated at 409¢
and the tlemperature was slowly decreased lo 379C over a
period of & hr. After washing, the bound RNA was eluted
(218) and dissowved in 3 microliter of HgO: 1.5 microliter
was transiated and analyzed as above.

Northern and Southern blot analysis. Total soybean
RNA was denatured in dimethyl suoxide;glyoxal, siectro-
phoresed in 0.8% agarose gels (218) and transferred to
Gene3creen (New England Nuclear) filtlers as described
(126). The blots were prehybridized for 6 hr in 50%
(volfvol) deionized formamide; 1 M Nacl; 0.05 M Tris-HCI
(pH 7.5); 5% Denhardt's solution; 0.1% 3DS, 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 427C
n 2x $SC; 0.1% SOS, and twice for 30 min at 42°C in 0.5x
SSC; 0.1% SDS. For Southern blot analysis, soybean and
& japorveom genomic DNA was digested with restriction
enzymes, separated on a 0.7% agarose gel, transferred to
nitrocellviose filters (306) and hybridized to 32P-abeled
PGMENQD2.

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

Cytology Nodules were fixed for 16 hr in 3% glutaralde-
hyde in 50mM sodium phosphate buifer {(pH 7.2). After
fixation, the nodules were rinsed with the same buffer,
dehydrated i & graded athanol Series, embedded in
Tachnovit 7100 (Kulzer, ywehmeim, F.R.Q.), sectioned into
5 micrometer sections, stained with toluidine biue and
examined under a light microscope.
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ISOLATION AND ANALYSIS OF
A LEGHEMOGLOBIN GENE
FROM PEA (FPisum sativum)
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Chapter 3

Isolation and analysis of a

leghemoglobin gene from

pea (Pisum sativurmy)

Leghemaglobins are predominant nodulins
in the root nodules of leguminous plants.
These monomeric hemoproteins, which
resemble the vertebrate myoglobins, may
constitute up t0 25% of the total soluble pro-
tein in a nitrogen fixing nodule {354). As oxy-
gen carriers, leghemogiobins control the free
oxygen concentration in the nodule (5). In alt
legume species studied, more than one leg-
hemoglobin is found. The various isoforms of
leghemoglobin are encoded by different
genes, or result from posttransiational modifi—
cations (363). They differ in affinity for oxygen.
The Lb proteins occurs exclusively in the in-
fected celis 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 leghemogiobin with the largest
oxygen affinity eventually becomes pre-
dominant {335).

The leghemoglobin gene family in soybean
(Ghoire 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 nuclegtide sequence has been elucidated
{33,39,40,170,174,198,318, 364). In addition,
one of the leghemoglobin genes from French
bean (Fhassolyss viigars) (197) and a hemo-
glohin gene from the non-legumes Aanas-
Lonig (189} and 7zema (32), respectively, have
been sequenced. Recently, it has been shown
that a chimeric gene, consisting of the 5’ pro-
moter region of the soybean Lbc; gene
and the chloramphenicol acetyltransferase

{CAT} coding sequence, is developmentally
correct expressed in root nodules formed on
regencrated, transqenic Llofus comvcuiaius
plants inoculated with the proper A%izobiim
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 Lbca gene carries the infor-
mation for nodule specific expression of the
gene in the heterologous legume host. Furth—
ermore, these resulls 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 exprassion. There—
fore, the observations on the soybean leghe-
moglobin and other nodulin genes should he
extended to other leguminous plants. Here we
describe the isolation and structural analysis
of three leghemoglobin ¢cDNA clones and one
chromosomal gene from pea (Fswm sativin.
Sequence analysis revealed that this gene
contains all regulatory signals known to be
essential for expression in sukaryotes. In the
promoter region of the pea leghemogiobin
gene some sequence elements occur, com—
parable with the sequences in the soybean
Lbeg prometer 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 FcdR1 linkers a
clone pPsLb101 had been isolated before
(28B). This clone was proven to contain leghe—
moglobin saquences by comparing the amino
acid sequence derived from the nucleotide
sequence (fig. 3.1.) with the published amino
acid sequence of pea leghermoglobin (201).

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

PPELBIOY Pee s
(GEGGGGEEASEAMARCCAATAATAARGACARCAATGET TTCACCEACAAACAAGAGGTT
6 B T D X @ E &

TG TGAATAGCTCATGUGARTCTTTCARACARRACCTTCOTCARTATACTOTTITGTTY
L v 8 &5 ¥ ESF X Q K LF Q7Y SV L F
TATACTATTATATTGUACAAAGCACCIGCCOCARMAAGG TATG T T TTCTTTITTAAAAGAC
Y T I L L E & & P &4 A K o N F 5 F L ¥ O

ACTGOTCCAGTACAATATAGTOCARCATTACAAGCTOATEST
T & 8 v g

4 E K ¥ F G L

CAATATAGTGLAACATTACAAGCTCATGG TGARARAGTITITGGAGTG

L 2D & R ¥V QL R YV B £ G o oa T
CIGCGTGRACTC AL TG TICAACTICGAGTATCAGAAG ARG TAGTTGTACGGGATGCARCS
I ¢ 5 1 K Q K 6 ¥V v o p v E
ATTGGGTCCATTEACATICAGAAGGCACTTGTIGATCCTCATTTTGTGG TCOTTAAAGAL
23

A L L BE T I K E 4 &8 ¢ E K ¥ § B FE L § 1T
GCTTTOCTAGAAACTATAAKAGAAGCATCAGOAGAARAATEGAGCGARGAATTGAGTACT
13

maairt

A W E V 4 Y FE G L A S A L K ¥ A M F % T
GCTTIGOGAAGT TRCLTATCAACGATTAGCATCCOCEATTAAGARGCCAATGAATTAAACA
TEATATGATITATAITIATAAATARATTTAAGAAATRAGACTIGATACTAARTCTIGITA

AACAAGTTTATATAATARATATTATICARACTATAACATCCARAAR-pOLYtA) tail
pPeLBIDLC dcaRiy /pRalblod e

Sigpve F 7 Nucleotide sequence of the foo A fragment
from pPsLb101 and the ~s71 fragment from pPsLb103. The
derived amino acid sequence is shown in standard single
letter code. The sequences are aligned in the icentical

region.

the Pst| site of pBR322 by the dC/dG tailing
method (see Govers ef &/ (129), for details)
using the 450 bp EcoR1 fragment from
pPsLb101 as a probe in coleny hybridization
experiments. Twenty clanes containing Lb
cDNA  were identified, of which clone
pPstH102 contained the largest Asr | insert
{500 bp). Northern blot analysis of nodule RNA
shaowed 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.

The cDNA insert of pPsLb102 appeared to
have a sequence identical to that of the cDNA
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insert in pPsLb101 (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 pPsLb101  and
pPsLb102 presumably contain ¢cDNA of mRNA
derived from the same Lb gene.

in an attempt ta obtain a Lb cDNA clone
covering the 5’ end of the Lb mRNA, the plas-
mids from the twenty Lb cDNA ciones werg
hybridized using the 150 bp fragment from
pPslb102 (fig. 3.1.), containing the 5'- Fstl-
Hidlll-fragment, as a probe. This yielded
clone pPsLb103, which moreover did not
hybridize with the fragment from pPsLb102,
containing the 350 bp Hindll-Pstl-3' frag-
ment.  Sequence analysis  subsequently
showed pPsLb201 to contain the 5’ end of the
Lb mRBNA, including the start codon and &
untranslated region (fig. 3.1.). The similarity in
nucleotide sequence in the overlapping region
hetween pPst.b102 and pPsLbi03, however
only 30 nuclectides in length, suggests that
pPsLb103 is derived from the same Lb gene
as pPsLb102.

Hybrid released translation of mRNA
selected with pPsLbi02, followed by two—
dimensional gel electrophoresis of the 7 wiro
translation products revealed four polypep-—
tides cormresponding 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 47 wiro transiation
products of total pea nodule RNA with an
antiserum prepared against pea leghemogio—
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 im-
munoprecipitation, does not occur among the
a1 vitro translation products of the mRNA that
was hybrid selected by pPslLb102. This sug-
gests a substantial difference in nuclectide
sequence between the mRNA for this transia—
tion product and the other Lb mRNAs. Also a
minor leghemoglobin 47 wire translation pro-
duct {fig. 3.2A.) had not been detected before
in the /7 wirp translation pattern of total RNA.




4.5

Figure 3.2 Charactarization of the Lb ¢cDNA clone by hybrid-released translation, RNA eluted from filter-bound pPsLb102
DNA (A) and total RNA from 17-day-old pea nedules (B) were 47 wiro franslated in a wheat germ exiract in the presence of
355_methionine. The products obtained were separated by 2-D gelelactrophoresis and flucrogrphed. in (B) the translation
products that previously have been identified by immuneprecipitation to be teghsemoglobins are indicated by arrowheads.

3.1.2. Isolation and sequence analysis
of a pea leghemoglobin gene

Southern blot analysis of £co Rl digested
pea DNA confirmed that the leghemoglobins
in pea are ancoded by a multigene family.
Using pPsLb102 as probe, eight genomic
fragments of circa 40, 94, 7.8, 7.1, 4.7, 43,
27, 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

A
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Figure 3.3 Autoradiographs of Southemn biots containing
pea genomic DNA  digested with &coe RI {A) or A diil
(B-D). The blots were hybridized with pPsLb102 {(A), the §
2srl - Hipg |l fragment of pPsibh102 (B), the &' Samr HI -

Sa/| fragment of pPsLb1 {C), and the 3 A dill - Sa/1
fragment of pPsLb1.

of at least six to eight members.

A pea genomic library of approximately 1 x
106 lambda plagques, which represents 1.2
genome equivalents of pea DNA if a haploid
genome size of 4.0 x 10? 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 lambda-Lbi1, 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 Sam Hi-$a/| frag-
ment located at the 3' end of the genomic
fragment pea DNA. Because the cDNA in
pPstb103 did not hyhridize with the 1.2 kb A
dill-S&/ | fragment located at the extreme 3’
end {not shown}, the coding sequence runs
from &' to 3’ in the direction from the Sam7 H1
to the Sa/1 site. Hence, the major part of the
genomic DNA in Lb1 contains upstream
sequences of the Lb gene. In this upstream
region only one £co Rl site occuned, approxi-
mately 12 kb upstream of the leghemogiobin
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 £co R1 digested pea DNA described above
(see fig. 3.3A.).
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TTGAGGGTCTCAAACCATAGTTGTGTGCTIGATGTGGCATTGGTGGATGCACACATTACC 1060
TACAARAGAAACAAAACTATACATATACATATTITTITGGTTTTTTGGTTAGTAAATAATGA -1000
AAAAAAAAGTATGATACAATCAAATATGCTTGGTGATCTCTCCCAATGAATGAGGGGTAA —940
GA~AGGATGTCTTTGTGTGATCCCAAAGCTAATCCATAAGATGAGATAGCATGAGGGATC ~880
TTAGGGTCARATTGGGGTCTTACACACACCACATAGTTTTCTCAACCGATAACAAGTACA —-820
TACATGATCGATTTTCATTAACAGTTTATTTTCACCTTTGAAAACAAGAGTTTATCATAC —760
TCTCCGTTAGATCAACATCTTCTGACATATITACAAAACTTTGGATTTCGATTAGACCCA -700
ATCAAAAGCCCAACTCTTAATATCAATTGTTGGATTTCCTATGTAAATTACAGAATATAT —-640
AATTCTAAATCAACAAACCATTTTTATTCCTCAGAGAATAATGAAATTCCTACCAGTITT -580
TAGGATCCTATTGGCGAGCTCTAAGCCGGCTATATAGAGTCTAAGTCAACAAACCTGGTT 520
GTATCCGTCACAATGAAATAATGAAATTCGATTAATCGTTTTCTTCACGATAAATTTCCT 460
AATTGGTCGATGCTTATAGAATAATGACTAAGTTACTTATTTATTTTCCATAAACTTCCA —400
TTAATCTTAACTTGATTTGAAATGCCATATTATATTTAAAAATAAATAAAATTACCTTCA —340
TGGTATAAATGACCATTTTAGCCTTAACCTCATATTTACGAAATATTAAAATCTCGATGA —280
TATAATTAACTCAAGATTATAGATTATCATTTTTATTAGATTAGTTAATAGTTAATTTGA ~220
ATAAACAAAATAAATTTACAATAATGATTAATTTTTTTATTATTAATTATATTTAGTGAA —160

AAAAGTATATTAAGTTTGGCAAAAGATTTIGTCTCTTITGATTATGTTAATGGACATCTCC —100

AAGAGCCAATAGATAATTTTACAATAATCATCAGAAATATACTATATTTCTTTAAATCTA =40

G F
1 TACACTACCAACACAAAAGAAAAATACAAAGAAGAACAAGAGGAGGAGAAATATGGGTTT

T 8 K Q E A L vV N 8 5 ¥ E L F K @ N ¥ E
61 CACTGAGAAGCAAGAAGCTTTAGTTAATAGCTCATGGGAATTATTTAAACAGAATTGGCA

L F K Q ¥ P N Y 8 V L F Y T

12) ATTATTTAAACAGAATCCTAATTATAGTGTITIGTTCTACACCA/ GTAAGCTTGTATCCTT
181 GGCTTTTAGTTTT I TTTTTITIGTTAATTATTGTTTTATAAGAAGTGGTGTGAACGAAAAG
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1 1 L E K A P & A
241 CATTAATAATTCTGGCTGATTTACTCAAAATAG/TAATATTGGAAAAAGCACCCGCAGCAA

K ¢ M F 8 F L K D &8 A E VvV v D &8 P K L Q
301 AAGGAATGTTCTCATTTCTTAAGGATTCGGCTGAAGTAGTGGATAGTCCTAAACTTCAAG

A H A E K V F G M
361 CCCATGCTGAAAAAGTTITTIGGAATG/GTGAGTGAATCCGTATTCAATAACTTGGGCTTCA
421 TATTTTAGTTCAACTCTCAAAATACATGGTTIGTTAAATCTTATTTTAAATAATAATIGTT
481 ACAAACATAATGTTTCATTITCCAATTTCAATGARATATTTAATAAAATTATTAAATTTIG
541 ATTTTCCATGTTCACCTTATGTAAAGTAGATTTTCTATGAATATATAAAGTTATATTGCA
601 TTCTTTATTTTAATCTAAATTTTACCTATATGATCTTATATATAGCCAAAAACATAGACC
661 ATATTCAAAAGTTAACGGGGTCAAAAAAGGTCCTTCGAGCATGATACTTCTTAGGTTGTG
721 TTTAGTTTGIGAACTATATAACTTTAAATCTTAAAATATTTATACCTTCTTAAATTACAGY

vV R D 8 &4 I Q L R A 8 G E VvV VvV V G D A T
781 GTGCGAGACTCAGCTATTCAACTTCGAGCCTCAGGAGAAGTGGTTGTAGGGGATGCAACA

L ¢ A I B 1 @ K G V VvV b P H F V
841 TTGGGTGCCATTCACATTCAGAAGGGAGTTGTTGATCCTCATTTTGTG/GTACGTAATATA
001 ACAAAAAAGACGCATTICTTAATTTTTITATTGGCTAATGGTCACCTATTGTCAAATTCAAT
961 AATACAACAATATATAATTGAATAAATTTATGTAAAATTAATTITTGAAAAATAAAAATAT
1021 GTCATATATTTAATCATTATTTAGCTCGGGTATATAGTATAAGTTCTTAAAGTGAGAAAA
1081 CAATAGTTGATATGATAATCAACCATGATATACTATGATTGGTCTATATACTACTAATCA
1141 TTGATTTATTAACAAAAATTGATTTCACTTCTTITITTATACTAATGCTATATATCTCTCT
1201 ATTCTCTAAAGTTACTTGTTAATTTTAGAAGAGTCTTTCCAATAAAAAATAAATTTAATSG
1261 GGACGTAACTAACAAGTTTGCAATAAAGTTATGAATTATTGCTATAAAGTTATGTTGTTT
1321 TTACTTCTTATTATGTATTCCATTTAAAAATATTATTGGCTTTAAATTAATTATATATAT
1381 TTTTTAAATTTAATAATTAAAAGTATACATTITTCAAATAAAATGACATATTTAATTTTAT
1441 ACTACTATATTGGGTCTATTAACTAATAAAGAAGCATGCAAAGGAAAATAATATTATAAA
1501 GATATTAATAATTAGATATTTTTTATITTACAAACATACCTATTTTCAAATGTCTAAAAC

v v X E A L L E
1561 TCTAACCTAAATTTAATGCTTTIGGTGCCTTGLAG/GTGGTTAAAGAAGCTTTGCTAGAAA

T I K E A 8 G E K ¥ 8 E E L 8 T & W E V
1621 CCATAAAAGAAGCATCAGGAGAAAAATGGAGUGAAGAATTGAGTACTGCTTGGGAAGTTG

A Y E G L A 8 A I K K A M K x
1681 CCTATGAAGGATTAGCATCCGCAATTAAGAAGGCAATGAATTAAACATGATATGATTTAT
1741 ATTTATAAATALATTTAAGAAATAAGACTTGTATAACTAAATCTTGTTAAACAAGTTTAT
1801 ATAATAAATATTATTGAAAGTATAAGATCCAAATTCTCATATTACATTAGTIGTIGTTAC
1861 TTTICTGTTCCTCTGCTAGTATGATGAGTTAGGGTATATTAGTCTAGATATATATACTAT
1921 TAGGACTTTATGGAG

Figore 3.4 Partial restriction map of lambda Lb1 and of the 3,7 kb Sam HI-Sat fragment containing the Lo gene. The
sequencing strategy for the latler fragment is shown below the restriction map. The arrows depict the direction and the
extent of sequencing. In the DNA sequence of the Za7HI-S44 fragment, the nuclectides are numbeared relative o the
pulative point of transcriptior: initiation, which is indicated with an arrow. The consensus sequences TATAA and CCAAT are
underlined. The sequances AAAGAT and CTCTT from the organ specificity box are overlined. Amino acids are indicated in
single letter code, above the coding sequence. Termination codens (*) and polential poiy(A) addition sites (+++) are also
marked. H, A dlll, B, Fam HI, E, £eoRl
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The 3.7 kb Sarm7HI-S$4/1 fragment subcloned
into pBR322 was designated pPsLb1. Smaller
fragments were subsequently subclioned in
appropriate M13 vectors and sequenced using
the dideoxy method. The fragments Samr Hi-
A diil, 1.5 kb Az dill-Aiz ditt and A7 dii-
Saf | were also subcloned into pUC vectors.
Exonuclease lll-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 — Sa/| 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 pPsiLb103, indicating that the Lb mRNAs
comesponding to these cDNA ciones do not
originate from the gene we have isolated.
Strikingly, the nuclectide sequences of the 3’
non-translated region are identical in the
cDNA clone pPsLb101 and the genomic
clons. The consensus sequences identified in

copies / genome

——
L1 24820

44—

2.3-
2.0-

Aigure 35 Reconstruction analysis to estimate the number
of genes that contain the 1.5 kb A ol fragment.
Autoradiograph of a Southem biot containing A7 dill-
digested genomic pea DNA and different amounts of /7
dill- digested DNA from ¢lone pPsLD1, comesponding 1o
the genome equivalents indicated. The blot was hybridized
with nick-translated pPsLb102 as probe. -.Comparnison of
the intensities ©f hybridization of the 15 kb Az dil
fragment from genomic DNA with the hybridization of the
cloned fragmend, indicates that six to eight genes have
this A% dill fragment in common.
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the 3’ non-translated region of several Lb
mRANAs (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 abey
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, Parasporiiz and 7rema.
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 weil
before the radiation of plants and animals.

When A7 dill digested pea DNA was
hybridized with the 150 bp fragment of
pPsLb102 covering the 5 end of this cDNA
cione, 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. Indged six to
eight genes were astimated to contain this 1.5
kb fragment in a reconstruction experiment in
which a concentration range of Az dill-
digested pPsLbt was used to calibrate the
number of genes (fig. 3.5.). Since the 1.5 kb
Hirz dlll 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 A#7 dil digested
pea DNA was also used to explore the flank—
ing regions of the isolated pea Lb gene. After
hybridization of Southern blots containing A7
dill-digested pea DNA with the 1.0 kb Bam
HI-Aiz dlll fragment, covering the 5’ end of
the gene as probe, a smear was obtained (fig.
3.3C.). Such a hybridization signal may in—
dicate that a highly repetitive sequence is
present 5' upstream of the pea Lb gene.
Hybridization of Southern blots of Hindlll
digested poa DNA with the 1.2 kb A7 dill- Sa/
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 genas have a /%7 dlll site at a
conserved site, approximately 2.5 kb down-
stream from the stop codon, suggesting that
the 3' downstream ragion of these genes is
conserved as well.




P MET
GFTDKQBALYNSSSE-FRQNLOGYAILFYTI ILEKAPAAKGLFSFLXDT
1 Tz X3 *

pea (prot’
pea (gane) GETEKQSALVNESVELFKQNP-3YSVLFYTI ILERAPAAKGHMPSFLEDT
alfalfa GFTDEQEALVASSVESFKQEPGH-SVYLFYTI ILEKAFAAXGMFSFLKDS
broad baan GFTEKQEALVHSSSQLFKQWPSNYEVLEYTI ILQKAPTARANFSFLEKDS
v
Pea tprot} AGVEDEPKLGAHAFQVFGLYROSAAQLETHGEVVL.GHATLGA [HAGHT
+x N p
pea (gene) ABYVDEPKLOAHABKVFGNVRDSA IQLRASGEVVVGDATLGAIHIQKG
altalfa AGYQUSPRIQSHARKVFGNVRDSAAQLRATGGUVLODATLGATHIQKS
broad beap AGVYDEPKLQAHAEKVFGNVRDSAVQLRATGEVYL-DOKDGEIH LQKG
pesa (protl YISPHFYYVKEALLQT IKKASGREVSEELFTAVEVAYDGLATAIKKAKET A
= x x T x x x x
pac {gens’ YYDPHFVYPVKEALLET IKEASGEXVSEELSTAVEVAYEGLASAI KKAKY
aitalfa VYDPHFAYYKEALLKT IKRVSGDAVEEELETAVEVAYDALATAIKKANY
broad bean VLDPHFVYVKEALLKT | KEASGDEVSEELGAAVEVAYDGLATAIKAR
Figure 3.6. Comparison between 1he amino acid

sequences of pea leghemoglobin, as determined by
pretein sequencing (prot), as derived from the nucleotide
sequence of the coding region of the pea Lb gene {gene&),
and the aminc acio sequences of broad bean and alfalfa
leghemoglobin. The aminc acid sequences are shown in
single letter code. The pubished ambiguities in the pea
prolein sequence (201) are incorporated in the kigure. The
differences between the two pea aming acid sequences
are indicated by *.

3.1.3. Amino acid sequence of pea
leghemoglobin

The amino acid sequence for pea Lb derived
from the nucleotide sequence of the gene dif-
fers considerably from the amino acid
sequsence of Lb obtained by direct protein
sequencing (24). The insertion, deletion and-
substitutions of different amino acids are
shown in fig. 3.6. Such differences may be
explained by assuming that the two amino
acid sequences concem different genes from
the pea leghemoglobin gene family, or they
may result from protein sequencing errors.
Based on the protein sequence data, an evo—
lutionary tree has been constructed (222}, in
which the pea leghemoglobin is most closely
reiated to the hroad bean ( Wiwz /208 and the
alfalfa (Medicago satva) leghemoglobins, in
accordance with supposed taxonomical rela-
tionships between these legumes. The cor-
rections on the pea leghemoglobin amino acid
sequence presented here result in an-even
greater homology between the leghemoglobin
protein sequences of these leguminous plants
{fig. 3.6).

3.1.4. Analysis of the promoter region
of the pea leghemoglobin gene

The canonical sequence TATAA is located
80 nucleotides upstream from the ATG initia—
tion codon of the coding sequence {fig. 4}. In
soybean, the cap addition site, as determined
by S1 nuclease mapping (39) or primer exten-
sion {314), occurs 31 or 32 nucieotides down-
stream from the TATAA box. In analogy, we
estimate the starting point of transcription of
this pea gene to be at position -50 relative to
the initiation codon. Following the conventions
in the sequence analysis of genes, this puta—
tive paint of transcription initiation will be in-
dicated as position +1. Upstream from the
TATA box the CCAAT consensus sequence is
found. Thus, the consensus «/s-acting ragula—
tory sequences characterizing a functional
promoter are present in the isolated pea Lb
gsne.

For the soybean Lbcs gene, it has unequi-
vocally been demaonstrated that the 2 kb
region upstream of the start of transcription
carrigs all information for the nodule specific
and developmentally correct expression of the
soybean gene in heteroiogous legume hosts
(314,315). This promoter region has been
characterized in deletion studies in which the
various shartened promoters were cloned
before the CAT coding sequence (316). A
strong enhancer activity was found in the
sequence between the positions —1100 and -~
950. The presence of this region stimulated
the expression of the chimeric gene, mea-
sured as CAT activity, ten fold. The CaMV
enhancer was able to substitute the natural
enhancer {316). The sequence of the enhanc-
ing element has not been published yet, so it
is impossible 10 decide whether a similar
enhancer may be present in the promoter of
the pea Lb gene. A cis-regulatory element in-
volved in organ specificity was shown to be
located within the -139 to -102 region of the
soybean Lbcy promoter {318). In this region,
the sequences 5’AAAGAT and 5'CTCTT are
present. These two sequences occur in the
5'upstream regions of all late nodulin genes,
fe the leghemoglobin genes, the N23 gene
and four genes encoding proteins of the peri—
bacteroid membrane (284). These so-called
late nodulin genes are practically simultane-
ously expressed in the root nodule during
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nodule development. It is assumed that they
share commoen regulatory sequences. The
occurrence of the two sequences from the
‘organ specificity box’ in all late nodulin genes
analyzed strongly indicates their involvement
in the nodule specificity of gene expression.
Both sequences alsc occur in the promoter
region of the pea Lb gene (fig. 3.4). This adds
to the notion that the mechanism of the regu-
lation of nodulin gene expression is conserved
in different leguminous species.

Recently tw0o A-T rich sequences,
5'CTTAAATTATTITATTT and 5'GATATATTAA-
TATTTTATTITATA respectively, have been
identified in front of the “organ specificity
box” of the promoter of the soybean Lbcy
gene. These two A-T rich sequences were
shown to bind a protein by gel retardation
studies. Synthetic oligonucleotides of these
sequences could each compete out the bind-
ing of the transacting factor to either
sequence, indicating that both sequences
bind the same #ans-acting factor (E.&. Jen-
sen and KA. Marcker, pers. com.). The
sequences involved in binding the soybean
#ans-acting factor do not match exactly with
sequences in the promoter of the pea Lb
gene, although also the pea promoter region
is extremely A-T rich. The soybean #zn7s-act-
ing factor is nodule specific and occurs in
refatively high concentrations in the noduie.
Extracts from alfalfa and Sesfamg nuclei also
cause gel retardation of the DNA fragment
containing the soybean Lb promoter, indicat—
ing that these legumes possess a similar
rans—acting factor (F. de Bruijn, pers. com.). It
seems likely, therefore, that also in pea a
similar #ans -acting factor is present. The
sequences in the promoter of the pea Lb gene
that bind this factor are unknown.

The structural comparison of the pea Lb
gene with the soybean Lbcg gene conducted
here has defined several putative regulatory
elements in the pea Lb gene that may be in-
volved in the nodule specific regulation of
transcription. A functional analysis of these
elements will contribute to our understanding
of the mechanism of transcription of leghe-
moglobin. The evidence presented in this
paper favors the view that the leghemoglobin
gene analyzed here is an actively expressed
gene. The final proof can, howsver, anly be
obtained by transfer of the isolated gene into
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a legume plant. The expression of this pea
leghemaoglebin gene in heterologous legumin—
ous species is currently under investigation.

3.2. Material and methods

Plant material. Pea plants /Pisum satvum ov. Rondo,
Cebsco Lelystad, The Nethenands) were cultured and
inoculated with wild-type Aot isguminosaru PRE
as described. Seventeen days after sowing and inocula-
tion, nodules were picked and immediately frozen in liquid
nitrogen and stored at -80°C.

Bacterial strains, plasmids and phages. £ cof
strains JM10% (232) and DHSalpha-F were used for
propagation of recombsnant derivatives of pUC and
Bluescript plasmids and M13 bacteriophages. Growth
conditions, transformation and transfection were essen-
tially as described (232} £ cof RR1 (28) was used for
propagation of cDNA clones and clones containing
pBR322 derivatives. £ cof K803 was Used for injtial piating
ot the library in the iambda replacement vector EMBL3
(144). Plague purifications were parformed with the £ cor
strains K803, Q359 and Q364 (114,218).

DNA technology. Restricion enzymes, T4 ligase,
Exonuclease #l and Klenow polymerase were obtained
from Boehringer, BRL or Promega Biote¢, and were used
according to standard procedures (218). Southem analysis
of DNA was performed by digesting DNA with restriction
endonucleases, separating the DNA fragmernits by agarose
gel electroforgsis and blotting the DNA fragments onto
nitrocellulose using standard techniques. Blots were
hybridized at 65°C with nick-translated DNA probes or
labeled M13 probes as previously described (126). Pea
DNA was isolated according to (374). Plasmid DNA was
isolated by the afialine lysis method (24), and large scale
plasmid preparations were further punfied by CsCl density
gradient centrifugation (218). Standarg techniques were
used for obtaining deletions by exonuciease Ill treatment
(153}, Plague purifications and large scale DNA isolation
from liquid lysates of recombinant phage were performed
according o (218),

cDNA library screening and hybrid-released
translation. Colonies from a nodule cBNA library were
screened with nick transliated insert from the pea Lb cDNA
clone pPsLb101 as described (129). Characterization of the
Lb cDNA clone pPsLb102 by hybrid released transiation
was performed according to Govers ef &/ (129).

Construction and screening of a pea genomic
library. Poa DNA was parlially digested with Sau3a, and
size-fractionated by centrifugation on 10-40% sucrose
gradients. Fractions containing DNA of 15-20 kb were
pooled and the DNA was precipitaied with ethanol. The
lambda wvector EMBL3 was digested with BamH| and
EcoRl, phenoi extracted and precipitated with isopropanol.
After ligation, and packaging according fo standard
procedures (218), the packaging mix was plated onto
square petri dishes using £ co# K803 as a host The
resuiting phage lawn was replicated onte nitrocellulose and
screened with nick transiated leghemogiobin cONA clones,
Pure plagues were obtained after 3 rounds of purification.

DNA sequencing. Standard technigues were used for
clening into M13 and plasmid vectors and for dideoxy
sequencing (232, 285). Analysis of the DNA sequence was
performed on a microvax/VMS computer using the Staden
DNA sequence analysis programs (313).



RHIZOBIUM NOD GENES ARE
INVOLVED IN THE INDUCTION
OF TWO EARLY NODULIN GENES
IN V/C/A SA7/VA ROOT NODULES
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Chapter 4

Ahizobium nod genes are involved in the

induction of two early nodulin genes in

Vicia sativa root nodules

By using Anizobivrn mutants (for review, see
357) and Agrobacterum strains that contain
pats of the Rhizobinn  genome
(152,163,330,368)  different groups have
demonstrated that it is possible to arrest root
nodule formation at different stages of deve—
lopment. Most of these studies were aimed at
understanding the Afzobyiwm part of symbiotic
nitrogen fixation. But on the premise of a cor-
relation between a blockade in deveiopment
and nodulin gene exprassion, the same A4/
zebiwm and Agrobactorium strains can provide
insight into the bacterium-legume interaction
from the plant's point of view.

Studies on nodulin gene expression in non-
effective nodules induced by differant types of
ARhzobivm symbiotic mutants have shown the
expression of all nodulin genes known so far
{116,126,190,296). However, in the case of
non-effective nodules induced in pea by A
lume/aciens canying a & /eguirniiosaniyT sym
plasmid, we have found the exclusive expres—
sion of the early noduiin gene PSENQD2, a
nodulin gene that is expressed well before the
leghemoglobin genes (128). The nodules for-
med by this dgrodactersum transconjugant are
devoid of intracellular bacteria and are there—
fore called "empty”. On common vetch Vicia
saiva, subsp. nigrg/ the same Agrobacteriinm
wransconjugant is able to form nodules in
which, in contrast, a number of plant cells is
filled with bacteria {163}. Thus the develop-
mental program of the vetch nodules is arres—
ted at a later stage than that of the pea
nodules. This difference could provide a clue
for the requirement ot an intracellular location
of bacteria in the induction of expression of
nodulin genes. We, therafore, studied vetch
root nodule formation in more detail.

We report the identitication and time-course
of expression of nodulin genes during deve-—
lopment of vetch wild—type nodules. Also the
expression of nodulin genes both in nodules
induced by Ahizobium straing canying essen-
tially the nodulation region of & sym plasmid
and in nodules formed by an Agrobacieriim
transconjugant with a complete sym plasmid
was studied. The use of such an engineered
Agrobacteriim strain to study nodulin gene
expression requires knowledge on the induc—~
tive capacitios of the Agrobacteriinn genome
itself. Therefore, nodulin gene expression in
tumors formed on vetch was surveyed.

4.1, RESULTS
4.1.1. Nodulin mRNASs in vetch nodules.

Nodulin mRNAs in vetch root nodules in—
duced by A fegurminosarun PRE were identi—
fied by comparison of the 2-D gel electro-
phoresis pattern of the 47 wiro translation pro-
ducts of root (not shown) and nodule RNA
{fig. 4.1) respectively. This comparison
showed that 15 polypeptides were exclusively
detected in the transtation products profile of
nodule RNA, whereas all other polypeptides
that can be identified are present in both roots
and nodules. Hence these 15 polypeptides
represent nodulin mRANAs.

The major nodulins that we will focus our
analyses on, are indicated by arrowheads in
fig. 4.1. They have apparent molecular weights
of 14.000, 40.000, and 65.000 respectively.
Also a nodule-reduced polypeptide with a
molecular weight of 15.000 is indicated by an
arrow, that is present in root and diminishes
during nodule development. Adding the plant
species initials in lower case to the nodulin
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nomenclature established earlier (345, see
chapter 6.), we indicate these nodulins by
Nvs—14, Nvs—40 and Nvs-65 and the nodule-
reduced polypeptide by Rvs—15. The Nvs-14
nodulin was selected out of a group of four
prominent nodulin spots, that most probably
are the vetch leghemoglobins because of their
relative abundance and malecular weight.

About 10 to 11 days after sowing and in-
oculation wild-type A%zobiwm nodules on
vetch start to fix nitrogen under our growth
conditions. This coincides with the time at
which Nvs—14 (vetch Lb) can be first detected
(fig. 4.1C.). Already B days after sowing and
inoculation both Nvs40 and Nvs-65 (figs. 4.1A.
and 4.1B.) are detectable. But Nvs-65 is only
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a minor spot, while Nvs—-40 is already present
at its maximal intensity. It follows from these
observations that the Nvs-40 gene is
expressed well before the Nvs—65 and Nvs—-14
genes. According to previously published
classifications (125), Nvs—40 can therefore be
regarded as an early nodulin.

The cDNA clones pGmENOD?2 (112, chapter
2.} and pPsLb10t (28, chapter 3.} represent
noduiin genes expressed at different stages of
nodule development. Clone pGmENOD2 was
isolated from a soybean (Ghoire max )
nodule cDNA library and it was shown that in
both pea (128) and soybean (112) the corres—
ponding gene is expressed one week before
the Lb genes. Hence ENQD2 can he regarded
as a marker for early processes in root nodule
development. Clone pPslb101 is a pea
(Pisun sativum ) leghemoglobin ¢cDNA clone
(28), representing the class of nodulin genes
expressed at later stages of development.
Both cDNA clones strongly cross—hybridize
with vetch nodulin mRNAs with a length of
1500 and 700 nuclectides respectively {fig.
4.4.). The vetch ENOD2-homologous gene is
expressed well before the vetch Lb-genes,
indicating that in vetch nodule development
also an ENOD2-like early nodulin gene

7] Bhiz /Dl 1089 A tum [+ pSym}

R.leg {+ pSym)

Figure 4. 1. |dentification of velch nodulin MRNAS and the expression of three major nodulin genes and a nodule-reguced
gene in nodules induced by & pAaseck plU1088 and 4. lumefaciens LBA2712 and in the develgpment of nitrogen fixing

vetch root nodules as a function of time.

In the upper part of the figure a fluorograph is shown of a 2-D gel of # wiro fransiation products from total RNA isolated
from effective vetch root ncdules 15 days after sowing and inoculation with &, /sgumirosaswn PRE. The major nodulin
spots Nvs—85, Nvs—40 and Nvs-14 are indicated by arrowheads and the nodule-reduced polypeptide Rvs-15 is indicated

with an arrow.

C-methylaled molecular weight markers included phosphorylase b, bovine serumn albumine, ovalbumin,

carbonic anhydrase and iysozyme, and are indicated in kilodalton.

In the lower part of the figure fluorographs are shown of # wiro translation products of total RNA isclated from 8-day-old,
uninfected vetch roots, from vetch root nodules 8, 11 ano 15 gays after sowing and inoculation with & /aguminosanim
PRE, and from nodules induced on velch roots by A ohaseor ply1088 and 4. lumefaciens LBAZ712Z as indicated. Only the
parts of the gels within the squares indicated in the upper part are shown, -as these contain the major nodulin spots. The
comparison is shown for Nvs-65 in {A), Nvs-40 in (B) and Nvs-14 (veich Lb) and Rvs-15 in (C).
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Figure 42 Cytology of nedules on vetch r0ols induced by £ prassod plu1089 and the Agrobaciesum wansconjugant
2

LBA2712.

Light micrograph of a longitudinal section through (A) a nodule isolated 16 days after sowing and inoculation with A2
ohaseor ph1089 and (B) nodule isclated 14 days after sowing and inoculation with LBA2712. The vascular bundie (VB),
rect (R) and cortex (C) are indicated. In (C} and (D) a magnification of the infecled area is shown. Infected cells (ICY and

infaction threads (IT) are indicated.

operates.

4.1.2. lnvolvement of the sym plasmid
in inducing nodulin gene

expression

To assess the potentials of the sym plasmid
in the induction of vetch nodulin gene expres—
sion, we studied nodules formed by a 7 o/a-
seod strain cured of its sym plasmid, but con-
taining a cosmid derived from a 2 Jfogu—
minosarum sym plasmid gene library {(table
4.1). Two cosmids, plj1085 and plJ1089,
contain a 10 kb overlapping part of the A
legummosarum sym  plasmid  pRL1JI (91).
Upon transfer of either cosmid to a cured A
phaseok strain, thae recipient strain regains the
ability to form nodules on pea {91.128) as well
as on vetch. These nodules are non-sffective
due to the absence of £ genes, but their
morphology and development appear to be
normal (fig.4.2.}. The 2-D pattern of the major
(fig. 4.1.) and minor nodulin spots obtained
after the #7 wiro ranslation of RNA from 15—

day-old nodules induced by these cosmid
containing rhizobia was found identical to the
paitern obtained from vetch wild-type nodule
ANA. Northern blot analysis of the RNAs also
showed the presence of both early nodulin
{vetch ENOD2) and Lb transctipts {not
shown).

4.1.3. Role of the A#izobium chromo—
some in inducing nodulin gene
expression

The contribution of genes on the Ahzobinn
chromosome to the induction of nodulin
genes was studied by analyzing nodules for-
med by an A4 &uwmefaciens cured of its Ti-
plasmid but bearing a A /egurnosansim sym
plasmid, pSym1, instead (table 4.1.) (161).
This Agrodacterisn transconjugant, designa—
ted LBA2712, has been shown to form
“empty” nodules on pea roots (128), /&
nodules without cells infected with rhizobia.
The nodules on the roots of vetch, however,
do contain infected cells (fig. 4.2.) in which the
intracellular bacteria are surrounded by a peri—
bactercid membrane (163). Infection threads
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Figure 43 Expression of nodulin genes in vetch root
nodules and tumors induced by different AAzolvirn and
Agrotdc o 5trains. Fluorographs of the &7 wdo franslia-
tion products of total RNA isolated from nodules and
tumors induced by the strains indicated. Onty the parts of
the 2-D gels within the squares indicated in the upper part
of Fig. 1. are shown as these confain the nodulins of
interest. The comparison is shown for Nvs-85 in (A),
Nvs-40 in (B) and Nvs-14 and Rvs-15 in (C).

are present and vascular bundles are found at
the periphery of the nodule, which is charac—
teristic for normal nodutes. The size of the in-
fected celis is comparable to that of infected
cells in normal nodules, but they are fewer in
number relative to the noduie area.

We examined nodulin gene expression in
nodules induced by LBA2712 on vetch plants
isolated 14 (fig. 4.1.) and 20 {not shown) days
after inoculation. The 2-D gel pattern shows
the exclusive expression of tha early nodulin
gene Nvs-40, that is expressed at wild-type
levels. None of the other noduling can be
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detected (fig. 4.1.), whereas the nodule-redu-
ced polypeptide Rvs-15 is present in amounts
comparable to uninoculated roots. Northern
blot analyses also showed (fig. 4.4.) the pre-
sence of the early (vetch ENQD2)} nodulin
transcript, whereas Lb transcripts could not be
detected in the RNA from nodules induced by
the Agrobacterium transconjugant, even after
prolonged exposure (fig. 4.4.).

4.1.4. Role of the Agrobacterivurr
chromosome in inducing nodulin
gene expression in tumors

Because early nodulin genes are expressed
in nodules formed by the Agrobacterinm
transconjugant, we examined the ability of the
Agrobacteriym chromosome to induce the
genes in tumors that have been identified as
early nodulin genes in nodules. Neither the
analysis of the # wio translation products
from tumor RNA (fig. 4.3.) nor Northem blot
analysis with pENODZ2 as probe (fig. 4.4.)
revealed the presence of any early nodulin
transcripts. Also in tumors formed by A &0
LPR5076, a strain containing both a sym- and
a Ti-plasmid (this strain is LPR5055 (163) with
an additional 7. feguminosansn sym plasmid)
no expression of the early nodulin genes Nvs—
40 (fig. 4.3.) and VsENOD2 (fig. 44.) was
found, although the same Afzobinnr strain is
able to induce the formation of nitrogan fixing
nodules on roots of veich (not shown).

4.2. DISCUSSION

On vetch roots an Agrobaclerurn transcon—
jugant harbouwring a A /Bguminosarum sym
plasmid forms nodules in which cells are filled
with bacteria, whereas the same transconju-
gant forms “empty” nodules on pea roots.
Both seardy nodulin genes Nvs-40 and
VSENQD2 are expressed in the nodules with
infectad cells formed on vetch (¥ safa),
while in the "“empty” pea (£~ satiury nodules
the early nodulin Nps—-40’ cannot be detected.

Figure 4.4 Expression of ENODZ and Lb genes in veich
roots, root nodules and tumors. Autoradiograpns of
Northern Diots containing RNA from roots, nodules and
tumors induced by the strains indicated, hybridized with
PGMENCD2 and pPsLb101 as indicated.



The vetch nodulin Nvs—40 can be immuno-
precipitated with an antiserum directed against
pea Nps-40' (25) so Nvs-40 and Nps-40' are
structurally and functionally identical nodulins.
The difference in occurrence of these Nvs-40/
Nps—40' nodulins correlates with the dif-
ference between both types of nodules
regarding the presence of cells infected with
bacteria. The expression of the vatch Nvs-40
gene may therefare be linked to the release of
the bacteria into the plant cells.

No expression of the Lb genes, or of all
other nodulin genes normally expressed con-—
camitantly with the Lb genas, was observed in
the vetch nodules formed by the Agrobac-
torum transconjugant. Since the number of
cells infected with bacteria in these nodules is
about 30% of the number that occurs in wild-
type nodules (fig. 4.2.), Lb—-mRNA would have
been detected by our methods of analysis,
provided there was wild—type level of Lb gene
expression in the infected celis. Therefore, it
can be concluded that despite the intraceliuiar
location of the bacteria, the genetic informa-—
tion of the total sym plasmid in an Agrobac-
teriim chromosomal background is not suffi—
cient to induce Lb genes. Apparently the sig-
nal that is responsible for the induction of
these genes is not related to an intraceilular
location of the bacteria, and differs from the
signal that triggers sarly nodulin gene expres--
sion. Interestingly, a root polypeptide that
diminishes during normal nodule develop-
ment, did not diminished in the nodules for—
med by the Agrobacterisn transconjugant.

In vetch nodules formed by two cured A
phasecy straing containing respectively the
cosmids plJ1085 and plJ1089 - which have a
10 kb n7od region of a A faguminosarm sym
plasmid in cammon (91) - alt known nodulin
genes are normally expressed. It follows that
the 10 kb 04 region of the sym plasmid in a
A. phaseol chromosomal background carries
all information required for the induction of the
expression of nodulin genes. In combination
with the analyses of the vetch nodules formed
by the Agrobacterim transconjugant it can be
concluded that the oo genss encode the
signal for the induction of the expression of
the two early nodulin genes, Nvs—-40 and
VSENODZ2. It appears that the 707 genes are
not involved in the induction of the Lb genes.
Since an Agrobacierm equipped with a sym
plasmid does not give rise to normal nodules

and 4. fwmefaciens itself does not elicit nodu~-
lin gene expression in tumors, it is unlikely that
the Agrobacterum chromasome makes any
contributions to the induction of the expres-
sion of nodutin ganes. Consequently, the sig-
nal involved in the induction of the Lb genes
has to be encoded by A%zobicer genes loca—
ted outside the sym plasmid.

Although these conclusions seem justified
by the results presented, two points may be
raised. First, analyses of RNA from tumors in—
duced by a Ahizobiwn canying both a sym
and a Ti plasmid showed no nodulin gene
expression while the same A&zoliwr induces
effective nodules on vetch roots. Apparently a
bacterium harboring a complete and func-
tional set of genetic information for nodule
formation is not able to induce the expression
of any nodulin gene in a tumor. This result
might weaken the conclusion that the Ago-
bacierum chromosome does not contribute to
the expression of early nodulin genes. It is
known, however, that the expression of both
the wir genes of Agrobacterivm (312) and the
nod genes of Afizobinr (236,281} are in-
duced by compounds excreted by the host
plant. Acetosyringone, which induces the
genes, has been shown to be preferentially
synthesized in wounded plant tissue (311).
The nog genes are not induced by aceto-
syringone, but by flavones (106,371). In fact,
the expression of the 7o genes appears to
be repressed by acetosyringone (106), so it is
unlikely that upon formation of a tumor the
100 genes ara exprassed in Azobium cany—
ing both a sym and a Ti plasmid. The lack of
7nod gene products could explain the absence
of early noduiin gene expression in tumors.

Sacond, in the “empty” pea nodules in-
duced by the Agrobacierrn transconjugant
only the PSENOD2 gene was found t0 be
expressed, while Nps—40' was not detectable.
Using the same rationale as above, we have
concluded that in pea the 7od genes are only
responsible for the induction of the expression
of the early noduiin gene PSENOD2. We now
conciude that in vetch the noo/ genes are in-
volved in the induction of the expression of
both Nvs-40 and VSENOD2. The reason for
this difference between pea and vetch is not
clear. Since Nps—40' is similar to Nvs-40, it
seems likely that both early nodulin genes will
be subject to the same regulation
mechanism(s). Consequently, the Agrobac-
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Tatre 4 1. Rrzotiver and Agrobacianiyn strains used in this siudy,

Chromosomal Strain Relevant characteristics Reference
background or source
Khizobium leguminosarum PRE pSym nodififvir’ (210)
Rhizobium phasecii pIJ1085 oeR1 nod_fix_vir_ {91}
p1I108% DeR1 ned, fix vir_ {21}
Rhtzobium trifolid LPR50T6 pSym pTi nod rixtvir’ Hooykaas
Agrobacterium tumefaciens LBAZT12 pSym nod fix vir.  {161)
T37 pTL nod fix vir' Hooykaas

pPSym, sym plasmid trom . /aguminosarum, nad, abiity to
R. megunrnossdm sym plasmid gene library; vir, virulent.

ferigrn transconjugant will, in principle, be able
to induce the expression of the Nps-40' gene
in pea, an induction for which the sod genes
are responsibla. Extrapolating, this rmight im—
plicate that the 704/ genes may he involved in
the induction of the expression of ail nodulin
genes. The absence of the expression of the
Nps-—-40° gene in pea suggests that there may
be a difference in necessity of the presence of
Ahizobim chromosomal genes. These ¢hro-
mosomal genas need not be essential in all
host plants, analogous with what has been
shown for some sod genes of Azobim
(87.164) and i genes of Agrobactenum
{160,369).

Alternatively, the Agrobacterism transconju—
gant may be recognized by the plant in a dif-
ferent way than Aazobiym and may be sub-
ject to plant defense mechanisms. If this is the
case, the importance of such transconjugants
in the study of the Ahzobirm-legume inter-
action becormes limited. If the presence of
genetic information for the induction of a {part
of the) developmental program is no guaran—
tee for the actual realization of that induction -
because it can be counteracted by the
defense response of the host plant - then
such a systermn does not allow conclusions
with respect to the Afszobismr genes that
encode the signals responsible for the induc-
tion of the plant genes that are found to be
notexpressed.
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nodulate; fix, & pana nitrogen fixation; pcR1, cosmid from a

4.3. MATERIALS AND METHODS

Cultivation of plants and bacteria. oz saiva L.
subsp. g (L) seeds were steslized and germinated as
described (341). Germinated seeds with rcots approxi-
mately 1 cm in itength were placed in gravel {rays,
inoculated and cuitured as described for pea plants {29). in
table 4.1. the relevant characteristics of the FaZobium and
Agrosacienurr strains used in this study are listed. Strains
were maintained as -800C siocks frozen in 10% glycerc!
and were grown as described (22). Nodules were excised
with a scalpel, together with small pieces of root, or,
depending on their size, were picked from the root with
tweezers. Root tips from uninfected plants were isolated 8
days afler sowing. Tumors were induced by wounding the
stem of 8-day-old vetch plants with the appropriate strain.
Tumor tissue was harvesied 14 days afler wounding. All
tissugs were immediately frozen in liguid nitrogen and
stored at -80°C until use.

RNA isolation, #7 wiro translation and 2-D gel
electrophoresis. Total RNA from plant tissue, isolated
as described (126) was translated 4 wio in a rabbit
reliculocyte lysate. Typically 2 microgram otal RNA was
translated in a 6 microliter reaction mixture according to
standard procedures (256). The 47 wiro transiation pro-
ducts were separated by 2-D gel elecirophoresis essen-
tially according 10 O'Farrell {21} as described proviously
(126).

Northern blotting and hybridization. Total vetch RNA
was denatured in DMS3O/glyoxal (218), separated on
agarose gels and subsequently transferred to GeneScreen
membranes {New England Nuclear). The membranes were
nytridized with 32P-labeles probes (218) under the
conditions previously described (128).

Cytology. Nodules were picked and fixed for 16 hr in 3%
glutaraldehyde buffered wilts sodium phosphate at pH -
7.5. After washing and gehydration in an ethanal series,
the nodules were embedded in Technovit 7100 (Kulzer),
cut into § micromeier sections, staned with 1oluidine blue
and examined under a light microscope.
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Chapter 5

The relationship between nodulin gene expression

and the Ahizobrum nod genes

in Vic/a safiva root nodules

Leguminous plants are distinguished from
other plant families by their ability to form
nitrogen fixing root nodules in close coop-
eration with bacteria from the genera A/izo-
bim or Braayrfuzobism In several legumin-—-
ous species, approximately thirty plant genes,
so—called nodulin genes (345), have been
identified that are exclusively expressed in the
root nodule {126,200,349). In recent years, it
has been found that root nodule formation is
attended by a differential expression of nodu-
lin genes. This has resulted in a division of
nodulin genes into two distinct classes, early
and late nodulin genes.

Early nodulin genes are expressed well
before the onset of nitrogen fixation, and early
noduiins are most likely involved in the forma-
tion of the nodule structure andjor the infec-
tion process (122,128). The best studied
example, so far, is the soybean early nodulin
Ngm-75. Ngm-75 has a protein sequence
containing about 45 % (hydroxy)proline and it
probably is a cell wall constituent {112, chap-
ter 2). Late nodulin gene expression starts
around the onset of nitrogen fixation, and late
nadulins probably function in establishing and
maintaining the proper conditions within the
nodule that allow nitrogen fixation and
ammonia assimilation to occur. Type members
of the class of late nodulin genes are the leg-
hemoglobin genes.

Insight in the mechanisms of nodulin gene
regulation may be gained by studying the in-
volvement of A#zobiwn in the induction of
nodulin gene expression. The Ahzobium
genes required for nodulation (7207 genes) are
located on a large plasmid, the so-called sym
plasmid. Based on analyses of the pheno-
types of Tns mutants, four genes, noal, A4 5,

and ¢ have been found to be absoiutely
essential for nodulation. Mutations in the
oG, A, £ or Jgenes do not cause an inability
to induce a nitrogen fixing root nodule, but
rasult in a delayed nodulation and a smalter
number of nodules (90). it thus appears that
Rhizobivm gene-derived signals ars important
in the regutation of nodulin gene expression.

In the present study, we aim at proving that
the Ahzobim nod ganes are involved in the
induction of nodulin gene expression. For that
purpose, we have analyzed nodulin gene
expression in nodules induced by engineered
Rhizobium and Agrobactersum strains carrying
the #od region. As a test plant, we have used
vetch (Vicig sativa subsp. sigrs), because this
small leguminous plant responds rapidly to in-
oculation with such engineered bacteria (340).

By analyzing the /7 wiro translation products
of vetch nodule and root RNA respectively, on
two-dimensional (2-D) gels, we have pre-
viously identified one early, Nvs-40, and 15
late nodulin genes (234, chapter 4.). Late
nodulin genes included the genes for the leg—
hemoglobins, and Nvs-65. A second early
nodulin, VSENOD2, was identified by Northern
blot analysis using the soybean early nodulin
cDNA clone pGmENOD2 {chapter 2.), which
encodes Ngm-75, as a probe. investigations
using averlapping cosmid clones allowed to
draw the conclusion that 10 kb 720 region of
the sym plasmid is sufficient for the induction
of early and late nodulin gene expression, if
present in a rhizobial chromosomal back-
ground. Because in nodules induced by an
Agrotacternyn strain camying the complete
sym plasmid, early but no late nedulin genes
were expressed (chapter 4.) we tentatively
concluded that the 10 kb /04 region on the

39



sym plasmid carries at least the information for
the induction of early nodulin gene expres—
sion.

Here we present definitive evidence that the
Rhizobrum rnog genes are involved in the in—
duction of the expression of early modulin
genes. Our results further indicate that the o/
genes are in some way involved in the induc-
tion of the expression of late nodulin genes.
Analysis of nodulin gene expression in
nedules increasingly disturbed in develop-
ment, shows that the process of root nodule
development can be divided in successive
steps each characterized by the stat of
expression of defined nodulin genes.

5.1. RESULTS

5.1.1. Mod'genes are the only sym
plasmid DNA required for nodulin
gene induction

We have used strain A /egumunosaum
248¢(pMP104) which contains the cloned 12
kb rod region of the sym plasmid of 2 Jagu—
rmnosarun . A physical and genetic map of
the 12 kb oo region carrying the 7oof, F, D,
A 8 ¢ / and J/genes, inseited into a low—
copy-number #¢ P vector to yield plasmid
pMP104 (308), is given in fig. 5.1. Strain
248¢(pMP104) has the ability to induce nodule
structures on both vetch and pea. After intro-
duction of pMP104 in the sym plasmid—cured
A Infoli strain ANUB45, the resulting strain
ANUBA5(pMP104) also obtained the ability to
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Frgure & 7. Simplitied physical ang genetic maps of the
nod region derived from the sym plasmid pRL1JI of &
faguminosanua, as preésent in PMPIG4, and the roeregion
derived from the sym plasmid pANUB43 of & /ol as
present in pRI032. With the Tnb in 200 at position K11,
the latter plasmid becomes pRI032(700E K11::TnE). The
maps are aligned 1o stress their similarites. The nomencla-
ture of nQd genes is according 1o (308). H, Awxlill; E,
£CcR1, B, Sarmit.
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induce nodules on vetch and pea. The histo-
logy of the ncdules induced on vetch by
ANUB45(pMP104}  (fig. 5.4A) and by
248<(pMP104) is simitar to that of the nodules .
induced by wild-type A /eguminosarim (243).
These nodules have an apical meristem, peri-
pherally located vascular bundles and a cen—
tral tissue containing uninfected cells and in-
fected celis fully packed with bacteroids. The
bactercids develop intc Y-shaped forms (fig.
54D), but fail to fix nitrogen due to the
absence of /#/and /x genes.

Irrespective of the Azobir chromosomal
background, both early and late nodulin genes
are expressed in the nodules induced on
vetch by each of the strains containing
pMP104. In fig. 5.2. the expression of three
major nodulin genes, Nvs—40, Nvs-65 and
vetch Lb, is shown for the ANUSB45(pMP104)-
induced nodules. All other identified late
nodulin mRNAs are also present {data not
shown). The presence of the early nodulin
VSENCD?2 is demonstrated by Northern blot
analysis using pGmENQOD2 as probe (fig.
5.3). These resulis prove conclusively that
the 7o region is the only part of the sym
plasmid that is essential for the induction of
early and late nodulin gene expression.

5.1.2. The role of the Rhizobium
chromosome in nodulin gene
induction

To examine any role of the Ahizebium chro—
mosome in the induction of nodulin gene
expression, we used the Agrobacterivm trans—
conjugant LBA4301(pMP104}. This Ti plasmid-
cured  Agrobsciesum  contains  plasmid
pMP104 with the 12 kb 7oc region and effi-
ciently induced nodules on vetch. These
nodutes have an apical meristem, and vascu-
lar bundles at the periphery (fig. 5.5A.). Thus,
such nodules are anatomically organized like
wild-type nodules, but remain smaller. In the
early symbictic zone, bacteria are released
from the infection threads into the cytoplasm
of the host cells, and become surrounded by
a peribacteroid membrane (fig. 5.50.). Howe-
ver, after release from the infection threads
further development of the infected cells is
severely disturbed. Unlike wild-type nodule
development, some bacteria are observed
within the central vacuole (fig. 5.5D.). Bacteria
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never develop into Y-shaped structures and
their cytoplasm becomes aggregated (fig.
6.5E.), which suggests that the bacteria are
subject to degradation. In addition, the
nucleus and cytoplasm of the infected plant
cells have become electron dense and cell
organelles have completely disappeared
(compare figs. 5.5B., 5.5E., and 5.4F ). These
phenomena suggest a general deeneration of
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Figewe 8.2 Exprassion of three major nedulin genes induced in vetch by A s/l ANUB4S(PMP104), &, iefoiy ANUBY3(rooE

K11:TnG), & mvos ANUB45(pRIDIZ)(IGIE K11:TnB), A, fumssaciens LBA4301(pMP104), and

respeoctively.

R legummosarum PRE,

The upper part of the figure shows the flucrograph of a 2-0 gel of # wiro translation products obtained with total RNA
that was isolated from nitrogen fixing veich root nodules, 15 days after sowing and inoculation with 2. MROSILYTT
PRE. The major nodulin spots Nvs-65, Nvs-40 and velch leghemoglobin (Vsbb} are indicated by arrowhoads. in the lower
part of the figure, fiucrographs are shown of 7 wiro translation products oblained from tctal RNA isolated from vetch root
tips {1}, and from nodules induced on veich by (2) & fmfodi ANUBAS{DMP104). (3) A Invodi ANUB43{nodE K11::Tn8), (4)
A frfod ANUBAS(PRIDAZ ) Aot Ki1::TNS), (B) A fumeldciens |LBA4301(pMP104) and (8) A /egurnrosarysr PRE. Only the
parts of the 2-D gels within the squares in the upper part are shown, as these contain the major nodulin # w¥o translation
products. The compaison is made in (A) for Nys-85, in (B) for Nvs—40, and in {C) tor VsLb.

‘}\Q\Q" "g'&h

it ‘ -—ENQOD2

Figure 53, Exprassion of the VSENOD?2 gene in velch root
nodules. Autoradiograph of a Northern biot containing RNA
isclated from four-week-old nodules induced on vetch by
A lwnesfaciens  LBA43DYPMP104),  indicatsd  as
AQr+pMP 104, and in three-week—oid nodules induced by
A Infog ANUB4S [pMP104), indicated as Rhiz+pMP 104,
The blot was hybridized with nick translated pGmMENGD2.

the piant celis. in conirast, the umnfected cells
appear to be undegraded. They have a pro-—
minent central vacuole and they contain cell
organelies, like plastids with starch granules
{fig. 5.5D), just as uninfected cells in nodules
induced by wild-type Ahizobinn.

Analysis of the BNA isolated from these
LBA4301(pMP104)-induced noduies shows
that the two early nodulin mRNAs, VSENOD2
{fig. 5.3.) and Nvs—40 {fig. 6.2.) respectively,
are present, but late nodulin mMRNAs are not
detectable (fig. 5.2.). This result proves that
the nod'region is the only Afcobriy DNA that
in combination with the Agropacternisn chro—
mosome is necessary for the induction of
early nodulin gene expression. Although this
result might imply that the Azobiwn chro-
mosome has to be involved in the induction of
late nodulin geng expression, such a conclu-
sion is not warranted, because the degrada—

41




Figure 5.4 Light micrograph montages (A - C) of nodules induced on vetch by {A) /7. 7o ANUB4S(pMP 104). (B} 4. Mroli
ANUB43{noat K11::TnS), and {T) A rmfodi ANLIB4S(PRI03Z) (200 K11 TnG) respectively, and electron micrographs (D - F)
of bacteroids of these strains.

A) Three-week-ol¢ nodule induced Oy A ok ANUBAR(pMP104). D) Bacleroid of & #&vos ANUB4S{pMP104).B)
Four-waek-old nodule induced by 7. /ol ANUB43/modEs K11.:TnS). E) Bacteroid of 7. Mok ANU843(nodE K11::Tng). C)
Four-week-old nodule induced by Aol ANUBAS(pRIOSZ)(7o0f K11:Tns).  F)  Bacteroid of A iwfor
ANUB43(PR1032){ 7oaif K11::TnE). All three nodules (A - C) exhibit the characteristics of an indeterminate nodule: an apical
maristern (M), poripharal vascular bundles (VB), an endodemis (E), an early symbiotic zone (ES) and a late symbiotic
2one ({LS). In addition, the ANU845(pR1032)(204£ K11::TnS)-induced nodule (C) shows an large senescent zone (SE). Bar -
100 micrometer. The glectron micrographs (D — F) show that in all cases the bacteroids have differentiated into the
Characteristic Y-shaped form. Mi, mitochondrion. Bar - 0,3 micrometer.
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Figwre 5.5 Light microgiaph montage (A) and elgctron micrographs (B - E) of a four-week-old nodule induced on veich
by the Agrobactevs ransconjugani LBA4301 (pMP 104},

A) Section showing the apical meristem (M) vascular bundles {VB) , endodermis (E), early symbiotic 2one (ES) and late
symbiotic zong {LS). Bar « 100 micrometer. B) Detail of the late symbiotic zone. The contents of the infected cell (IC) have
deteriorated. No organeiles can be discerned, except for a very dark staining nucleus (N). The uninfected cell (UC)
appears normal. 8ar = 5 micrometer. C) Detail of an uninfected cell in the late symbiotc zone. The contents of the
uninfecied cell (UC) appear unaffected, in contrast to the contents of the infected cells (IC). The uninfected cell shows a
prominent central vacuole (v), a nucleus (N), and plastids withr starch granules (P). Bar = 3 micrometer. D} Detail of an
infected <ol in the early symbiotic 2one. In addition 1o baciesia in the cyloplasm surrounded by a peribactercid membrane
(arrowhead), several bacteria (amows) are found within the c¢entral vacuole {V). Bar - 0.4 micrometer. E) Detal of an
infected cell showing bacteroids in the late symbiotic zone. The bacteroids exhibit a condensed cytoptasm, , and the plant
cyloplasm is staining dark, which is a sign of severe degradation. Bar = 0.4 micromster.

tion of the infected cells shortly after release  tion of a nodule on clover (7#odirr) roots
indicate the elicitation of a defense response  (292). A physical and genetic map of the 14 kb
in the LBA4301{pMP104)-induced nodules. ragion, in plasmid pRi032, is shown in fig. 5.1.
It has been found that a Tn5 insertion in 7odE
of A. ol extends the host range of the reci-
pient mutant strain to the peafvetch cross-in-

5.1.3. NMod genes relate 1o the oculation group (85). After introduction of
induction of late nodulin gene plasmid pRt032(s7o05 K11::Tn5), containing a
expression Tnb insertion in the ~o00F gene at position

K11, in the sym plasmid—cured strain ANUS45,

the resulting strain ANUS45(pRt032) (nodE

K11::Tn5) differs only from ANUB45(pMP104)

Analogous to the 12 kb sac region of £  in the A tifari origin of its nod region. Thus,
laguminosarum, a 14 kb nod'region of A, Laoli the capacities of two qlﬁerent nod regions in
contains all essential functions for the induc—  the induction of nodulin gene expression can
be analyzed in nodules induced by each of
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the strains on the same host plant species.
Strain ANU845(pRt032) (700& Ki1:Tns) in-
duces nodules on vetch with a frequency of
only about one nodule per five plants. The few
nodules formed develop without delay like
wild-type nodules {fig. 5.4C.} up to the stage
in which infected celis become fully packed
with rhizobia. Bacteria develop into Y-shaped
forms (fig. 5.4F.), but, in contrast with wild-
type nodule development, senescence oCccurs
soon afterwards. In a four-week-old nodule,
only a few layers of fully packed cells and a
large zone of senescence are observed (fig.
5.4C.).

Analyses of HRANA isolated from these
nodules show that both the Nvs—40 (fig. 5.2.)

These observations do not exclude that late
nodulin genes are still expressed in the few
fully infected cells observed in the
ANUB45(pRt032){n0dEK11::Tnb)~induced
nodules {fig. 5.4C.), because their expression
might not be detectable in a total RNA pre~
paration. Therefore we examined the presence
of leghemoglobin by means of immunocyto—
chemistry. Immunogold silver stained sections
showed only a low background staining in the
infected cells of the
ANU8B45(pR1032){n0dfK11::Tns)-induced
nodules (figs. 5.6A. and 5.68.} after incubating
with an antiserum directed against pea leghe—
moglobin followed by silver staining. In con-
trast, high levels of silver staining are found in
the plant cytoplasm surrounding wild-type 4

Fioure 5.6, Localization of leghemoglobin by immunogold silver staining in a four-week-old nodule induced on vetch by
R owfoldr ANUB4S(PRI0AZK 7006 KH1::Tnd) (A, B) and in a three-week-old nodule induced on velch by wild-type A

Jogunninosarur PRE (C, D).

A and C are the toluidine blue-stained, bright field micrographs of the epipolanzation micrographs shown in B and D,
respectively. The strong signal observed in the infected cells in the nodule induced by wild-type 7. /egurninosarum PRE
(D) can be seen as a dark silver stain in the bright fieid micragraph C. No signal above background is observed in the ceils
of the nodule induced by ANUS4S{pRIDA2 ) soeS K11::TnS) {B). IC, infected cell, UC, unindected cell, N, nucleus. Bar = 10

micremeter.

and the VSENODZ (fig. 53) gene are
expressed. Also the late nodulin gene Nvs-65
is expressed (fig. 5.2.), but expression of other
late nodulin genss, including the ieghemoglo-
bin genas, is not detectable in the nodules in—
duced by ANUSB4S(pRO32}(soadE K11:Tns).
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feguminosarum bacteroids  (figs. 5.6C. and
6.6D.). These analyses of individual cells pro-
vide solid evidence that the leghemoglobin
genes are not expressed in the fully infected
ceils of the ANUB45(pRIN32} moaE K11::Tnb)-
induced nodules at levels found in infected



cells of nitrogen fixing nodules.

Strain ANU845(pRt032} nodE K11::Tns) in—
duced the expression of sarly nodulin genes
and a single late nodulin gene, Nvs-65. As
discussed in the previous section, strain
ANUB45(pMP104) induced noduiles in which
ali early and late nodulin genes examined, in—
cluding the leghemoglobin genes, are
expressed. Since the only difference between
the two strains is the origin of the 700 regions,
the 7o region appears to be involved in the
induction of the expression of late nodulin
genes.

£.1.4. A trifofii can induce early and
late nodulin genes in veich
nodules

The absence of most late nodulin gene
transcripts in the vetch nodutes formed by
ANUBAS(pRIO32)Y nocgk Ki1:Tn5)  indicates
that the genetic information on this mutated
Aod'region is deficient in inducing the expres—
sion of late nodulin genes in vetch. To investi-
gate further the genetic potentials of the A
wifoli  sym  plasmid, we wused strain
ANUB43(nogE K11::Tnb), which contains a
complete A ki sym plasmid with a Tn5 in
nodE at position K11, Per vetch plant, strain
ANUB43modE K11:Tns} induced on  the
average one nodule, which occurred primarily

at lateral root emergences. Wild-type A o7

strain ANU843 very rarely induced a nodule on
vetch, confirming the influence of the Tnb
mutation in 204 on host range (85).

The histology of the nodules induced on
vetch by ANUB43/7ocE K11::Tn5}) was similar
to the histology of nodules induced by wild-
type Ahizobin (fig. 5.4B.). The Y-shaped
morphology of the ANUS43/mocE K11::Tns)
bacteroids (fig. 5.4E.) was also similar to that
of the ANUB45(pMP104) bacteroids (fig.
5.4D.).

Analysis of RNA from the vetch nodules in-
duced by ANUB43{noct K11:TnS}) revealed
that all nodulin genes are expressed (figs. 5.2.
and 5.3.). This shows that the A &4 sym
plasmid genes are equivalent to 7 lgumino-
sarwm sym plasmid genes in establishing late
nodulin gene expression. It indicates further—
more that the /o0€ mutation is not the cause

for the failure of strain ANUS45(pRIN32Yrogt
K11::Tns) to induce late nodulin gene expres—
sion in vetch nodules.

The nodules induced on vetch by
ANUB43(ro0E K11::Tns) do not fix nitrogen,
while all »# and #%x genes are present in this
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Fiper® 5.7 Autoradiograph of a Westem blot containing
bacteroid proteins from ANUB43(no0E K11:Tnb) bac-
teroids ijsolated from vetch nodulas {A) and from wild-type
R frifofy bacteroids isoiatgd from clover nodules (B). The
blet was incubated with antiserum raised against purified
R jeguminosarum nitrogenase components Cl and CIl and
1251 |abeled protein A to detect the immune complexes.

strain. Because all early and late nodulin
genes, as far as identified, are expressed in
these vetch nodules, it appears uniikely that
the ineffective nature of the nodules is due to
the absence of certain noduiins. For a betier
understanding of the Fix phenotype of thess
nodules, we examined whether the enzyme
nitrogenase was produced. Waestern blots of
total protein isolated from wild-type A #iodki
bacteroids, from clover nodules, and from
ANUB43(modE K11:Tns)  bacteroids, from
vetch nodules, were incubated with antisera
against the components Ct and Cll of the 4
feguminosarum  nitrogenase complex.  The
bound’ antibodies were visualized with 125|-
protein ‘A (fig. 5.7.). The fluorcgraph shows
that no detectable levels of Cl and Cll are
present in the ANUS43(roaf K11::Tn5) bac-
teroids, whereas -the A& 4#o# nitrogenase is
easily detected in clover nodules by the anti-
sera used. The lack of nitrogenase was confir—
med in immunocytological studies. No silver
staining above background was detectable in
the ANUB43/7oaf K11::Tn5) bactercids afier
incubation of nodule sections with Cl anti-
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Figwre 5.8, Localization of nitrogenase by immunogold silver staining in a four-week-old nodule induced on vetch by
A trifoli ANUB4S (7005 K11::Tn8) (A, B) and in a three-wegek-old nodule induced on whilte clover by wild-type &. &0k

ANUS43 (C, D).

A and C are the toluidine blue-stained, bright field micrographs of the epipoarization micrographs shown in B and D,
respectively. The sirong Signal ebserved in the bactercids in the nodule induced by wild-type 7 ##fos ANUS43 (D), to be
seen as a dark silver stain in the bright field micrograph C, shows that the antiserum used is able to visualize ritrogenase in
soctions of clover. No signal above background is cbserved in the infected cells of the nodule induced by ANUS45(ro0E

K11::Tn5} (B). IC, infected cell, UC, uninfected cell. N nucleus.

serum {figs. 5.8A. and 5.8B.). In contrast, after
the same treatment a high level of silver stain-
ing is observed in wild-type A 704 bac-
teroids in white clover {7wfodum repens)
nodule sections {figs. 5.8C. and 5.8D.) and
wild-type A /Jegurnvnosarm bactercids in
vetch nodule sections (not shown). These
observations indicate that despite the expres—
sion of all early and late nodulin genes, nitro-
genase protein is not  synthesized in
ANUB43(nodf K11::Tn5)-induced nodules.

5.2. Discussion

Strains of Ahzobium carrying only the nog
region from a A /egumirosansm sym plasmid
are able to induce nodules on the roots of
vetch. In such nodules, both sartly and late
nodulin genes are expressed. Furthermore, we
have shown that if the 7o region from a
A leguninosansm sym plasmid is present in an
Agrobacterium transconjugant, this nod'region
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confers upon the Agrobacienmivn the ability to
induce a nodule on vetch. In these nodules
only early and na late nodulin gene expres—
sion is found. These results confirm and
extend our previous findings (chapter 4.).
Similar results have recently been found in
nodules induced on alfalfa (Medicago satig/
by an Agrovactenu transconjugant contain-
ing the cloned nod region of the A medioly
sym plasmid (80).

Eight nod genes, nodE, £, £ A &8 ¢ / and
J have been identified in the ~ogregion of A
egumiosarum. Mutations in 7000, A, 8 or C
abolish nodulation. The 700l gene encodes a
regulatory protein required for the expression
of all other 7o0'genes (280). The noad, & and
£ genes are essential for root hair curling, for—
mation of the infection thread and the induc—
tion of contical cell divisions (76,90,93). There—
fore, the gene products of the nodd, 8 and ¢
genes are lkely to be responsible for the
generation of one or more signals that result in
these three phenomena, followed by induction
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of early nodulin gene expression and forma-
tion of a nodule. It is unclear whether the
nodd, B and ¢ gene products accomplish
these effects directly or by initiating a cascade
of reactions. Transfer of a fragment carrying
exclusively the 7odDAECE and F region
into a sym plasmid-cured A&zobsium does not
confer upon the recipient strain the ability to
induce nodules, although such a strain stil
causes root hair curling (Knight et al, 1985).
This observation suggests that the 700045,
and C genes are not sufficient by themselves,
and additional information encoded by the
nod reqion is required, for the induction of
early nodulin gene expression and the forma-
tion of root nodules. Indeed, mutations in the
nodE, F, 4 or J genes located on plasmid
pMP104, if present in a sym plasmid-cured
Aivzobiem, result in a Nod-phenotype (A.AN.
van Brussel and coworkers, in preparation}.
The gene products of the #odf, £ / and /
genes thus appear indispensabie for noduia—
tion and nodulin gene expression. Cn the
other hand, if these genes are part of the
complete sym plasmid, mutations in the 7odf.
F 4 or /genes result only in a delayed nodu-
lation and a reduction of the number of
nodules. Possibly the function of the mutated
nodk, F J or /gene is complemented by
ancther sym plasmid gene, that, however, is
not detectably homologous with the mutated
nod gene. This question needs further clarifi-
cation. The results of the phenotypical analysis
of mutations do not allow the decision
whether the nodf, £ and / gene products
have any role in the induction of early nodutin
gene expression.

As raported previously, early nodulin gene
expression is not detectable in tumors, and
the Agrobacterwn chromosome does not
appear to contribute signals involved in the
induction of early nodulin genes (234).
Recently, it was shown that the 707 genes
from A smeiiol are inducible to levels cam--
parable with the level found in wild-type A
melipr, if these genes are present in 4. &me-
faciens, but not if they are present in other
Gram-negative bacteria such as Escirernc/vg
coff o1 Pseudomonas savastanor (370). If the
Arzobiin and Agrobactesirm chromosome
have commen characteristics that aliow the
induction of the 700 genss, the common
chromosomal genes will he essential for root
nodule formation. It seems unlikely that these
common genes have a role in generating sig-

nals towards the plant for the induction of
early nodulin gene expression. Chramasomal
genes will rather support the basic physiology
of the bacterium, which in turn will be impor-
tant for creating the conditions allowing the
interactions between bacterium and host
plant.

Whereas the evidence of the n0oo region
being sufficient for the induction of early
nodulin gene expression is unequivocal, it is
not clear whether the 704 region alone, or in
cooperation with non-sym plasmid genes,
also regulates the induction of late nodufin
gene expression. None of the late nodulin
genes is expressed in nodules induced by the
Agrobscierum  transconjugant LBA4301
{pMP104) carrying the 704 region. Our cytolo-
gical data indicate that infected plant cells and
the agrobacteria start to degenerate after
release of the agrobacteria from the infection
threads. This degeneration may be atrributed
to a plant defense response (see Van de Wiel
@t 2/ (342)). The outer membrane of the Agro-
bacterim transconjugant is likely to differ
from the AAzobHism outer membrane, and
bacterial membrane components become part
of the peribacteroid membrane (36). Upon
release of bacteria from the infection threads,
the plant might thus detect an aberrant bac—
terial surface and react with a defense res—
ponse. As a consequence, the lack of late
nodulin gene expression in the nodules in-
duced by LBA4301(pMP104), the Agrobac—
ferium carying the 12 kb s70c/region, does not
prove that additional genes besides the oo
region are required for the induction of late
nodulin gene expression. Due to an intar-
ference of nodule development by host
defense, late nodulin gane expression might
have been prevented or aborted.

Evidence that the 7200 genes are indeed in—
volved in the induction of late nodulin gene
expression can be derived from our studies of
nodules induced by Afszobiwn strains con-
taining the 700 regions from A ol and A
18GLITUIIOS LT respectively. Strains
ANLB45(pMP104) and ANUB45(pRI032)( nodt
K11::Tn5) differ only in the 704 region they
contain, and both strains are able to nodulate
vetch. In the nodules induced on vetch by
ANUB45(pMP104), all early and late nodulin
genes are expressed, whareas in the nodules
induced by ANUB45(pRIC32)n00E K11::Tnb)
the majority of the late nodulin genes is not
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axpressed. This difference in the pattern
of late nodulin gene expression should be
attributed to the only difference between the
two strains, £e. to the 704 region. Hence, the
70 genes have a role in the induction of the
late nodulin genes. This conclusion is suppor—
ted by the observation (289) that the roadd
and n700¢C genes are expressed in A meliol
bacteroids, thus at a relatively advanced stage
of nodule develcpment. Although formal proof
for the involvement of the AShizobium nod
genes in the induction of fate nodulin gene
expression cannct be obtained, these #nod
genes may very well be the only Ahizobin
genes essential for the induction of the
axprassion of alt nodulin genes.

The reason for the absence of the tran-
scripts from most late nodulin genes in
nodules induced by the strain with the A #7704/
rod region is unclear. The mutation in 7ogE
saems not respansible for the failure to induce
the expression of iate nodulin genes, because
A, tavodi strain ANUB43(noaE K11::Tnb), carry-
ing the socf K11 mutation in the complete
sym plasmid, induces nodules on vetch in
which all late nodulin genes are expressed.
The amount of 7og gene products appears
critical for the proper development of nodules.
If a high-copy number plasmid carrying the
nodd, B C genes transcribed constitutively
from a vector promoter, was introduced ina 2
oguminosarum with a complete sym plasmid,
nodulation ability was abolished completaly
{180). A two fold enhancement of nod gene
exprassion was sufficient to result in a strain
which induced on vetch only twenty procent
of the number of nodules compared to wild—
type strains and these nodules were ineffec—
tive (155). A difference in copy number bet-
ween pMP104 and pRtG32(mocE K11:Tns)
may therefore explain the observed dif-
ferences in the nodulin gene expression pat-
tarn.

A ramarkable finding is the ineffective nature
of the nodules induced by A ol
ANUB43{nogc K11::Tn5) due to the lack of
nitrogenase. The a7 and fix genes were pre—
sent in this strain, and both early and late
nodulin genes were expressed in the nodules
formed, 50 all prerequisites for nitrogen fixa—
tion on vetch seem fulfiled. The same strain
induces nitrogen fixing nodules an subter—
ranean clover {7nofolum subleranetsr) (85),
praving that ANU843(n00f K11::Tn5) has all
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genetic potentials for nitrogen fixation. Possi—
bly vetch nodules lack a factor which is pre—
sent in subterranean clover nodules and which
is involvad in the induction of bacterial nitro—
genase gene expression. This presumablly
plant species-specific factor may be a second
regulating factor in the induction of bacterial
nitrogenase gene expression, in addition to
the recently suggested role of low oxygen
concentrations (81,107).

The Ahrzobiwm and Agrodacterurn stiains
used in this study induce nodules in which
development is increasingly disturbed. Com-
bining the histological data of the various
nodule types with the paitern of nodulin gene
expression in these nodules, a correlation is
found between nodule structure and nodulin
gene expression. The nodules induced on.
vetch by strain  ANUS45{pRt032){rodE
K11::Tn5} contain only 2-4 layers of fully
packed infected cells. The absence of most
late nodulin gene expression in these nodules
suggests that these late nodulin genes are not
expressed in the youngest cells that are cyto-
logically fully differantiated into infected and
uninfected cells. This conclusion is in agree-
ment with our immunocytological localization
studies of leghemoglobin in wild-type pea
nodules (342).

In nodules induced by LBA4301(pMP104),
bacteria were released from the infection
threads, but late nodulin gene expression was
not detectable. Apparently release from the
infection threads is not sufficient to induce the
expression of late nodulin genes. Comparison
of the histology of the nodules induced by

ANUBAS{pRI032N no0E K13::Tn5}) and
LEBA4301(pMP104) showed that in the
LBA4301(pMP104)-induced nodules  fully

packed infected cells were not found, whereas
some fully packed infected cells were found in
the nodules induced by strain
ANUB4E{pRt032)(no0E K11:Tns). The pre~
sence of fully packed infected cells correlates
with the expression of the Nvs—65 gene, sug-
gesting that the Nvs-65 gene is probably first
expressed in the youngest cells which are
completely filled with bacteria. In view of the
time course of expression of the Nvs-65
gene, this gene is member of the class of late
nodulin genes (234). Because the Nvs-65
gene is expressed in the nodutes induced by
ANUB4S(pRI032)(7o0E K11:Tn5), whereas
laghemoglobin gene expression is not detec—



table, it appears likely that the Nvs-65 gene is
regulated differently from-the leghemoglobin
genes. Consequently, late nodulin genes must
be . subdivided into two subclasses, the
exprassion of which is. regulated differently
and correlates with a step in the developmen-—
tal program of the root nodule.

Electron microscopical observations indicate
that uninfected celis in the
LBA4301(pMP104)—induced nodules develop
like uninfected cells in wild-type nodules. The
absence of expression of the identified late
nodulin | genes in nodules induced by
LBA4301(pMP104) may indicate that these late
nodulin genes are nat expressed in uninfected
cells. Correlations like these between the
expression of a particular nodulin gene on the
one hand, and nodule deveiopment up to a
certain stage on the other, may be of use in
determining the cell type in which a particular
nodulin gene is expressed and must be bome
in mind in speculations about the function of
nodulins.

Fable £ f. Bacterial strains and their relevant characteristics

Strain Characteristics Reference
Ahtzobiwm lequminoearus

PRE (wila-type) sym ned  fix) (210)
Ehac(vild-trpe) Sy ned_fix_ (175)

248" (cured 248) nod fix_ (3712)
2L8%(aeP104) pRiged med fix” Te©  this study
Rhizebiwm trifeiid

AMUBY3 (wild-type) nSym mog rix_ . (291)
ANUBL3(nodF K1)::Tns) pSym nod” £ix_ Kz (B5)
ANUBLS (cured ANUBL3) pod(fix] (@9}
ANUBWS{ pMEIOk } pRinod mod fix_ Te,  tais study

ANUBLS{pRL032  {nodE K11::DnS) pRenod nod fix” ¥mfoe’ (85)

Agmobasterium tumefactiens

LBAL30Y (cwures Acns)
LBAL301{pMP10L)

med fix. _ (161)
oPined nod'fix” T2¥  vals studr

pSym, sym plasmid pRL1JI (A /aguminosanar), or
PANUIB4A3 (4. Mrodd); pRInod, cloned Acg region from the
R agunanosarrr sym plasmid pRL1JE pRinod, cloned
Aog region from the & fog sym plasmid; nod, atslity to
nodulate vetch, fix, in planta nitrogen fixation on vetch; Tc,
tetracycling, Km, kanamycine; Cb, carbenicilling.

5.3. MATERIALS AND METHODS

Plants and bacteria. Veich seads weare sigrikzed,
germinated, inoculated and culured as described (chapter
2.) Bacterial strains and their relevant characteristics are
listed in table 5.1. Bacterial crosses were performed as
described (308) using pRK2013 (81) as helper plasmid.
Bacteria were grown in YEM medium as described (122)
with 2,5 mg/l tetracycline for pMP104 seleclion and 75
mg/l kanamycine for Tns selection. Nodules were excised
trom the roots with a scalpel. Root tips from uninfected
plants were isolated 8 days after sowing. Al issues were
immediately frozen in liquid nitrogen and stored at -800C
until use.

RNA isolation, in vitro lranslation and 2-D gel
electrophoresis. Total RNA from plant tissue was
isclated according to Govers et al. (1985). Approximately 2
microgram iotal RNA was translated 47 wire in a rabbit
reticulocyte lysate in a 6 microliter reaction mixture as
described (234). Translation products were separated by
2-b gel electrophoresis, followed hy flugrography of the
dried gel to preflashed Kodak XARS film (126).

Northern blot analysis. Total RNA was denatured in
dimethyl sulfoxidefglyoxal, electrophoresed in  C.8%
agarose gels (218) and transferred to GeneScreen (New
England Nuclear] membranes as described {126). The
membranes were hybridized with 32P_labeled probes {218}
under the conditions praviously described (112).

Protein isolation and Western blol analysis. Bac-
teroid proteins were isolated and separaled by SDS/
polyacrylamide electrophoresis as previously described
(26). Proteins were transferred to nitrocelluicose by electro-
blotling (373} ana after incubation with antiserum they
ware visualized with 1281_protein A (26). Preparation of the
anlisera against leghemaogiobin and the components Cl
and Cll of the /. guminosansT nirogenase has been
described before {27,342).

Microscopy and immunocytochemistry. Nodules
were fixed with 2.5 % giutaraldehyde and 1 % osmiumie-
troxide and embedded in LR White resin as described
previously (342), Sections were cut with gtass knives on an
LKB Ultrotome V. Semithin sections (0.5-2.0 micrometer)
were Stained with 1% toluiding biue 0. Ultrathin sections
were stained at roem temperature in an LXB Uitrostainer
2168 with uranyl acetate for 20 min. and then with lead
cilrate for 40 sec. Sectlions were examined using a Philips
EM 301 transmission electron microscope operated at 60
KV. For imnmunocylochemistry, nodules were fixed in 4 %
paraformaldenyde, embedded in LR White resin, sectioned
and atlached to slides as describeq (342) Semithin
sections (0.5 micrometer) were incubated with antiserum,
followed by incubation with 10 nm gold particles coupled
to protein A (Janssen Pharmaceutica), and the signai was
silver enhanced using the IntenSEHTM silver enhancement
kit {dJanssen Pharmaceutica) according o the manufac-
turer's manual. After treatment, sections ware stained with
0.1 % toluidine blue ¢ for 1 minute and maunted in Euparal
{Chvoma) ang examined under a Nikon microscope
equipped with epipolarisation oplics (Philips 100 Watt
halogene lamp).
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Chapter 6

Nodulin function and nodulin gene regulation

in root nodule development:

overview and discussion

6.1. INTRODUCTION

The interactions leading to a nitrogen fixing
nodule have been well analyzed from a mor-
phological point of view (12,71,124, 206,243)
In general, the sequence of events is as fol-
lows. Rhizobia interact with epidermal cells in
the region where root hairs are beginning to
emerge (20). The root hairs respond by a
marked curling due to uneven growth of the
root hair, thereby entrapping bacteria within a
“pocket” (332,333). Bacteria penetrate the
plant cell wall through partial dissolution of the
host cell wall (44,268,269,333). Subsequently,
bacteria invade the root hair cell and then the
root cortex through a tube-like structure, the
infection thread. As the infection threads
ramify, the bacteria proliferate within the
thread and become surounded by mucopoly—
saccharide (244). Meanwhiie, but indepen-
dently from the infection process (207,245},
celis of the root cortax enter the new deve-
lopmental program of root nodule formation.
At soveral places, cortical cells start dividing.
From these centers of mitotic activity, the
nadule primordia are formed (48). Infection
threads grow towards these meristematic
centars, and upon contact, rhizobia bud off
from the tips of the infection threads into the
cytoplasm of the plant cells. This release is an
endocytotic process (11) in which the bacteria
become enclosed by a membrane, the so-
called peribactercid membrane, that is initially
derived from the plasmalemma of the host cell
(275). After release, bacteria and peribactercid
membranes divide in a coordinated fashion to
fill the host cell cytoplasm (272). The bacteria
differentiate into pleiomorphic  bacteroids
which synthesize the nitrogen fixing system.
Not all nodute cells are invaded by rhizobia.
About half of the nodule cells remain uninfec—

ted. These uninfected cells accur among the
infected cells (243).

Numerous variations on nodule develop-
ment have been described (71}. For example,
not in all leguminous plants infection threads
are observed. In peanut (drac/ins Mpoged,
infection by rhizobia is not via root hairs but by
inter— and intracellular invasion {53). Dif-
ferences also exist in the susceptibility of root
hairs to become infected. In alfalfa (Medicago
satva), the epidermal cells in the region of
rapid root elongation can be infected, whereas
in white clover (7rfofirr rapens) aiso the
mature root hairs are suscaptible to infection
(21). The way Ahzobiwn invades its non-
legume host Parasponia differs substantially
from the infection pathways of most legume
hosts {187,188). The initial infection involves
intercellular penetration of the epidermis, fre—
quently accompanied by degrada-tion of cor-
tical cells. Eventually infection threads deve-
lop. Rhizobia are not released from this infec—
tion thread, do not differentiate into bacteroids
and fix nitrogen while retained within the in-
fection threads. Persistent infaction threads
without bacterial release are also observed in
certain tree lagume nodules 4z species).
These nodules may represent a primitive stage
in the evolution of root nodules (77).

By their morphology, two main categories
of leguminous nodules can be recognized,
determinate and indeterminate nodules,
although mare refined classifications have
been proposed (65). In general, temperate
legumes, such as Aswn, Vicia Trfohsum, and
Medicago species, develop indeterminate
noduies, while determinate nodules occur cn
the roots of tropical legumes such as Gjcmes,
FPhaseotus, Vigna and Arachis species. The
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morphology of the Farasporra nodule is in-
determinate but differs from legume nodules
in that it has a central vascular bundle
(188,260). Nodule morphology is the result of
a developmental program under control of the
host plant, because for a number of Aazo-
baym strains it has been demonstrated that
one and the same AAzobiwrn strain can in—
duce determinate nodules on one host, in-
determinate nodule on the other (71), and can
also nodulate Parasporia (328).

A schematic representation of a longitu-
dinal section of an indeterminate nodule,
modified after Sutton (319}, is shown in fig.
6.1. Uninfected tissue, known as the noduie
cortex, surrounds the central infected zone of

the nodule. A peripheral endodermis divides:

this nodule cortex in outer— and inner layers.
Within the latter tissue, the vascular bundles
are iocated. Two cell layers composed of
small uninfected cells, termed the boundary
ceall layer {131), separate the inner cortex from
the central tissue of the nodule. In the mature
nodute, the central tissue is divided in distinct
zones which differ in developmental stage
(242). The most distal zone is the apical
meristern, which is adjacent to enlarging cells
that may become infected by Afizobirn (the
invasion zone). In the early symbiotic zone,
host cells differentiate into infected and unin—
fected cells, while in the late symbiotic zone
uninfected celis and fully packed infected cells
are found. In this late symbiotic zone, nitrogen
fixation and ammonia assimilation occur. The

MERISTEM
INVASION ZONE

EARLY SYMEIOTIC ZONE

LATE SYMBIOTIC ZONE
infected cell

uminfected cell
boundary cell layer
nodule vascular bundle
inner certex
peripheral endodermis
outer cortex

SENESCENT ZONE

epidermis
rool cortex ————e Ten

endodermis
vascular bundle

D 4

Frgure 8.1 Ovaerall organization of an indeterminate

nodule.
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most proximal zone in the nodule is the
senescent region where both plant cells and
bacteroids degenerate.

In contrast to indeterminate nodules,
determinate nodules exhibit a different orien—
tation and duration of meristematic activity
within the nodule. Determinate nodules do not
have a persistent meristem (245). After release
of rhizobia from the infection thread, the in-
fected cells continue to divide till about one
wegk after the onset of nitrogen fixation. When
mitotic activity has ceased, increase in nodule
size is caused by cell expansion rather than -
by cell division. As a consequence, the deve-
lopmental phases in a determinate nodule are
separated in time rather than in space. All cells
of the central tissue within a single nodule are
pragrassing through the same stage of deve-
lopment.

The different nodule tissues described
above are all initiated from the nodule meris—
tem. In an orderly fashion one stage of deve-
lopment follows another in the proper
sequence. And at each stage, ceils which
hitherto had shown a common lineage diverge
into alternative pathways of differentiation.
Unlike the developmental program of a lateral
root, the legume root nodule maeristem ori—
ginates from cells of the root cortex and not
from the pericycle. The vascular strands are
positioned peripherally and not centrally.
These two arguments do not apply to the
Farasporia nodule, in which nodule growth
starts in the pericycle {187} and the vascular
bundle is central (188). For this reason, the
Parasporra nodule seems similar to a medified
lateral root. The nodule meristem differentiates
into nodule cells in one direction only. Also,
the nodule does not form a root cap. There-
fore, the nodule can be considered a unique
organ, different from laterai roots (206).

If the legume nodule is considered as a
unique organ, the developmental program
leading to root nodules will be as complex as
other developmental programs in plants
(176,177), and involve numerous genes. Cen—
tral to the problem of development is the
mechanism whergby the right genes are acti-
vated in the right cells at the right time. A use—
ful first approach to understand the nature of
root nodule development seems therefore to
be the identification of the genes, the expres—
sion of which distinguishes a root nodule from



other plant organs. In many Ahzobium-
legume symbioses, the occurrence of plant-
encoded, nodule-specific proteins, the so-
called nodulins {199), has now been firmly
established {349). It has become evident that
differential expression of nodulin genes
accompanies the development of root
nodules. Considering nadulin gene expression
as the most specific aspect of nodule dif-
ferentiation, the study of nodulin gene expres—
sion may provide a path towards an under—
standing of root nodule development.

In this chapter we will discuss nodutins,
nedulin genes, the relation between nodulin
gene expression and nodule development,
and the communication between the two
partners in the symbiosis correlated with
regulation of nodulin gene expression.

6.2. NODULINS AND NODULIN GENES
6.2.1. Nodulin nomenclature

By definition, nodulins are plant gene-
encoded proteins, which are found only in
root nodules and not in uninfected roots nor in
other parts of the host plant (345). Nodulin
genes are, by consequence, plant genes
exclusively expressed dusring the development
of the symbiosis. Until a defined biochemical
function has been assigned to the protein, the
identified nodulins are indicated by the letter N
and the molecular weight as determined by
SDS polyacrylamide gelelectrophoresis. In
addition, we propose to add the plant genus
and species initials in lower case to the N in
order to facilitate the discrimination between
nodulins of different plant species. If the pro-
tein turns out to be a nodule-specific form of
an enzyme that also occurs elsewhere in the
host plant, like glutamine synthetase (see
6.2.3.3.), addition of the prefix *n” to the name
of the protein is recommended. 47 vivo nodule
proteins, that, by analysis with e.g antisera,
are shown to be noduls specific, should be
indicated by Nsp and their molecular weight,
until their nodulin nature has been ascertained
(see Govers er &/ (125} for discussion). in this
chapter we will adopt this nomenclature, im-
plying that some nodulins will be named dif-
ferentty from what previously has been pub-
lished.

Nodulin genes are differsntially expressed
during nodule development (116,117,122,
126,129,200,296). The majority of nodulin

genes is expressed around the onset of nitro—
gen fixation. Typical representatives of these
nodulin genes are the leghemoglobin genes.
Few nodulins are detectable at earlier stages
of development, at the stage in which the
nodule structure is being formed (112,128,
238, see chapter 2.). To account for the
apparent difference in timing in expression,
nodulin genes have been classified in class |
and class il (125), and in class A and class B
nodulin genes (122), but for class i/class A
noduling the term ‘earty nodulins' is frequently
used. Therefore, we will adopt the term “ate
nodulin’ for class li/class B nodulins (239).
Early nodulin cDNA clones are designated by
ENOD (112, see chapter 2.}, while late nodulin
cDNA clones are best designated by NOD
(117), 0 avoid confusion with the bacterial
nod genes. The names of both NOD and
ENOD clones should be preceded by the
plant genus and species initials.

It should be noted that the factor time as
discriminator between nodulins may prove to
be inadequate when steps of development
that are successive in one plant species, are
synchronized in another species. Furthermore,
there may be early noduiins yet undetected,
that are involved in stages earlier than the
early nodulins identified so far. Some noduiins
may also be involved in nodule senescence,
so play a role later than the identified late
nodulins. Bearing all this in mind, the pro-
posed terminology of early and late nodulins
is an operational one; one that serves our
purposes for the time being, but will have to
be changed as more data become available.

Histologicat analyses of nodule develop-
ment in combination with studies on the timing
of nodulin gene expression have shown that
the complete nodule structure with all its
defining characteristics is formed, when only
early nadulin genes are expressed and no late
nodulin gene expression is yet detactable This
applies to both determinate (soybean) (122)
and indeterminate (pea) (128} nodules. There-
fore, early nodulins can be involved in nodule
organogenesis and the infection process, but
late nodulins are not. The expression of late
nodulin genes during wild-type nodule deve-
lopment is correlated with the onset of nitro—
gen fixation (116,126). Thus, late noduling will
most probably function in establishing and
maintaining a proper environment within the
nodule that atlows nitrogen fixation and
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Leghemoglobin is supposed t0 be a true
“symbiotic protein” in the sense that the heme
moiety is a presumed product of the bacteroid
(237), whereas the globin part is plant-
genome encoded (see Bisseling er a/ (30} for
discussion). In contrast t0 a A mediol strain
carrying a mutation in the gene encoding
delta—aminolevulinic acid synthetase that in-
duces white, ineffective nodules (204), Sz~
ayrhizobipm jgporricurr strain MGL1, mutated
in the same gans, still induces fully effective
nodules, that apparently do not suffer any
heme deficiency (134). Moreover, there is no
evidence for heme transport across the peri-
bacteroid membranes. Therefore, it is still an
open question as to whether the bacterium
indeed excrotes the heme required for leghe-
magiobin synthesis.

In all legumes studied to date, more than
one leghemoglaobin is found in the root
nodule, and the leghemoglobins are encoded
by more than one gene. Scoybean nodules
contain four major leghemoglobins in addition
to several minor components (114). The minor
components are probably the result of post—
translational modifications of the major leghe-
moglobins (363). Slight differances have been
observed in the time of synthesis of the dif-
ferent leghemoglobins during nodule devae-
lopment for both soybean (220,351) and pea
(334). The functional significance of the
occurrence of different leghemoglohins and
the differences in timing of the expression of
the leghemoglobin genes is unclear. It has
been suggested (334,335) that the increase in
nitrogen fixing activity in nodules is paralleled
by an increase in the amount of the leghemo-
globin compoenent with the higher oxygen
affinity, resulting in a more efficient nitrogen
fixation.

The non-legume Faraspornia has only one
hemoglobin gene (189). Two hemoglobins are
found in Paraspor¥a nodules, a major and a
minor component, that by consequence are
both derived from the unique hemoglobin
gene. The oxygen affinity of the major com-
ponent was found to be sufficiently high to
allow the non-legume hemodglobin to function
in a similar way to that of leghemoglobin
(182).

6.2.3.2. Unicase

The second most abundant protein in the
cytoplasm of soybean root nodules is Ngm-
35 (199). By protein purification it was shown
that Ngm-35 is the 33 kDa subunit of n-uri-
case (or wiicase Il) (16), a key enzyme in the
ureide biosynthetic pathway used in soybean
to assimilate ammoenia. Uricase activity in root
or ieaf tissua is dus to a diamine—oxidase/
peroxidase system (321), requiring a soluble
cofactor (322). This two-enzyme system has
no immunological cross—reactivity with n—uri—
case. Therefora, n—uwricase is the praduct of a
totally different gene than the root and leaf
uricase. However, using an antiserum directed
against n-uricase, low concentrations of n-
uricase have been observed in soybean roots
{(16) and callus tissue (194). In contrast, no
hybridization with ANA from any uninfected
soybean tissue could be detected using a n-
uricase cDNA clone as probe {247). The rea-
son for the apparent discrepancy between the
results obtained with the n-uricase antiserum
and the n-uricase cDNA clone is not clear.
Southemn blot hybridizations of soybean
genomic DNA using n-uricase cDNA clones
as probes indicated several fragments homo-
logous with Ngm-35 sequences, suggestive
of the existence of a small number of genes
{247).

By immunocytochemistry, soybean n-uri-
case was shown to be focalized in the peroxi—
somes of the uninfected cells (16,247). The
apparent metabalic specialization of uninfec—
ted cells in determinate noduies is aiso in-
dicated by biochemical (141) and uvltrastruc-
tural (240,241,347) data. Sequence analysis of
the soybean n-uricase cDNA clone did not
reveal a signal peptide, so information for
transport into peroxisomes must reside in the
protein itself. Two hydrophobic domains in the
amino acid sequence may facilitate transloca--
tion across the peroxiscmal membrane (247).

6.2.3.3. Gltamine Syntheiase

Various glutamine synthetase (GS) iso-
zymes are found in different organs and cell
compariments of plants. These octameric
proteins catalyze the first reaction in the assi-
milation of ammonia into organic nitrogen
(233). The GS isozymes of leguminous plants
are immunologically related with the GS iso-
zymes of non-legume plants (147,227}, but
not with bacterial or mammalian G5 (66). In
nodules, GS is located in the cytoplasm of the



infected cells (355). Two isozymes of GS are
present in the nodules of French bean (A7a—
seolus vuigarsy {67,193). Several different GS
subunits have been identified, ranging from 41
to 45 kDa, only one of which is exclusively
found in nodules. One of the nodule enzymes
is composed primarily of a subunit also found
in the root, but the other GS is composed
mainly of the nodule-specitic subunit
(192,270). In contrast, all GS subunits found in
pea nodules are also detected in roots and
leaves (325}, while conflicting data have been
reported for soybean (146,147,295,355).

Sequence analysis of various GS cDNA
clones from laeguminous plants revealed 70—
90% homology in the coding sequences for
different GS from the same species and for
GS from different spacies, in agreement with
the immunological data. This high homoicgy
has hindered the identification of cDNA cicnes
representing the gene for the n-GS subunit. A
French bean GS cDNA clone hybridized
exclusively to nodule RNA under high
stringency conditions, indicating that this
clone is derived from a gene for a n—-GS sub-
unit (68). In addition, it was found that there
arg at ieast two n—GS genes (119). In contrast
to the coding sequences, the 5'— and 3'-un-
translated regions of GS genes have diverged
highily. The divergence in these regions of the
GS cDNA clones has been used as a confir—
mation for the existence of nodule specific GS
genes. An alfalfa n—-GS cDNA clone has been
isolated that couid be distinguished from cther
GS sequences because of a unique seguence
in the 3'—untranslated region (95).

The amino acid homology between root
and noadule GS subunits, and hetero-oligo-
meric composition of the GS proteins (270),
are both in agreement with the remarkably
similar biochemical properties of these GS
isozymes (67). The differantial expression of
GS genes in different parts of the plant there—
fore rasults in functionally similar enzymes.

6.2.3.4. Other metabolic nogiing

Robertson and Farnden {273) have pre-
santed a list of enzymes assayed in the plant—
and bactercid fraction from nodule tissue, a
list that has been extended steadily. Several of
these enzymes have a substantially higher

activity in nodules compared 1o roots.
Although the conclusion seems justified that
nodulins are involved not only in nitrogen
assimilation but in all aspects of nodule meta-
bolism, only in few cases has the occurrence
of nodule specific forms of these enzymes
been ascertained.

The soybean nodulin Ngm-100 has been
shown to be the subunit of sucrose synthase
(323). Nodule specific forms of enzymes that
differ in physical, kinetic or immunochemical
properties from the corresponding enzymes in
roots have bean found for phosphosnolipyru-
vate carboxylase (78), choline kinase ({230),
xanthine dehydrogenase {246), pusine nucleo-
sidase (195) and malate dehydrogenase (4).
They may prove to be the rasult of the
expression of nodule specific genes, but at
the moment it is too early to conclude whether
these nodule specific forms are true naduling
or the result of nodule specific modifications
of root enzymes.

6.2.3.5. FPanbacterornd membrane roguins

In soybean, a number of nodulins have
been characterized, that are associated with
the peribacteroid membrane, but have not yet
been assigned a clear hiochemical function.
The peribacteroid membrane is formed during
release of rhizobia from the infection thread.
After endocytosis, the total amount of peri-
bacterogid membrane increases extensively,
indicating a very active membrane synthesiz—
ing apparatus. The peribacteroid membrane is
initially derived from the plasmalemma, but its
chemical composition suggests that also the
endoplasmatic reticulum and the Golgi
apparatus contribute to peribacteroid mem-
brane bicgenesis (127,231 ,275,331,352). The
peribacteroid membrane is the physicat and
metabolic interface between the AAzobim:
and its eukaryotic partner {274). As such the
involvement of peribacteraid membrane—
associated nadulins in the symbiosis seems
selfevident.

Nodulin Ngm-24 was proven to be par of
the peribacteroid membrane through the use
of an antiserum directed against a synthetic
peptide representing the repeated hydropho-
bic region of the Ngm—24 protegin {111}. Ngm-
24 was first identified as the 24 kDa hybrid~
roleased translation product of a soybean
nodulin cDNA clone (117}. The protein con-
tains a signal peptide that can co-transla-
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maunosae it became advantageous to have the
synthesis of glutamine synthetase regulated to
fit the conditions of the symbiocsis. in both
alfalfa (95) and French bean {193,253) the
gene for the n—GS subunit is expressed in in—
effective nodules induced by bacterial strains
that are defective in nitrogenase activity. This
shows that ammonia, the result of the sym-
biotic nitrogen fixation, is not involved in the
regulation of the expression of the n-GS
genes. On the other hand, in soybean it has
been shown that the expression of a non-
nodule specific form of GS is regulated by
ammonia (146). This illustrates that n-GS
genes are subject to a different regulation
mechanism, possibly due fo the presence of
Bhzobiwm. Because it appears that some
legumes possess a n-GS, whereas others
might not {see 6.2.3.3.), the requirement for a
nodule-specific regulation of GS by Aszo-
Hviwnr must have come up relatively late in
evolution. More precisely, the n—GS will have
been evolved &fer the divergence of the
taxonomically closely—related soybean and
French bean, because it is claimed that soy—
bean has no n-GS (146} whereas French
bean does {119). Because alfalfa/pea diverged
from French bean/soybean before they diver-
ged from each other (65), a n—-GS gene must
have evolved in different legumes indepen—
dently, for alfalfa has a n—GS (95), whereas
pea appears to have none {325). We feel that
a seemingly arbitrary and independent svolu—
tion of different n—-GS genes is guite unlikely,
Therefore, the absence of n-GS genas in
soybean and pea would seem to deserve a
careful re~evaluation.

Less obviously derived from an already
existing plant gene is the n—-uricase gene. The
n-uricase is well suited to function in the spe-
cial physiological conditions in the nodule, £
a high pH due to ammonia and a law free
oxygen tension (16). The main uricase activity
in roots is catalyzed by a diamine-oxidase/
peroxidase system (321) that seems less
advanced because it uses two enzymes with
each a broad substrate specificity. This two—
enzyme system requires a low catalase acti-
vity, whereas catalase activity is high in
peroxisomes (142}, the piace where n-uricase
is operational. Therefore, it seems that two
entirsly different systems have svolved, each
fulfilling its task under different physiological
conditions. However, n—-uricase is also detec-
ted in callus (194) and low activities are
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observed in uninfected roots (16), showing
that n—uricase activity is not unique for the
reot nodule. It is not known whether the n-
uricase found in roots and callus is encoded
by the same gene as the protein found in the
nodule, or by a different gene encoding a
similar protein. If it is the same gene, the n—~
uricase gene can no longer be considered a
true nodulin gene, and need not be con-
sidered in an evaluation of the origin of nodu-
lin genes. Assuming that the root and callus
“n-"uricase activities are derived from dif-
ferent genes, a non-symbiotic form of uricase
is obviously present. The n-uricase gene then
is an example of a plant gene evolved to be
aexpressed at markedly higher levels in the root
nodule, most likely as an adaptation to the
different physiological conditions in the root
nodule. Because n-uricase is also synthesized
in ineffective nodules (194, 199), these phy-—
siological conditions are independent of the
nitrogen fixation process.

The early nodulin Ngm-75 is related to the
soybean SbPRPs (see 6.2.2) and bears
resemblance to the extensins. In several tis—
sues, different SbPRP genes are expressed
(156,157), indicating that related molecules
may function in different developmental pro-
grams, cantrolled by distinct regulatory
mechanisms. The striking structural, and
therefore presumably also functional, similarity
of the nodulin Ngm-75 to the non-nodule
specific SbPRPs suggests a relationship bet-
waen the corresponding genes. The nature of
this relationship, however, is not obvious. On
the basis of the structural similarities between
Ngm-75, the SbPRPs and extensin, a com-
mon ancestor seems likely. The genes for
these cell wall proteins may have been deri-
ved from a common plant gene encoding a
small, proline-rich protein that acquired a
function as a cell wall constituent. Numerous
gene duplications and divergence then resul-
ted in proteins that function more or less simi—
larly in different developmental situations. On
the other hand, on an evolutionary time scaile,
hypocotyl and root differentiation are older
than nodule formation, so the Ngm-75 genes
may be derived from the SbPRP genes. Irres—
pective of the exact evolution of the Ngm-75
genes, it complies with the hypothesis that
also the genes for the early nodulin Ngm-75
have been derived from an already functioning
plant gene.



So far, most nodulin genes can be assig-
ned a non-symbiotic counterpart. What then
about the archetype of the nodulins, leghe—
moglobin? Leghemoglobin gene expression
has never been detected in any part of a
leguminous piant other than the nodule, so
the absence of a nan-symbiotic counterpart
seems fairly well established. There has been
a great deal of speculation whether the leghe-
moglocbin genes were acquired by horizontal
genetic transmission from either Azobinn
itself or from an animal vector (205). Detailed
analyses of the soybean leghemoglobin gene
family (42) suggested, however, that globin
genes were already present in the common
ancestor of present—day plants and animals.
The presence of a hemoglobin gene in the
non-lequme AParasporka, that has a high
sequence homology and the same gene
structure as the leghemoglobin genes in
legumes (189) has profound consequences
for considering the evolution of these genes.
The Parasporwa hemoglobin sequence sub-
stantiates the likelihood of a vertical evolution
of the globins starting from a hypothetical
ancestor before the radiation of animals and
plants. In principle ali plants could have the
giobin sequence. Indeed, the presence of
leghemoglobin-like sequences in various
non-legumes has been reported (143). In fact,
a Parasporva CONA clone for hemoglobin
hybridizes to hemoglobin genes in the dis—
tantly—related Casuara, which has a nitro-
gen—fixing symbiotic association with the
actinomycete Fran47z (189). It also hybridizes
to presumably related sequences in the DNA
of 7rema, a close relative of Parasporiiz that
does not nodulate (189). Moreover, it has
been found that in Paaspowa and Trema
roots hemoglohin gene expression can be
detected at a low level (32). Because there
occurs only ane hemoglobin gene in Paras-
porva DNA (189), this same gene must be
expressed in roots as weli as in nodules. Thus,
both in Paasporra and Trema roots the
expression of a hemoglobin gene can be
detected in non-symbiotic tissue. Therefors,
also in legumes there may be a non-symbio-
tic counterpart for leghemogiobin that is tran-
scribed in non-symbiotic tissue, although
expression of such a gene has not been
detected yet.

Various laboratories have encountered
problems in  identifying leghemoglobin
sequences in one species using a cONA clone

from another species (pea/soybean, Fargs—
pormizdoybean, alfalfa/pea) despite the struc—
tural homologies between the various leghe-
moglobins. For instance, FParasponia leghs-
moglobin is 40% homologous with soybean
leghemoglobin, yet a cDNA-clone for soy-
bean does not crossreact with a Farasponiz
leghemoglobin cDNA clone (189). Therefore, it
appears conceivabie that the hypothetical
non-symbiotic form of a leghemoglobin gene
has diverged beyond the point of recogniza—
bility. On the other hand, the hypothetical
non-symbiotic form may be expressed at very
low {evels. Soybean contains a leghemoglobin
gene that seems to meet all requirements for
a functional gene, but is nevertheless thought
to be a pseudogene, because the encoded
leghemoglobin contains methionine and a
methionine containing leghemoglobin has
never been found in soybean nodules
(39,364). This Lb pseudogene may, in fact,
represent a non-symbiotic leghemaogiobin.
Sequence analysis of the 5'-flanking region
showed some minor deviations from leghe—
moglobin genes functional in the noduie.
These alterations may withdraw the gene from
nodule specific regulation of expression.

Thus, also the leghemogiobin genes may
fit in the hypothesis that there is a form that is
non-symbiotic, with or without a function. in
this concept, the encoding nodulin genes
have evolved from common plant genes in an
adaptation to the specific regulatory andfor
physiological requirements of root nodule for-
mation and symbiotic nitrogen fixation.

Non-symbiotic counterparts have not been
identified for peribacteroid membrane nodu-—
ling, but it should be realized that the analysis
of plant membranes is a relatively new field of
research (250}, and the relevant analogous
genes may simply not have been identified
yet. The gene for Ngm-24 is characterized by
threa direct repeats arranged in tandem and
gene duglica—tion has been implicated in the
generation of this gene (178). Because thers
is very little sequence divergence betwsen the
three repeated units of the Ngm-24 gene, the
duplication events must have taken place
relatively recently in evolution. The peribac—
teroid membrane noduling Ngm-20, Ngm-23,
Ngm-26b, Ngm-27 and Ngm-44 all have
regions in common, and regions unique to
each nodulin (167,284). Whereas the regions
in common may ornginate from duplication
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Heme has been shown to regulate the
expression in yeast of a chimeric gene con-
sisting of the 5'-flanking region of the soy-
bean Lbecg gene and the coding sequence of
the neomycin phosphotransferase gene at the
post-transcriptional level (169). Free heme
may decrease the enzyme activity of the
nodulin sucrose synthase, because it was
found that in the presence of free heme
sucrose synthase dissociates rapidly #7 o
(323). Although heme may thus influence the
activity of nodulins, the significance of a
heme-mediated mechanism # o is un—
known. There is no avidence that heme is in—
volved in the induction of nodulin gene
expression.

Ammonia has been implicated in the regu-—
lation of expression of glutamine synthetase
genes in soybean (146}, but the glutamine
synthetase genes investigated appeared not
to be nodulin genes. Three lines of evidence
strongly suggest that ammaonia is not involved
in the induction of the expression of nodulin
genes. First, in normal nodule development,
all nodulin genes are exprassed hefore nitro—
gen fixation starts (122,126). Second, all
nodulin genes are expressed in nodules in—
duced by Afzobiwn and Bradvrihizobim mif
and A mutants (122,126). Third, on the roots
of cowpea {Vigna wunguiculaid) grown in an
argonfoxygen environment containing neglig-
ible amounts of nitrogen gas, nodules could
be induced by A%zobinn in which both nitro—
genase activity and leghemoglobin were
detectable (7). Neither the availability of nitro—
gen, nor the result of nitrogenase activity,
ammonia, aré thus essential for the induction
of nodulin gene expression.

Phytohormones affect processes of a wide
diversity in plants and they are considered
ciucial to the developmental programming of
plants {136). As such, the involvement of
phytohormones in nodule development seams
not controversial. Exogenous application of
hormones to pea roots and root explants
resulted in the induction of cortical cell divi-
sions similar to those found in early nodule
development (208,209). Auxin, auxin—like sub—
stances, and kinetin cause hypertrophies on
the roots of leguminous and non-leguminous
plants that are easily mistaken for nodules
{2.6,278). Analysis of the expression of early
nodulin genes in these structures deserves
attention.

The roect nodule contains up to a hunderd—
fold higher concentration of the three major
groups of plant hormones, auxins (9,146,212,
cytokining (10,265,320) and gibberillic acid
(94), relative to the hormone content of the
uninfected root. Because auxins (101,360) and
cytokinins (259) are known to be produced by
Rhizobiurm in pure culture, the hypothesis is
appealing that these phytohormones are pro-
duced by the infecting Afzobium and trigger
cell division (206,208). Analysis of the signal-
ling between plant and A#Zzobyirm has indica—
ted that the Ahzobiwm genes required for
nodulation may be producing signais that
interfere with the hormone housekeeping of
the root (see 6.4.2.). A group of soybean pro-
teins which appeared three days after infec-
tion with Sragyrfuzobinr also appeared after
treatment of roots with auxin (363). On the
other hand, Aszobiwm mutants completely in—
effective in phytohormone synthesis have not
been identified. Mutants producing only a
small amount of auxin are for the greater part
not symbiotically defective (158,360). There-
fore, the data available to date do not allow a
conclusion with respect to the role of Aazo-
brern—produced  phytohormones in nodulin
gene expression.

6.2.6.3. Rhizobial signals

When nodulin gene expression is not in-
duced via alterations in the physiological con-
ditions of the nodule, the invading Azobiem
itself will be the factor that does dsliver induc-
ing signals for the expression of noduiin
genes. In the sections to follow, we will survey
the rhizobial genome as the origin of causative
signals that induce and regulate nodulin gene
expression. The nature of those signals is un-
known, but the mechanism of nodulin gene
expression, and hence the signals regulating
them, appear to be conserved in different
species.

The most convincing evidence for the con-
servation of the regulation of Lb gene expres—
sion is the nodule specific and developmen-
tally correct expression of a chimeric soybean
leghemoglobin gene (see 6.26.1) in trans—
genic birdsfoot trefoil plants (314) and white
clover nodules (222). These resuits indicate a
conserved mechanism for the induction of
leghemoglobin gene expression independent
from differences in the developmental pro-
gram of determinate (soybean and birdsfoot



trefoil} and indeterminate {clover) nodules.
Some naturally occurring, broad host range
rhizobia induce nitrogen fixing, /f& with all
their nodulin genes properly expressed, root
nodules .on the roots of a variety of legumes
as well as on the roots of the non-legume
FParasporrg (328). The very same ARzobiunm
rod genes are involved in the nodulation of all
these host plants (see 6.4.2.). Therefore, irres—
pective of their exact nature, the signals from
the invading rhizobia that regulate the induc-
tion of nodulin gene expression should be
very alike in different ptants.

6.3. NODULE DEVELOPMENT
AND NODULIN GENE
EXPRESSION

Two classes of nodulin genes, early and
late nodulin genes, have been revealed by a
first analysis of wild-type nodule develop-
ment. The analysis can he refined by examin—
ing in more detail the coupling of histological
and molecular biological data through the
study of nodules blocked at different stages of
development (239,357). Correlations between
nodule structure and nodulin gene expression
may provide clues to the role of nodulins in
the developmental program of the nadule. To
date, analyses have predominantly been done
with nodules that are formed by mutated and
engineered bacterial strains. This is because
the Ahizobiumr genome can easily be manipu-—
lated in comparison to the plant genome. By
classical genetic experiments, several plant
genes involved in nodulation and symbiotic
nitrogen fixation have been identified in pea
(132,154), soybean (43,49, 131,132,356}, clo-
ver {14,251) and alfaifa (337,338). Similar to
the control of nodule development by Afizo-
b, mutations in the plant genome can also
result in disturbed nodule development, vary—
ing from the absence of nodules to the deve-
lopment of wildtype-iike but ineffective
nodules (357). Generally, the nature of the
plant mutation is not known, and nodulin gene
exprassion has not been analyzed. Therefore,
we will not take these plant-conditioned dis—
turbance of nodule development into account.

In the following paragraphs we will discuss
the relationship between nodule development
and nodulin gene expression, itemized for the
different plant species pea, vetch, alfalfa and

soybean. Despite the many reports of clover
nodules disturbed in development, the plant
species clover is omitted in the following dis-
cussions because knowledge about nodulin
gene expression in clover is lacking.

6.3.1. Pea and vetch

The correlation between noduie structure
and nodulin gene expression is best studied in
the plant species, vetch and pea, both
belonging tc the same cross—inoculation
group. On the roots of these plants A /&gu-
munosarur induces the formation of indeter—
minate nodules. In nodules induced on veich
by wild-type A gummosarum, two early
noduling ENOD2 and Nvs-40, and 15 late
nodulins have been identified (chapter 4.). In
nodules induced on pea (£ safivwrd, two
early, ENOD2 and Nps—40', and 20 late nodu-
lins have been found (126). AAzobiy stiains
mutated in one of the »# or /%x genes (see
6.4.1)) induce the formation of nodules on pea
and vetch that are morphologically similar to
nodules induced by witd-type AALo0bim In
these nodules, rhizobia differentiate into the
characteristic bacteroidal shape and all nodu-—
lin genes are expressed (126,129,234). Nitro—
gen fixation per se is apparentty not essential
for the induction of the expression of nodulin
genes.

Strain P8 is a Afzobriwm wild-isolate that
induces ineffective nodules on pea, in which
bacteria are released from the infection
threads, but do not differentiate into the
characteristic Y-shaped bacteroids as do
wild-type bacteria. All pea nodulin genes are
expressed in the nodules formed by strain P8
(126). Thus, induction of the expression of
nodulin genes does not depend on bacteroid
development.

Strain 248¢(pMP104) is A /leguminosarum
248 (175), containing essentially 12 kb noo
region from a A /eguniiosanan sym plasmid
(308). Strain 248¢(pMP104) forms nodules on
pea and vetch that have the same histological
organization as wild—type nodules, including
the development of infected and uninfected
cells. In this case, also all early and late nodu-
lin genes identified are expressed (chapter 5.).
The same is true for strain ANUS45(pMP104),
which contains the t2 kb nag region in a A
nfoki chromosomal background. These results
show conclusively that the 704 genes are the
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only sym plasmid genes required for the in—
duction of nodulin gene expression (see
6.4.2).

Strain  ANUS45{pRt032{700E K11::Tn5)
contains essentially 14 kb 704 region from a
A trfoli sym plasmid (292) with a Tn5 inser-
tion in the mogf gene. The mutation in 7odE
extends the host range of this A &4 strain
to the peajvetch cross—inoculation group (85).
The nodules formed on vetch by this strain
deviate from nodules induced by wild-type
strains in the structure of the late symbiotic
zong. The late symbiotic zone contains two to
four layers of infected and uninfected cells. In
the proximal part of the nodule, a large area of
senescing tissue is present almost without any
bacteria. In these nodules, both early nodulin
genes ENOD2 and Nvs—40 are expressed.
Only the {ate nodulin gene Nvs-65 is transcri-
bed, but no mRNA from the other late nodulin
genes, including the leghemoglobin genes is
detectable (chapter 5.). Apparently the class
of late nadulin genes must he divided in two
subclasses that seem to be regulated in a dif-
ferent manner. The absence of Lb transcripts
in the noduies induced by
ANUBAS(pRIO32)(nogE  Kt1:Tns)  suggests
that the Lb genes are first expressed when the
nodule meristem cells are fully differentiated
into infected and uninfected cells. Immunocy-
tological localization of leghemaoglobin in pea
wild-type nodules supports this suggestion. In
these nodules leghemoglobin is not detec—
table in the sarly symbiotic zone, nor in the
first two call layers of the late symbiotic zone
{342).

Strain LBA4301(pMP104} is a Ti plasmid—
cured Agrobacterium fumefaciens (161) con—
taining the same 12 kb noc region from a A7
Jeguminosarm sym plasmid as strain 248¢
(pMP104)(chapter 5.). Strain  LBA4301
{pMP104) forms nodules in which bacteria are
released from the infection threads. The bac-
teria then become surrounded by a peribac-
teroid membrane. However, upon release from
the infection thread, the bacteria are degraded
despite the presence of a peribacteroid mem-
brane, and they never develop into bacteroid—
shaped structures. At the same time, also the
organelies in the plant cytoplasm of these “in—
facted” cells disintegrate. The uninfected cells
appear normal, as judged by selectron micros—
copical observations and the early nodulin
genes ENOD2 and Nvs-40 are expressed. On
the other hand, none of the late nodulin tran-

scripts, including Nvs-65 and Lb, are detec-
table. Because diffarentiation into uninfected
celis seems normal, the late nodulin genes
found expressed in these vetch nodules are
apparently not axpressed in uninfected cells.
Absence of the late nodulin Nvs-85 in the
nodules formed by LBA4301(pMP104) sug-
gests that release of bacteria from the infec-
tion thread is not sufficient for the induction of
expression of the Nvs—65 gene. Comparison
between the nodules formed by
ANUB45(pRI032) frogls Kt1::Tn5) and
LBA4301{pMP104) indicates that the Nvs-65
gene is probably first expressed in the
youngest cells of the tate sym-biotic zone that
are completely filled with bacteria (chapter 5.).

To date, no bacterial strains are available
that induce on vetch roots the formation of
noduies without reiease of the bacteria from
the infection threads. Such nodules are for—
med on pea roots (128) by the Agrobscleninm
transconjugant LBA2712, containing a com-
plete A /Bgwmnosarum sym plasmid instead
of the Ti plasmid. The vetch (¥ safid early
nodulin Nvs—40 can be immuneprecipitated
with an antiserum raised against the pea [~
sativenny) early nodulin Nps—40' (25}, and the
soybean ENOD2 cDNA clone cross-hybrid-
izes with both a pea {(129) and a vetch {chap-
ter 4.) ENOD2-like early nodulin mRNA. This
shows that the early noduling Nps-40°/Nvs—40
and PSENOD2/VsENOD2 are closely related.
Therefore, the expression of the two early
nodulin genes Nps-40' and PSENOD2 could
be studied in pea nodules as substitute for
vetch nodules. Only the PsENOD2 gene is
expressed in LBA2712-induced pea nodules,
while the Nps—-40" gene and all pea late nodu-
lin genes are not transcribed in these nodules
{128). If one assumes that the Nvs-40 and
Nps-40' genes are regulated similarly, the
difference in Nvs—40/Nps-40' gene expres—
sion observed between nodules induced on
vetch by LBA4301{pMP104} and nodules in—
duced on pea by LBA2712 suggests that Nvs—
40 gene expiession is related to release of the
bacteria from the infection threads andfor to
the subsequent differentiation into infected
and uninfected celis {chapter 4.). In view of
the results obtained by analyses of nodulin
gene expression in alfalfa nodules induced by
Ahizobrm exo mutants (see 6.3.2.), it is most
likely that the expression of the Nvs—40 gene
is related to the diffarentiation into infected
and uninfected cells.



From the detailed studies on pea and
vetch, it can be concluded that now at least
four classes of nodulin genes can be dis—
tinguished on the basis of their expression in
developmentally disturbed nodules. Both early
and fate nodulin genes can each be divided
into two subclasses, the expression of which
correlates with a stage of root nodule deve-
lopment, the formation of a nodule structure
(ENOD2), differentiation into infected and
uninfected cells (Nvs—40, Nps—40'), packing of
the infected cells (Nvs—-65) and subsequent
processes {Lb and other late noduling), res—
pectively.

6.3.2. AHalfa

A melifolf induces on alfalfa (M sativg)
roots the formation of indeterminate nodules.
In nodules induced on alfalfa by a wild-type
A mefiol about twenty nodulins have been
identified (95,191,217). Twa early nodulin
genes, Nms-30 and MSENOD2, have been
found. The alfaifa ENOD2-like early nodulin
has approximately 80% amino acid homology
with the soybean garly nodulin Ngm-75 (80).

Detailed electron microscopical observa~
tions on alfalfa nodules induced by various A,
meliol oif and fix mutants revealad some
minor deviations in structure compared to
wild-type nodules (149,150}. These deviations
occur after release and maturation of the bac-
teroids. Nodules remain small due to rapid
senescence. A A mediol/ mid mutant induced
nodules in  which bacteroid maturation
appeared intsrrupted. The bacteroids rarely
attained the dimensions or appearance of
wiid-type bacteroids (149), but the nodules
themselves eiongated for the greater part to
wild-type nodule dimensions. Whatever
deviations in structure, all nodulin genes were
expressed in nodules induced by the &7 and
fix mutants investigated (95,217), as is the
case in pea and vetch nodules induced by
Fhvizobrirn rvfand frmutants.

The A mefiol mutants exod through exoF
lack an acidic extracellular polysaccharide in
their cell wall (104,202). Thase strains induce
nodules on alfalfa totally devoid of infection
threads and intracellular bacteria (104). This
nodule phenctype will be referred to as
empty. The rhizobia are restricted to the inter—
cellular spaces in the nodule outer cortex.
Only the early nodulin genes MSENOD2 and

Nms-30 were expressed in these empty
nodules (80,95), whereas none of the late
nodulin transcripts wete detected (95,217).
The same pattern of nodulin gene axpression
is found in nodules induced by Agrobacterivm
strains camying the A meffo sym plasmid
217, or the clonad 7oc genes (80), which both
induce empty nodules resembling the nodules
induced by exo mutants, and in nodules in—
duced by a A mesliol exof mutant which fails
to succinylate its acidic extraceliular polysac—
charide and induces nodules containing abor-
ted infection threads and infrequently released
bacteria (203).

The alfalfa early nodulin Nms-30 {also
named Nms-38 (203} immunoprecipitates
with antiserum directed against pea Nps-40’
(25}, just as the vetch early nodulin Nvs-40
does. Apparently, a structurally similar early
nodulin occurs in all three species. Assuming
that pea Nps-40', vetch Nvs—40 and alfalfa
Nms-30 are not only structurally but also
functicnally related, the pattern of expression
of Nvs—40 and Nms-30 in vetch and alfalfa
nodules respactively allows a potential role for
this nodulin 10 be deduced. From the studies
on vetch nodulin gene expression, it is con-
cluded that the expression of nodulin Nvs—40
is related to the release of bacteria from the
infection thread and/or to the differentiation
into infacted and uninfected ceils {see 6.3.1)
Infection threads and infected cells are not
present in the nodules induced on alfalfa by
Rhizobiwm exo mutants, but the related Nms—
30 gene is expressed. Therefore, the expres—
sion of the Nvs—40/Nms-30 nodulin gene is
related to the differentiation into uninfected
cells.

The absence of Nps—40’ in the noduies in-
duced on pea by Agrodacteriumn LBA2712
{128}, in which bacteria are not released from
the infection threads, seems contradictory to
this retationship. The apparent contradiction .
can however be explained in the following
way. The cells in the LBA2712-induced pea
nadule may be without bacteria and morpho-
logically resemble the uninfected cells in the
empty alfalfa nodule, but differ on the mole—
cular level. it is conceivable that the cells
without bacteria in the pea nodule have not
differentiated into uninfoected cells, whereas
the cells without bacteria in the alfalia nodule
are similar to the uninfected cells occurring in
mature nodules. Because the ENOD2 gene is
expressed in nodules without infection
threads, the early nodulin gene ENOD2 is in-
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volved in the establishment of a nodule struc—
ture and not in the infection process per s6.

6.3.3. Soybean

Bradyifwzobiam  goorveurn induces  on
soybean (& max) roots the formation of
determinate nodules. In nodules induced on
soybean by a wildtype 5 J@ponrcwn, more
than twenty nodulin mRNAs have been identi-
fied (8,122,}. At least four noduling, Ngm-75,
Ngm-44b (nomenclature changed to dis-
tinguish Ngm-44b from the peribacteroid
membrane nodulin Ngm-44, see 6.2.35),
Ngm-41 and Ngm-38, are already found at
the time of development when a globular
meristem has been formed. These early
nadulin genes are transiently expressed dur—
ing nodule development. Except for the early
nodulin Ngm-44b, their mRNAs increase in
concentration up to the stage in which the
complete nodule structure is established and
then decrease in concentration. The con-
centration of Ngm-44b mRNA remains con-—
stant in this period and then decreases as
wetl. Because Ngm-44b gene expression fol-
lows meristematic activity, the expression of
the Ngm-44b gene may be correlated with
meristematic activity in the nodule (122). Also,
several late nodulin cDNA clones have baeen
isolated (116,296).

Nodules induced on soybean by & goon-~
cum strains mutated in genes for ## and Zix
functions devetop similar to wild-type nodules
{136}, just as is the case for pea, vetch and
alfalfa. All nodulin genes are expressed in
these ineffective nodules(116,122, 296). This
aiso applies to nodules formed by a £ gpon-~-
cum a4 mutant (317), but the nodules in—
duced by this strain are severely disturbed in
nodule development (108}. The bacteria are
released from the infaction thread, but do not
multiply extensively. Moreover, the infected
cells collapse at an early stage of develop-
ment. On the other hand, the uninfected celis
in these %4 mutant-induced nodules appear
normal. Although all nodulin genes are
expressed, the concentration of leghemoglo-
bin {mRNA) is reduced drastically (317}. These
data will be discussed in 6.4.1.

Strain HS124 is an ill-defined & goonicum
mutant obtained by UV irradiation (248). in the
nodules formed by this mutant, bacteria are
rarely released from the infection thread and
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the few cells that have become infected,
appear to degenerate immediately (122,248).
The uninfected cells in the HS124-induced
nodules appear normal. All early nodulin
genes are expressed, but interestingly their
exprassion is no longer transient {122). Most
of the identified late nodulin genes are
expressed at approximately the same level of
expression as found in wild-type nodules, but
the expression of five late noduiin genes is not
or hardly detectable. £¢g, leghemaglobin
mBNA is hardly detectable. Apparently, late
nodulin genes in soybean nodule deveiop-
ment can be subdivided into two groups. On
the one hand the group of late nodulin genes
that is expressed in HS124-induced nodules
and on the other the group of genes that is
not or barely expressed in these nodules.
Because infected cells develop hardly or not
at all in nodules induced by HS124, the nodu-
lin genes not expressed in HS124-induced
nodules are most likely transcribed in infected
cells during normal nodule development. The
group of nodulin genes fully expressed in
HS124-induced noduies is transcribed in
uninfected ceils or in both cell types. Howe-
ver, n-uricase, a marker for the uninfected
cells, could not be detected immunologicaily
(296). Tharefore, the expression of soma
nodulin genes expressed in uninfected cells is
affected as well. The concept of two sub-
classes of late nodulin genes has been confir-
med by the isclation of late nodulin cDNA
clones, some of which represented mRNA
absent in HS124-induced nodules (296).

B jgponicum mutant TB-1 induces nor-—
mal-sized nodules that contain infection
threads, but almost completely lack intracellu-
lar bacteria due to a block in bacterial release
(235). Because the marker proteins for the in-
fected and uninfected cells, leghemogiobin
and n-uricase respectively, could be detec—
ted, the differentiation into these two cell
types appears undisturbed. Whereas the
mRNA for most late nodulins was present at
reduced levels in these nodules, mRNA for
Ngm-26 was present at concentrations found
in wild—-type nodules {110,235). In wild-type
nodules, nodulin Ngm-26 gene is associated
with the peribacteroid membrane. However,
the expression of the Ngm-26 gene in these
developmentally disturbed nodules shows that
this gene is also expressed when the peribac-
taroid membrane is not formed (110,235).
Although these results have been taken to




suggest that there are at least two develop-
mental stages in peribacteroid membrane bio-
synthesis (2356), the apparent contradiction of
the expression of the peribacteroid membrane
nodulin gene Ngm-26 in nodules induced by
8. saporicurm T8-1 questions the exact loca-
tion of this nodulin. Ngm-26 gene expression
is not detected in nodule-like structures
devoid of infection threads {235), therefore
Ngm-26 may be located in the infection
thread as well as in the peribacteroid mem-
brane.

6.3.4. Conclusions

Various studies on nodulin gene expres—
sion and nodule development with specific
Ahzobiur mutants have shown that nodule
formation can be amested at different stages
of development as judged by histological cri-
teria, and that these stages of development
can be correlated with the expression of dif-
ferent sets of nodulin genes. On the basis of
their expression in developmentatly disturbed
nodules, early and late nodulins can each be
divided into at least two subclasses, the
expression of which is regulated differently.
Each subclass may reflect the occurrence of a
different step in the developmental program of
the root nodule.

6.4. RHIZOBIUM GENES INVOLVED
IN NODULIN GENE EXPRESSION.

Both early and late nodulin genes can be
subdivided into subclasses and each subclass
correlates with the attainment of a defined
stage in root nodule development beyond
which further development is blocked by the
mutation in the Ahzobisn. This suggests that
the bacterium delivers signals to the plant for
the induction of expression of the successive
subclasses nodulin genes. For a characteriza—
tion these puiative Afzobium signals, the
Ahizobinm genes required for nodulin gene
induction have to be identified. In fast growing
rhizobia (genus AAizobium) the majority of the
genes essential for nodulation and symbiotic
nitrogen fixation are located on a large plas—
mid (17), the so—called sym plasmid, whereas
in slow growing rhizobia (genus Sadiriuzo-
L (173)) the genes involved in the symbio-

sis are located on the bacterial chromosome
(145,310). The bacterial strains used to cor-
relate nodulin gene expression with nodule
development (section 6.3.), will now be dis—
cussed with the aim 1o idertify the Afzodurn
genes required for the induction of the
expression of nodulin genes.

6.4.1. Nitrogen fixatiocn genes

The Ahizobiwn genes essential for sym-—
biotic nitrogen fixation are the ¢ and Jfr
genes. A7 genes have been defined on the
basis of structural or functional analogy with
the 27 genes in the free-living nitrogen fixing
species Alebsialia preumoniae (83,283). Fix
genes are also required for nitrogen fixation
because nodules induced by strains mutated
in these genes do not fix nitrogen, but Ax
genes share no homology with A ponewmoniae
genes. In both Ahzobinm (64,97,133, 286,287)
and Sradyrfuzobin (98,145). clusters of 72
and #x genes have been identified.

All  investigated nodulin  genes are
expressed in nodules induced on various
legume plants by all ##and fix mutants exa—
mined so far. Therefore, these Afizobim i
and fix genes are not essential for the induc—
tion of nodulin gene expression. The cbserva-
tion that all nodulin genes are expressed in
nodules formed on pea and vetch by 2%zo-
L shiain 248¢(pMP104), containing only a
small region of the sym plasmid (see chapter
5.} without s and #x genes, is the most con-
clusive evidence that /#fand /x genes are not
required for the induction of nodulin gene
expression.

The a#and fix genes do, however, appear
to influence the level of expression of late
nodulin genes. In nodules formed on pea by
mFand S mutants the amount of mRNA of the
late nodulin genes is 10—40% of the amount
found in wild-type nodules {126}. This pheno-
menon might for the greater part be attributed
to impaired nodule growth resulting in a
change in the ratio of different cell types. On
the other hand, in pea the amount of Lb pro-
tein in ineffective nodules is not in proportion
to the amount of Lb mBNA (126). Therefore a
post—transcriptional regulation of legheimoglo-
bin formation is likely.
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Whereas ## and fx mutants of Aszobium
do not influence the development of the root
nodules they induce, a few notable exceptions
have been described for Sragyriuzobium ¥
and Ar mutants. A & jgoonicwn A4 mutant
induces nodules severely disturbed in the later
stages of nodule development (108)(see
6.3.3.). All nodulin genes are expressed, but
leghemoglobin is present at an extremely
reduced concentration compared to the con-
centration in nodules induced by other /¥ and
fv mutants (317). Whereas in other 5. gporn-
cum afand A mutants investigated, the con-
centration of leghemoglobin protein is about
60% of the concentration in wild-type
nodules, the leghemoglobin concentration in
the #4-mutant induced nodules is less than
1% of the concentration found in nitrogen fix—
ing nodules. The decrease in leghemoglobin
concentration is partly due to a decrease in
transcription, since the relative concentration
of leghemoglobin mRNA in the s#4- mutant-
induced nodules is about 5-10% ot that found
in wild-type nodules. The relative concent—
ration of two other tate nodulin mRNAs, Ngm-—
23 and n-uricase, in the ~224 mutant-induced
nodules is reduced to about 30% of that in
wild--type nodules, while the expression of the
easly nodulin gene Ngm-75 is not decreased
at all {317). The very strong decrease in con-
centration might thus be unique for leghemo—
globin. The dramatic effect of the & sgvon-
curm m4 mutation on nodule development
and in particular on the accumulation of leg-
hemoglobin suggests that the 2#4 gene pro-
duct not only regulates the expression of the
Y genes in Baadywfuzobiyn but is also in
some way invaived in the regulation of nodulin
gene expression in the plant cells. Because all
nodulin genes are expressed in the /4
mutant-induced nodules, it can be excluded
that the -4 product is required for the actual
induction of nodulin gene expression. Howe-—
var, the /2#4 product appears to be required
for the accumulation of ieghemoglobin during
nodule development. Besides the /2#4 mutant,
a few B jgoonicwm fx mutants have been
isolated that are phenotypically impaired in
free=living nitrogen fixation, but have no
auxotrophic defects {267). Counterparts for
this type of #r genes have not heen found in
fast growing rhizobia. Just as the %4 mutant,
these A mutants induce nodules severely
disturbed in development, but nodulin gene
expression in these nodules has not yet been
studied.
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The effect of ##4 and certain % genes on
soybean nodule development, shows that
gene products involved in building up the
nitrogen fixing system have a regulatory role
in nodute development and nodulin gene
expression in the £ jporicum-soybean
symbiosis, whereas there is no evidence for
such a regulatory role of 7 and #x gene pro-
ducts in the symbiosis of fast growing rhizobia
and legumes.

6.4.2. Nodulation genes

The Ahzobirn genes required for, or in—-
volved in nodulation of legume hosts, the 707
genes, have been identified by a variety of
genetic means (214). So far the genes 7004
through 700l have been identified in at least
one of the various Afzobiuim and Eradyrfiizo-
barn species studied (88,80,168,181,185,215,
282,293,294,365). Of these s00 genes, the
nodDASC genes are found in all species.
These four genes are functionally inter—
changeable between different species of A4/~
Zobiym (88,90,109,181,365) and are therefore
called common 700 genes. The common 70g
genes appear to be absolutely essential for
nodutation in all Afzobiyn-legume  sym-—
bioses, because mutations in these genes
result in a Nod- phenoctype (214). The same
four genes are also essential for nodulation of
the non-legume Parasporia (224). The com—
mon 700 genes fall within one region of about -
14 kb in A /feguminosarum (90) and A, &rifold
{292}, and within two regions separated by
about 12 kb in 7 meadiol/(215).

The other genes, called host-specificity
rod genes, delay or reduce nodulation or alter
host range when mutated, but these mutations
do not cause a complete inability to form
nitrogen fixing root nodules (74-76,87,81,165).
Therefore, the genes nsodf through sodl/ are
involved in a fine tuning of the regulation of
nodulation, but they are so¢ essential for the
induction of nodulin gene expression.

The nodDASC genes are thus the most
prominent candidates for generating the sig-
nal{s} involved in the induction of the expres—
sion of nodulin genes. The A0cd45C genes
constitute one operon, the constitutively
expressed ~o00D is transcribed separately in
the reverse direction (86,100,281,290,307). In
the presence of flavonoids excreted by the



root, the nog gene product induces the
expression of al other 700 genes
{86,106,166,236,257,266,371), possibly as a
positive transcriptional activator (216). The
rod? gene products have bean shown to dif-
fer in responsiveness to different flavonoids in
a host-specific way (164,309). These obser—
vations imply that the interchangeability,
hence the common s7og gene status of 7odl,
has to be questioned.

Geonetic analyses indicated already the
pivotal role of the m00DABC genes in the
establishment of the symbiosis. The noodD45C
genes have been shown 10 be essential for
root hair curling {90,92,168), formation of the
infection thread (85,76) and the induction of
cortical cell division (93}, thus for the sarliest
steps in the developmental program of the
root nodule in which no nodulin gene expres—
sion has been identified yet.

In reaction to the plant-excreted fla—
vonoids, AZobiumr produces low molecular
weight, soluble factors that cause a thick and
short root (Tsr) phenotype on velch (340,341),
and root hair deformations on vetch (372) as
well as on clover (20). The branching factor
produced by A ##o/h also causes root hair
deformations on vetch {(47). Mutations in the
comman #gg genes abalish the ability of the
bacterium to produce these factors (19,372},
demonstrating a direct effect of 20045C gene
products in the production of a return signal
from bacterium t plant. In view of the reaction
of the plant to this signal, it is likely that the
signal is hormone-like in nature. The
sequence of the Rhizobium 7o genes does
not resemble sequences of phytohormone
synthesis genes, but complementation of a A
mieltiotf Nod- mutant with an 4. iwnefaciens
cytokinin gene resuited in a strain capable to
induce an empty nodule, suggesting that in—
deed alterations in the hormone housekeeping
of the legume root, in some way brought
about by the n0o gene products, are suffi-
cientfor the formation of a nodule structure
{213). Overproduction of the s7od4BC gene
products either by increased gene copy num-~
ber or from strong promotors proved deleteri—
ous to nedulation (155,180). Thus, the con-
centration of the 7ooAFC gena products is
critical for the proper development of the
symbiosis.

Upon introduction of a fragment carrying

exclusively the #700048C region into a sym
plasmid—-cured AAzobinm staain, the recipient
strain acquires the ability to curl root hairs
(180), but a nodule structure is not formed.
Whereas the nogDASC region by itself is not
sufficient for the formation of a nodule struc-
ture, upon introduction of 12 kb 7oo region
from a A /leguminosarc? sym plasmid into a
sym plasmid-cured Afizodirn, the recipient
strain regains the ability of the donor strain to
induce nodules on pea and vetch. In these
nodules, the expression of all nodulin genes is
induced (chapter 5.). Apparently, the host
specificity 7o' genes present on this 12 kb
region, in addition to 700PASC, pave the way
for development, without being essential in
themselves, because mutations in these addi-
tional host specificity 700 genes do not result
in a Nod- phenotype. This result proves con-
clusively that 12 kb #oc/region in a Ahzobixr
chromosomal background is sufficient for the
induction of the expression of all nodulin
genes identified.

The strain obtained by introducing the
same 12 kb nod region into a Ti plasmid—
cured Agrobacterizm induces nodules on
vetch in which only the early nodulin genes,
Nvs-40 and ENOD2, are expressed, but no
late nodulin MRNAsS are detectable {(chapter
§.). Thus, the presence of the 12 kb nod
region in an Agrodacteriyr  chromoesomal
background is sufficient for the induction of
early nodulin gene expression. The Agrobac-
fenum chromosome itself is unlikely to contri—
hute signals specifically involved in the induc-
tion of nodulin gene expression, because
nodulin gene expression is not detectabis in
tumors formed on the stem of vetch plants
after wounding with A Zwnefaciens (chapter
2.}). Therefore, the 12 kb o region must be
rasponsible for the induction of the expression
of early nodulin genes. In view of the results of
the mutation analyses, the mod45C genes
must be the gene involved in this induction.
Because the expression of the identified early
nodulin genes becomes first detectable after
the nodule primordia have been formed, the
induction of their expression is pant of the
developmental stage following the induction of
cortical cell divisions. Therefore, the nodP4AFC
genes are also involved in a stage of develop—
ment beyond the induction of cortical cell
divisions.

The noddBC genes seem not sufficient for
the induction of the expression of the late
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nodulin genes, because late nodulin gene
expression is not detectable in the nodules
induced by the strain containing the 12 kb 700

region in an Agrobactenumn chromosomal
background. Although this sesult suggest that
chromosomal or non—sym plasmid genes are
essential for the induction of late nodulin gene
expression, in 6.5.2. will be discussed that
such a conclusion cannot be drawn.

Indirect evidence indicates that the
nodABC genes are indsed involved in the in-
duction of fate nodulin gene expression. Two
Ahizobium straing that only differ in the origin
of the cloned 7og genes they contain were
used to induce nodules on one and the same
host plant, vetch. Strain ANUS45{pMP104)
cortains the 12 kb o7 region discussed
above in a A ol chromosomal background.
Strain ANUB45(pRt032){ 700F K11::Tnd) con-
tains 14 kb sod region from a R. ok sym
plasmid in the same A &4 chromosomal
background. Duse to a Tns mutation in 7o0E,
the host range of this 4 ##o/r strain is exten—
ded to vetch (85). Analyses of the pattern of
nodulin gene expression in nodules induced
on vetch by both strains showed that in
nodules induced by ANUB45(pMP104) the
expression of all nodulin genes is induced,
whareas in nodules induced by
ANUB45(pRt032) ficas K11:Tns) the late
nodulin gene transcripts, except for Nvs-65
mRNA, were not detectable (chapter 5.). The
marked diffaerence between these two strains
with respect to late nodulin gene expression
will be related to the only difference betwesn
the strains: the apparently distinguishing
characteristics of the 12 kb 70 region in the
one strain versus the 14 kb 7od vegion in the
other. Irrespective of the exact cause of the
cbserved difference in the induction of late
nodulin gene expression, this difference in-
dicates an involvement of 700 genes in a
stage of nodule development associated with
the induction of late nodulin gene expression.
This conclusion is supported by the observa-
tion that the mo0a4 and nodC genes are
expressed in A meiiol bacteroids (289).

6.4.3. Surface determining genes

The AfAzobiwn suriace has been supposed
to be involved in adhesion to the root hair
surface, determination of host range, and
nodulation (73,137,304). A firm relation bet-
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ween the Azobwnn surface and the develop—
ment of a nitrogen fixing root nodule was
established by the isolation of well-defined
mutants that fail to produce extracellular poly-
saccharide and form a developmentally dis-
turbed nodule (52). Like other Gramnegative
bacteria, AZobiern has an outer mermbrane
outside the peptidoglycan cell wall. External to
the outer membrane, but tightly associated
with it through covalent linkage to lipid A, are
the lipopolysaccharides (LPS). Mare loosely
bound are the extraceliviar polysaccharides
which consist of two types, defined by the
tightness of adhesion to the bacteriat surface:
exo-polysaccharides (EPS), and the more
tightly bound capsular polysaccharides (CPS).
The EPS contain a fraction of heteropolysac—
charides, the majority of these being acidic,
and a fraction of homopolysaccharides which
are mainly neutral glucans {48). The various
surface polysaccharides are a complex mix—
ture of different oligomers and polymers,
every one of which may be of importance in
the symbiosis.

Several genetic loci for Afzobirn surtace
determinants bave been identified, and the
genes are being characterized as detailed as
the ~# six and nod genes. Eight loci affecting
acidic EPS have been identified in 7 meliolf
(104,202). Strains mutated in the loci exo4d
through exoF fail to produce a particutar acidic
EPS (104). In addition to acidic EPS, the exoC
mutant also lacks cyclic glucan (80). These
exo mutants induce nodules devoid of intra—
cellular bacteria and infection threads. Some
of the mutations could be complemented by
genes from A fwneraciens (46). A mutation in
the gighth exo locus, exoX, resulted in a strain
that produces a slightty maodified acidic EPS in
which the succinyl modifications are absent
{203}). In the nodules induced by the exoX
mutant, infection threads are present but bac-
terial release is rarely observed (203). Simi-
larly, A mediot mutants that either lack acidic
EPS or have an acidic EPS without pyruvate
modifications, and elicit empty or exoX
mutant-tike nodules respectively, have been
isolated (262). These results show that the
acidic EPS and its noncar-bchydrate substi-
tutions have a role in the infection process. In
all e&xo mutant-induced nodules on alfalfa, the
exprassion of two early nodulin genes,
MsENOD2 and Nms-30, was induced, but late
nodulin gene transcripts were absent (80,203).



In addition to the exo loci, two 7agl (nodule
development) loci, 744 and #6145, have been
identified in A meliot (96). These genes are
homologous to and functionally interchange-—
ahle with the chromosomail virulence genes
civd and ol of A lumeiaciens. R meliiolf
ndv mutants induce nodules with a morpho-
logy similar to that of the exe mutant-induced
nodules {80,96). In contrast 10 A mealiol exo
mutants, these mutants are not impaired in the
synthesis of acidic EPS, but they are defective
in the biosynthesis of cyclic glucan (80,120},
just as the Agrobacterivm c/iv—mutants (264).
As is the case in the exo mutant-induced
nodules, the expression of the early nodulin
genes, Nms-30 and ENOD2, is induced, but
late nodulin gene expression could not be
detected (80).

Also in other Alzobivrm-legume sym-
bioses, a relation between EPS and the for-
mation of a nodule has been demonstrated
(34,55,89,339). In addition, surface com-
ponents like LPS and CPS have been shown
to affect nodule development (118,249,263). In
ail these cases, nodulin gene expression has
not been studied, so the involvement of these
surface components in the induction of the
expression is not known.

Basides phenotypicai  analyses  of
mutations, complementation studies with
mixed inoculations have demonstrated the

importance of surface determinants in nodule
development and nodulin gene expression.
Coinoculation of a sym plasmid—cured Exo+
nod mutant of the broad host range, fast-
growing Afzobrsn strain NGR234 with a Nod+
axo mutant of the same Ahzobisr that for-
med severely disturbed nodule-like structures
on Leucaena plants resultad the induction for-
mation of nitrogen fixing root nodules on Lew—
caena plants ((54). Both original mutants could
be isolated from the nodules induced. This
observation suggests that the EPS contributed
by the Exot mo4 mutant complements the
defect of the Nod* &xo mutant. Moreover, the
addition of the correct EPS, purified from the
parent strain NGR234, 10 the evo mutant has
been reported to cause the formation of nitro—
gen fixing root nodules (89). This confirms that
the EPS is essential for effective nodulation.
Also on alfalfa, coinoculation of 7. /el nod
mutants with axo mutants resulted in the in-
duction of nitrogen fixing root nodules (179,
262), but suppression of symbiotic deficiency

on alfaifa by the addition of EPS purified from
the parental strain failed in the case of A
mefiol gxo mutants (203).

6.4.4. Other genes

It has been shown that the & meiiiolf nod
genes are expressed at normal levels in vari-
ous Ahzobiwn chromosomal backgrounds
and in Agrobacternn Lumefaciens, hut not in
other  Gram-negative  bacteria {370).
Apparently, the Agrobaclerm chromosome
contains genes that are essential for the in-
duction of the 704/ genes. A mutation in these
genes will result in a Nod phenotype. Intro-
duction of the Afizobiwm nod region in an
Agrodacteryrn  chromosomal  background
resuits in a strain that is able to induce a
nodule structure in which early nodulin genes
are axpressed (see 6.4.2.). It cannot be exclu-
ded that the Agrobacterivrm chromosome
contains genes essential for the induction of
early nodulin gene expression. However, if the
Agrobacterfym chromsosome were to contain
essential genes for this induction, this implies
that Agrobacteriwr has retained genetic in-
fiormation it never uses in its natural situation.

Because the expression of late nodulin
genas is not detected in nodules induced by
Agrobacterim containing the nod region, the
Agrobacterium chromosome is not sufficient
for the induction of late nodulin gene expres-—
sion, which suggest that Afizobrism chromo-
somal genes are involved in the induction of
the expression of late nodulin genes {see,
however, 6.5.2.). Various other genes have
been shown to be involved in nodule deve—
lopment. A A metiol /ews mutant induced on
alfalfa roots small white nodules, in which
bacteria were not released from the infection
threads (329). When leucine or one of its pre-
cursors was added to the pilant growth
medium, bacterial release from the infection
thread was restored, and nitrogen fixing root
nodules developed. This result suggests an
invelvement of leucine in nodule development.
Several drug-resistant mutants, carbohydrate
metabolis mutants, and other auxotrophic
mutants have also been reported to induce
symbiotically deficient nodules (184,366),
suggesting a role in nodule development for
the mutated gene. In mast cases, neither
nodule morphology nor nodulin gene expres—

75



sion have been studied.

It seems doubtful that all these various
genes are respensible for signals towards the
plant that are involved in nodule development.
Obviously, certain basic physiological require—
ments must be met in order for the Auzobiun
to grow. Active growth of Auzobir seems a
prerequisite for proper development of nitro—
gen fixing root nodules. Mutations that affect
these basic physiological requirements will
only as a secondary consequence result in a
symbiotically deficient strain. The role of the
Ahizobivm chromosome in nodule develop-
ment and the induction of nodulin gene
expression is probably for the greater part the
support of the basic physiology of the bac-
terium. :

6.4.5. Conclusions

Several Ahzobasn genes that  affect
nodule development and nodulin gene
expression have been identified by phenotypic
analysis of mutant-induced nodules. The
effect of some auxotrophic mutants on nodule
development shows that the mere disturbance
of nadule development does not necessarily
imply that the AAzobinn gene mutated is
actually responsible for a signal essen-tial for
the induction of nadulin gene expression. Of
the Ahizobium genes identified, the #od and
surface determining genes are the most obvi-
ous can-didates to encode proteins providing
signals for induction of the successive phases
of nodule development. In 6.5 we will discuss
the role of these genes in relation to the in-
duction of nodulin gene expression.

6.5. RHIZOBIUM AND
THE REGULATION OF
NODULIN GENE EXPRESSION

The correlation between noduiin gene
expression and nodule development (6.3},
together with the identification of the Rhizo-
bium genes affecting nodule development
(6.4), provide the basis for the discussion how
many Afzobiwn signals are involved in. the
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induction of nodulin gene expression, and
which genes generate them. However, in the
previous sections, the possibility of another
plant reaction interfering with nodule forma-
ticn, /& a plant defense response has been
left outside of consideration. Yet such an
alternative plant reaction may be an essential
factor in identifying the (rhizobial) signals for
the induction of nodulin gene expression.
Therefaore, we will first take the role of a
defense response during nodule development
into account. We will discuss briefly the role of
a plant defense response in nodule develop-
ment and outline the consequences of that
role for Ahizobiym signals in the induction of
nodulin gene expression. Then we will discuss
the role of the Aazobiwr riod and surface
determining genes in the interplay of plant and
bacterium resuiting in a root nodule.

6.5.1. Defense response

Plants are able to defend themselves
against plani-pathogens by a variety of
means (60,297). Some of the defenses are
general, in that they provide protection from
infection by a range of pathogens. These
defenses include phytoalexin accumuiation
{72), extensin accumulation, and other res—
ponses cafled coliectively the hypersensitive
response {297). Other defense responses are
highly specific, detected only in response to
attack by a particular pathogen. Although root
nodule development has repeatedly been
considered as a special kind of plant-patho-
gen interaction (84, 172,300,336), establish- .
ment of & nitrogen fixing root nodule does not
appear to provoke any known defense res—
panse. In soybean roat nodules the concent-
ration of the phytoalexin glyceollin is even
lower than in uninfected roots (361). In pre—
liminary studies in our laboratory no increase
of extensin-related RNA in nodules compared
to uninoculated roots was observed (25). Also
stress—related RNA, detected on RNA transfer
blots using a soybean general stress cDNA
clone as probe (68), was not enhanced in
concentration (25). These results suggest that
the known defense mechanisms are not
operating during normal root nodule develop-
ment. Furthermore, none of the nodulins iden—
tified in vetch and pea nodules are detectable
in tumors formed on the stem of vetch and
pea plants by Agrobaclerinn lumeiacions




(chapter 4.) while Agrobactenim is a well-
recognized plant—pathogen. This result shows
that none of the identified nodulins functions
in defense mechanisms.

A perturbation of the normal situation dur—
ing nodule develcpment appsars o elicit a
defense response in the host plant. In nodules
formed on soybean by a B goondicum mutant
that forms unstable peribacteroid membranes,
the phytoalexin concentration increases fifty
fold (361). The nodules senesce prematurely
and the necrotic appearance of the degenera—
ted nodule is reminiscent of a hypersensitive
response 1o pathogenic infection. Up to now,
this is the only case in which a recognized
parameter of defense has been measured.
Further evidence for a defense response is
circumstantial. A A o4 mutant that overpro-
duces exopolysaccharides induces a dis—
turbed infection process in which infection
thread growth is aborted in the root hair cell
{279). The reaction of the plant is interpreted
as a hypersensitive response, because elec-
tron dense material is deposited around the
infection site. Nodules induced on the roots of
vetch plants by an Agrodacienism fransconju—
gant carrying the complete & feguminosarum
sym plasmid exhibit a clearly dark center in
the nodules. This dark center may be similar to
the phenomenon of browning, associated with
the hypersensitive response (3). Structural
analyses of these nodules at the light and
election microscopical level indicated that
some nodule cells contain bacteria, but the
bacteria degenerate directly after release from
the infection thread and plant cells collapse
(342). Thus, although in normal nodule deve-
lopment no indications of a defense response
are apparent, such a defense response seems
to be present in the development of some in—
offective nodules. It can be argued that in
these ineffective nodules the symbiosis must
be cansidered as a classical parasitic inter—
action (336).

In view of the apparent absence of a plant
defense rosponse during normal nodule
development, we hypothesize the pressnce of
a system in the plant to which we will refer as
sensor system, that is piobing the perfor-
mance of the symbiosis. The bacterial surface
is constantly, or at defined stages of develop-
ment, evaluated. The available data on nodule
development indicate that the sensar systam
is active at least at two different stages of

development. First at the initial growth of the
infection thread, and second at the release of
bacteria from the infection thread. When this
sensor system detects an aberration of the
permitted surface, a defense response is elici-
ted. As a result, further nodule development is
impaired.

6.5.2. Rhizobial signals

The triggering of a defense response in
root nodules induced by deviating bacteria
puts the communication between Azobium
and the plant in a different perspective,
because it implies the existence of two types
of signals. On the one hand, there are signals
that actively cause the induction of nodule
differentiation and nodulin gene expression.
To these signals we will refer as inductive sig-
nals. On the other hand, there are signals
which permit nodule development and
achieve avoidance of a defense response.
Because the latter type of signal will only be a
passive one, we prefer the term avoidance
determinant rather than signal. Avoidance
determinants turn A%zobiam into a “parasite
in disguise”.

In terms of Ahazobim signals involved in
the induction of nodulin geng expression, the
requirement of correct avoidance deter—
minants runs up a fundamental limitation of
what can be concluded from developmentally
disturbed nodules induced by engineered rhi-
zobia and agrobacteria. When a mutation
changes an avoidance determinant into a
compongnt that triggers the defense mechan—
ism, the devetopmental program of the nodule
will be aborted, while the mutant still has all
genetic information for the inductive signals. In
this case, a blockade of development does
not indicate a lack of an inductive signal, but
is only due to the unmasking of the
engineered bacterium as result of incorrect
avoidance determinants.

In the following two sections we will dis-
cuss these consequences of an interfering
defense response for the roles of the Ahizo-
b nodulation and  surface  determining
genes in the induction of nodulin gene
expression. Are these genes merely encoding
avoidance determinants, or are their products
more directly involved in the induction of the
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developmental program of the root nodule?
6.5.2.1. Surace delemniiing genes

A relation between microbial outer surface
and plant defense responses has been well
estabilished (299). For instance, cell surface
oligo- and polysaccharides of Afitopitera are
able to elicit plant defense responses (72). In
the interactions hetween Fseudormonas
sofanacearum and potato or tobacco, a plant
defense response can be generated by living
or dead bacteria or their lipopolysaccharides
(130,298). In normal nodule development, a
defense mechanism is not glicited. Therefore,
the Amzobium surface components are likely
to function as avoidance determinants. On the
other hand, however, it has been shown that
oligosaccharins can regulate developmental
programs in plants directly {327}). Hence, sur-
face determinants may also have inductive
capacities. Legume roots excrete enzymes
that are able to degrade rhizobial polysac—
charides (305), which appears a plausible way
of producing ocligosaccharins. However, we
will show that most data available can be
explained by assuming that the surface deter—
mining genes code for avoidance deter—
minants.

A mutation in the chromosomal pss {Poly-
Saccharide Synthesis) gene of A phaseok in
combination with the 7. paseak sym plasmid
does not affect the capacity to form nitrogen
fixing nodules on French bean (35), but when
the same chromosomal mutation is combined
with a A /Jeguminosareyr sym plasmid, the
ability to nodulate peas is completely blocked.
Normally, a strain containing a & /agumnito—
sanm sym plasmid in a A phaseoks chromo-
somal background nodulates pea. Therefore,
the poss gene product would be essential for
the induction of nodule formation and nodutin
gene expression on pea, while on the natural
host French bean this gene product is not im-
portant. In view of the apparent conservation
of the mechanisms involved in nodulin gene
expression (see 6.2.6.3.), it is unlikely that a
gene product absolutely essential for nodula-
tion of the one legume (pea), has no impor-
tance at all for nodulation of another legume
(French bean). Therefore, pss most likely
codes for an avoidance determinant and is not
involved in the generation of an inductive sig-
nal. The failure to nodulate pea shows that
only the heterologous host plant does not
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tolerate the bacterial surface components that
are exhibited in the absence of the oss gene
product.

The results obtained with the oss5 gene
may show that some plants accept more dif-
ferences in the bacterial surfaces than others,
or react more slowly to an aberration. An
Agrobaclersurn transconjugant harbouring a 7.
fBgurmitosarurn sym plasmid forms nodules on
vetch, in which most likely a defense response
is slicited after release of bacteria from the in-
fection thread (342). The same Agrobactenisn
transconjugant forms nodules on pea plants
that are totally devoid of intraceliular bacteria,
despite the presence of infection threads
{128). Thus, on two different legumes Agro-
bactemum  transconjugant-induced nodules
differ in the stage whore development is
arrestad. On alfalfa roots, an Agrobactesnivm
transconjugant with the A meadiol sym plas-
mid, or cloned n7od genes, forms nodule—like
structures that are even more disturbed in
development than the nodules formed on pea,
since infection threads are not or only in the
root hair celt observed (80,151,330,368). In
clover, infected cells are observed in nodules
induced by an transconjugant carrying the A
mfoly sym plasmid (162). A transconjugant
harbouring the A2 phasecd sym plasmid is
capable of inducing nitrogen fixing root
nodules on the roots of French bean plants,
unless plants were grown at 21°C instead of
26°C (159 ,223), A similar range in nodule
morphology has been described for nodules
induced by Agrodacterium transconjugants on
other legumingus plants (41,340). These
results can be interpreted as a different
tolerance of the sensor system of different
legumes towards the (slightly) deviating sur-
face determinants of Agrobacterir compared
to the surface of the taxonomically closely—
related Arizobivm.

The best studied surface determining
genes are the A meliol genes for the syn-
thesis of acidic exopolysaccharides. Mutants
are available that either lack acidic EPS, or
have a modified form (104,202,203,262). Most
exo mutants of R. meliloti form empty noduies
on alfalfa. In coinoculation experiments using
a nod'mutant of A mediotin combination with
an axo mutant, wildtype-like nodules were
abtained, showing that the defects are
mutually restored (262). However, coinocula—
tion of the ~oo mutant with a strain having a
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modified EPS lacking pyruvate residues was
unsuccessful {262). Although the correct EPS
is contributed by the 204 mutant, the pre-
sence of modified EPS is apparently sufficient
to armrest development. This observation
strongly suggests that the blockade in deve-
lopment is not due to the absence of an EPS-
derived signal molecule. it is most likely that
EPS functions as an avoidance determinant.

The nodules induced on aifalfa by exo
mutants lacking acidic exopolysaccharides, by
an Agrobacternivm transconjugant carrying the
A mefiot sym plasmid or cloned 200 genes,
or by s¢b mutants impaired in cyclic glucan
synthesis, are all devoid of intracellular bac—
toria. Only early nodulin gene expression is
induced in these nodules (80). The different
hacterial strains appear to differ only in their
outer surface. Because nodute morphology
and the pattern of nodulin gene expression in
these nodules are similar, all these different
bacteria would produce the signals required at
the same stage of development. But it seems
very unlikely that the various surface com-
ponents are ak involved in the generation of
signals required at the same time of develop-
ment. A more simple explanation is that all
these surface components are required as
avoidance determinants at the same stage of
nodule development. In view of the phenotype
of the 7ot mutation and the interpretation here
described, it should be noted that the desig-
nation Abdule e lelopment for this gene (96)
is unfortunate and misleading. The observed
nodule morphology is most likely only an in-
direct effect of the mutation.

In the interpretation of all data availabie, it
can not be excluded that the bacterial surface
components, in addition to functioning as
avoidance determinants, are also responsible
for the generation of inductive signais. These
two possible modes of action of surface
determinants are not mutually exclusive. A
change in a surface determinant can change
an avoidance determinant, and at the same
time destroy a (saccharide} signal that is
essential in the developmental program of the
nodule. At the moment, it seems premature to
assume that rhizobial surface determinants
have such an active role. Satisfactory evi-
dence has yet to be provided that surface
determining genes are responsible for signals
invatved in the induction of nodulin gene
expression. The only indication that surface

components have an active role, is the abser—
vation that the oligosaccharide repeat unit of
acidic EPS complemented an &xg mutant of
the broad host range Ahzobrirn strain
NGR234 (89), when added to the culture
medium. Future experiments need to be
designed in which the differences between
avoidance determinants and inductive signals
can ba more clearly assessed.

6.5.2.2. Nodkiation genss

Mutations in the common 704 genes, Rod-
DABC, abolish the ability to induce nodules
and nodulin gene exprassion completely.
These studies already suggested that the
nodPAEC genes are essential for establishing
a noduje and for the induction of nodulin gene
expression. The most conciusive evidence
that the nod genes are involved in nodulin
gene expression can be inferred from DNA
transfer studies. Transfer of a limited piece of
sym plasmid DNA carrying essentially the nod
genes to Agrobacterim, conferred upon the
recipient stain the ability to induce a nodule
structure in which early nodulin genes are
expressed (80, chapter 5.). The no¢ genes are
the only Ahzobirn genes so far, for which
such a positive correlation between the pre-
sence of genetic information and the induction
of the expression of (early) nodulin genes has
been established. Of the nod genes, only
rodPASC are essential for nodulation (see
6.4.2). The nodDABC genes may therefore
well be the minimum genetic requirement
needed for the induction of the developmental
program up to and including early nodulin
gene expression. In view of the regulatory rola
of noal?, the noodFC genes are thus the most
likely candidates for the generation of one or
more signals towards the host plant that result
in the expression of early nodulin genes. It
cannot be totally excluded, however, that
chromosomal genes are also responsible for
inductive signals.

The mode of action of the 7oad&8C gene
products is still largely unknown. The sooC
protein is a hydrophobic protein that is an in-
tegral part of the bacterial outer membrane
and this protein may be invoived in trans-
membrane signalling (171). Although the nod4
gene product contains hydrophobic regions
(326), it has been localized in the cytosol
(289). Upon induction, these gene products
cause the production of low molecular weight,
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soluble factors, that have hormone-like activi-
ties. Both the nocA4 and nooC gene products
are detectable in bacteroids (289), suggesting
that these gene products also function in the
mature nodule. The different processing of the
nodC gene product in frea-living bacteria, in
which the 7od genes are induced, compared
to bacteroids (289) may indicate that varying
A00C gene products have different functions
at subsequent stages of nodule development.
These observations suppaort the notion that the
nod geng products are actively involved in
later stages of nodulin gene expression as
well. Because the late nodulin genes are not
expressed in the nodules formed by Agrobac-
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6.6. CONCLUSIONS

During development of effective nodules,
Rhizobium succeeds in bypassing the plant
defense mechanisms that normaily protect a
plant against invading pathogens. However,
when plants are infected by mutated or
engineered strains, a plant defense response
can be induced. Afizobwm genes involved in
nodule formation and nodulin gene expression
can therefore be involved in either the avoi-
dance of the plant defense mechanism {(avoi-
dance determinants), or in the generation of a
signal responsible for nodulin gene expression
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Fgure 6.2 Schematic representation of the relationsjhips between nodutins, the A4aZodvium nod genes, and the successive

steps in oot nodule development. See text and fgure 6. 7.

loriyn carrying essentially the nod region,
direct evidence for the involvement of the
nodABC genes in the induction of late nadulin
gene expression is lacking {chapter 5.}. Just
as the surface determining gene products, the
nogd4 and nocC gene products in bacteroids
may be concerned with the outer surface
structure of ASrzotium The role of the
nodABC genes in late nodulin gene expres—
sion may thus be a role in avoiding plant
defense reactions.
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{inductive signal), or in both at the same time.
A seoricus consequence of the involvernent of
a host defense mechanism is that conclusions
with respect to the genetic potentials of a
bacterial strain are no longer allowed for
developmental stages this strain does not in—
duce. A strain may have the genetic informa-
tion for ail inductive signals, but at the same
time lack an avoidance determinant. As a
rasult, expression of the genetic information
for the inductive signals is obscured. Put dif-
ferently, not every blockade in development
needs to be due to the absence of a signal of
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Evaluation of the data available indicates
that the genes responsible for the bacterial
outer surface most likely code for avoidance
determinants, while the 7o2dBC genes are
more likely responsible for the induction of the
expression of early nodulin genes and possi-—
bly also of late nodulin genes. A model outlin-
ing the involvement of the Ahzabiwn nod
genes is presented in fig. 6.2. Plant root
secreted flav(anjones induce, via nodl the
expraession of the other 702 genes, upon
which the 200 gene products produce a return
signal. The no@48C genes are essential for
root hair curiing, the infection process and the
induction of cortical cell division. Early nodu—
lins have not been identified in these very
early stages of the interaction, and it is not
clear whether nodulins are involved in these
early stages. The expression of the early
nodulin genes that have been identified, is first
detectable when the nodule primordia have
been formed, so the induction of their expres-
sion is part of a stage of development suc-

ceading to the induction of cortical cell divi—
sion and the formation of a nadule meristem.
The nog' genes are aliso responsible for the in—
duction of the exprassion of these early
nodulin genes. In fig. 6.2 this is indicated by a
solid arrow for the signal, and a hatched arrow
for the resulting early nodulin gene products.
The involvement of the #o¢ genes in the in—
duction of the late nodulin genes is less clear.
Thersfore, this relation is indicated by a
dashed arrow in the figure. The involvement of
late nodulin gene products in the functioning
of a nodule is also indicated by a hatched
arrow.
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Concluding remarks

The formation of nitrogen fixing roct nodules
is attended by differential expression of nodu-
lin genes. Early nodulins are involved in the
organogenesis of the nodule (112, chapter 2).
Late nodulins, on the other hand, most likely
function in creating the physiological con-
ditions that allow nitrogen fixation and
ammonia assimilation. In the promoter
sequence of several late nodulin genes a
nodule specificity box has been identified, that
is involved in the regulation of the nodule
specific gene expression of these late nodulin
genes (316, chapter 3). The expression of the
genes encoding early nodulins is first detec-
table when the nodule meristem is differen—
tiating into a nodule structure. Little is known
about specific plant gene expression before
that stage. Preliminary data from our labora-
tory indicate that early nodulins are already
present in root hairs as early as 20 hours after
inoculation of the plant with A%Zobivim bac-
teria (25}). These early nodulins may be invol-
ved in root hair curling andfor the infection of
the root hair cell. Early nodulin gene expres—
sion has not been identified in the slages of
ncduie development, in which cortical cell
divisions occur and the formation of the
nodule meristem is established. The failure to
detect early nodulin gene expression in these
stages might be due to technical limitations of
the detection methods used, but another pos-
sibility is that the nodule meristem does not
differ from other plant meristems. In the latter
case, nodule specific genes are not yet
expressed. If indeed first a normal maristem is
generated in the interaction of Ahzobivm and
the leguminous plant, the questions arise
when and how is determined that this meris—
ten enters the developmental program lead-
ing up to a root nodule.

in a first approach to answering these ques-
tions, it may be relevant t¢ compare the
legume root nodule with the root nodule of the
non-tegume Farasporkd. The morphology of
the Parasporra root nodule differs substan—
tially from legume root nodule morphology,
because the vascular bundle is positioned
centrally and not peripherally {188). Also,
nadule growth starts in the pericycle and not
in the root cortex {187). Therefare, the Fara-
sporvia root nodule is considered to be a
modified lateral root. The same rodd&sC
genes of one and the same Afzobarn strain
are equally essential for legume and for
Farasporva root noduie induction (224). Thus,
the same rhizobial signals might trigger the
developmental program for both a legume and
the Parasporniz nodule typse. It is unlikely that
the same signals trigger two totally different
developmental programs.

Moreover, Agrobacterium and A Infoli
transconjugants carrying cloned pieces of the
nodutation region of the A mefiol sym plas—
mid are capable of inducing on clover roots
the formation of hybrid structures intermediate
between a nodule and a lateral root (151).
Similar structures have been reported to be
formed occasionally on the roots of alfalfa
after inoculation with a 7. mediod strain that at
the same time induces morphologically normal
nodules (93). Also these observations indicate
that the developmental program underlying
legume root nedule formation is more ciose to
the program of lateral root formation than pre—
viously thought. It is feasible that the develop-
mental program of a root nodule is the out—
come of relatively little changes in the deve-
lopmental program of a lateral root.




In general, the formation of a plant organ is
thought to invalve huge numbers of tissue-
specific genes, which undoubtedly will hinder
the detailed understanding of the underlying
developmental programs. H the differences
between lateral root and root nodule formation
are relatively small, than root nodule formation
becomes an attractive system to study plant
development. Not because the differentiation
into a root nodule will be less complex than
other plant differentiation processes, but
because the differences between the two
developmental programs seem more acces-—
sible to understanding than a developmental
program as a whoie.

A unique feature of root noduie develop-
ment, as opposad to other plant developmen—
tal processes, is the involvement of a pro-
karyote in the induction and control of deve-
lopment. The regulatory role of Akizobivn

offers unique possibilities for dissecting this
plant differentiation process {chapters 4. and
5.). Moreover, it offers an entry to the elucida-
tion of the signals that guide root noduile
development by allowing the identification of
the Ahzobizm genes responsible for these
signals {chapter 5). An amazingly limited
number of bacterial genes, the mog genes,
appear to generate the signai(s) for the induc-
fion of early noduiin gene expression. The
same genes are also in some way involved in
the induction of late nodulin gene expression.
Elucidation of the nature and mode of action
of the signals involved will contribute to our
understanding of root nodule development.
Also by virtue of the relative ease of manipu-
lation of the inducing AAzobirm, root nodule
development is a highly attractive system for
the study of plant developmental biology,
apart from the intrinsic fascination of symbiotic
nitrogen fixation.
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Samenvatting

In de bodem zijn Ahzobiwm bacterién in
staat de wortels van viinderbloemige planten
(erwt, boon, klaver) te infecteren en aan te
zetten tot de vorming van knolleties. In dia
wortelknolleties zijn de bacterién in staat om
stikstof uit de lucht te binden en om te zetten
in ammonia. Met de ammonia kan de plant
zich in belangrijke mate voorzien in haar
stikstofbehoefte. Op hun beurt krijgen de bac—
terién voedingsstoffen van de plant, zodat
beide partners profiteren van deze symbiose.

Een stikstofbindende waortelknol is een
viterst gespecialiseerd plante-orgaan, dat
gevormd wordt in een aantal opeenvoigenda
stappen, waarin rhizobia de plant binnen-
dringen, en deze aanzetten tot de vorming van
een wortelknolstructuur. Uiteindelijk vullen de
Rhizobigm bacterign ongeveer de helft van de
cellen in de wortelknol, verandesen van vorm
en beginnen vervolgens met de stikstotbin-
ding. Gedurende dit proces wisselen plant en
bacterie waarschijnlijk voortdurend signalen uit
om het goede verloop van het proces te
bewerkstelligen.

Het onderzoek naar het mechanisme van
wortelknolvorming en stikstofbinding op mole-
culair niveau heeft sen hoge viucht genomen.
Zowel in de bacterie als in de plant zijn genen
geidentificeerd, die alleen in de wortelknol 1ot
expressie komen. Ahzobvum bacterién bezit~
ten naast hun chromoscom een zogenaamd
sym piasmide, waarop de genen liggen die
betrokken zijn bij de symbicse. Geidentifi--
ceerd zijn de genen voor wortelknolvorming
(700 genen) en stikstofbinding 7% en /Jx
genen). Over de functie van de genproducten
en de regulatie van de expressie van deze
genen is veel bekend, maar wat met name de
n7od genen precies teweegbrengen is nog

onduidelijk.

Een twintig— tot dertigtat genen van de plant
komen uitsiuitend in de wortelknol tot expres—
sie; dit zijn de zogenaamde noduline genen.
Onderzoek naar de expressie van noduling
genen in relatie tot de ontwikkeiing van de
wortelknol heeft laten zien dat er ten-
minste twee klassen noduline genen onder—
scheiden kunnen worden: vioege en late
noduling genen. De vroege noduline genen
komen ruim voor de stikstof-binding tot
expressie, als het orgaan de wortelknol wordt
aangelegd. Vroege nodulines spelen daarom
waarschijnlijk een rof bij het vormen van de
structuur van de wortelknol. Late noduline
genen komen tot expressie rond het tijdstip
dat de wortelknol met stikstofbinding begint.
Het is dan ook aannemelijk dat late nodulines
betrokken ziin bij het functioneren van de
wortetknol. Mogelilk scheppen zij de voor-
waarden voor stikstofbinding en het transport
van gebonden stikstof. Omdat de late nodu-
line genen min of meer tegelijkertijd tot
expressie komen, is het waarschijnlijk dat deze
genen op één en dezeifde wijze worden gere-
guleerd.

Het merendsel van de noduline genen die
tot nu toe geidentificeerd zijn, behoort tot de
klasse van late noduline genen. Het best be—
studeerde late noduline is leghemoglobine,
san myoglobine-achtig eiwit dat de zuurstof-
huishouding in de wortelknol regelt. Van
slechts een gering aantal van de overige
nodulines is de functie in de wortelknol bek-
end. Ock over de manier waarop de plant
ervoor zorgt dat noduline genen op het juiste
moment en op de juiste plaats, dus alleen in
de wortelknol, tot expressie komen, en over
de rol van de Ahzobesm bacterién bij dit pro-
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ces, is de kennis nog gering.

Dit proefschrift becogt een bijdrage te
levaren aan de kennis over nodulines en
noduline genexpressie. De beschreven
exparimenten hebben tot doel inzicht te krij-
gen in het mechanisme van de regulatie van
noduline genexprassie. Vaorat de rol van A4~
zobsm genen bij de inductie van noduline
genexpressie staat daarbij centraal. Anderzijds
komt ook de functie van vroege nodulines tij-
dens de wvorming van een worslknol ter
sprake.

Na een korte algemene inleiding over wor—
telknolvorming  (hoofdstuk een) wordt in
hoofdstuk twee esen cDNA kloon beschreven
die ean vroeg noduline gen representeert.
Deze cDNA kloon, pGmENQD?2, is geisoleerd
uit een cDNA bank gemaakt tegen wortel-
knolRNA van soja. Het ENOD2 DNA biijkt te
coderen voos een noduline met een mole-
cuulgewicht van 75.000, aangeduid met
Ngm-76. De aminozuurvolgorde van dit
noduline, afgeleid vit de DNA seguentie, laat
zign dat Ngm-75 een zeer proline—rijk eiwit is,
met een repeterend motief in zijn primaire
structuur. Dit duidt erop dat Ngm-75 een
structureel eiwit zou kunnen zijn. Het gen dat
codeert voor Ngm-75 komt tot expressie in
wortelknol-achtige structuren, die weliswaar
door Afzopiven bacterién geinduceerd zijn,
maar waarin geen bacterién aangetroffen
worden, zogenaamde ‘lege’ knollen. Ngm-75
lijkt daarom geen functie te hebben in het
proces waarbij de Afzobivm bacterén de
plant binnendringen, maar eerder lijkt dit
vroege noduline een bijdrage te leveren aan
de vorming van de wortelknolstructuur.

In hoofdstuk drie wordt de regulatie van de
expressie van late noduline genen op het
niveau van het DNA onder de loep genomen.
Leghemaglobine cDNA kloons, geisoleerd uit
een cDNA bank gemaakt van wortelknolRNA
van de erwt, zijn gebruikt om een leghemo—
globine gen te isoleren uit een genomische
bank gemaakt van erwteDNA. Van dit leghe—
moglobine gen van de erwt is de DNA
sequentie bepaald. Uit de analyse van deze
sequentie blijkt dat het geisoleerde gen volle—
dig is en alle kenmerken bezit van een actief
gen. De vergelijking van de promotergebied
van het uit de erwt geisoleerde leghemogio—
bine gen met de promotergehieden van soja
leghemoglobine genen laat zien dat er over—
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eenkemstige sequenties voorkomen. Omdat
de overeenkomstige sequenties cok worden
aangetroffen in de promotergebieden van
andere late noduline genen, zijn deze
sequenties wellicht betrokken bij de wortelk—
nolspecifieke expressie van alle late noduline
genen.

In de hoofdstukken vier en viff staat de
communicatie tussen plant en bacterie cen-
traal. Gepoogd wordt te achterhalen welke
genen van Ahzobium betrokken Zzijn bij het
aanschakelen van noduline genen. Hierbij is
gebruik gemaakt van de mogelijkheden die de
bacteridle genetica biedt om bacterién te
construeren die weliswaar een gedefiniéerd
desl van het totale Ahzobrrr genoom mis—
sen, maar toch nog wortelknollen kunnen in-
duceren. Deze studies zijn uitgevoerd met
wikke (Vicia sarva subsp. 2grg/ omdat dit
kleine viinderbloemige plantje snel reageert op
inoculatie met (genstisch veranderde) Ahizo-
Higm bacterién. In hoofdstuk vier is de basis
gelegd voor de analyse door het identificeren
van de noduline genen van wikke. Uit wortelk—
nolien werd RNA geisoleerd, en 47 wiro ver-
taald in siwitten, welke werden gescheiden op
tweedimensicnale polyacrylamide gels. Door
het vergelijken van het aldus verkregen
eiwitpatroon met dat van wortelRNA ziin viji—
tien naduline mRNAs geidentificeerd, waaron—
der één vroeg noduline mMRNA. Een tweede
vroeg noduline mRNA van wikke is geidentifi-
ceerd op Northern blots met behuip van da in
hoofdstuk twee beschreven soja cDNA kloon
pGmENQD2.

De expressie van de noduline genen van
wikke is vervolgens bestudeerd in wortelknol-
len geinduceerd door een Ahzobim stam
waarin het sym plasmide is vervangen door
gen plasmide met alleen 12 kb van het 704
gebied. Alle noduline genen bieken tot
expressie te komen. Kennelijk speelt de infor—
matie op het sym plasmide buiten deze 12 kb
rod' gebied geen enkele rol bij de inductie van
noduline genexpressie. In wortelknollen gein-
duceerd door een Agrobactenim transconju—
gant, waarin het Ti plasmide is vervangen door
dezelfde 12 kb van het 7o gebied, bleken
glleen de twee vroege noduline genen tot
expressie te komen. Het ~o¢ gebied is dus
het enige AAzodin DNA dat betrokken lijkt te
zijn bij de inductie van vrgege noduline
genexpressie. Hoewel dit resultaat tegelijker—
tijd suggereert dat het Afzobiwn chromo-



soom betrokken moet zijn bij de inductie van
late noduline gen expressie, mag die conclu-
sie niet zomaar getrokken worden, want cyto-
logisch onderzoek laat zien dat de Agrobac-
fentim transconjugant een afweerreactie van
de plant oproept. Het is dus mogelijk dat de
genen op het o7 gebied weliswaar in staat
zijn om late noduline genen aan te schakelen,
maar dat de verdere cntwikkeling van de wor-
telknol al gestopt is door de tussenkomst van
het afweermechanisme, vddrdat die late
noduline genen aangeschakeld konden wor-
den. Agrobactenism transconjuganten zijn dus
niet bruikbaar om de rol van de nod genen bij
de inductie van late noduline genexpressie te
onderzoeken,

In hoofdstuk viff worden experimenten bes-
proken die, zij het indirect, laten zien dat de
rod genen inderdaad betrokken zijn bij de
expressie van late noduline genen. Gezien het
fenotype van mutaties in de diverse oo
genen aanwezig in de 12 kb van het 7o
gebied zijn het waarschijnlijk de mo44, Fen &
genen, die één of meer signalen aan de plant

geven, waardoor de expressie wordt geindu-—
ceard van de vroege en vervolgens mogelijk
00K van de late noduline genen.

Uit bovenstaande experimenten bleek dat er
een correlatio bestaat tussen de ontwikkeling
van een wortelknol, zoais die op micros—
copisch niveau gevolgd kan worden, en de
expressie van noduline genen. De correlatie
tussen de expressie van een bepaald noduline
gen en het bergiken van een bepaald ontwik-
kelingsstadium biedt de mogslijkheid om te
speculeren over de functie die dat noduling
zou kunnen hebben. Op grond van de experi—
menten beschreven in de hoofdstukken vier
en viff kunnen vroege zowel als tate noduline
genen verder onderverdeeld worden in sub-
klassen, die ieder correleren met een stap in
de ontwikkeling van een wortelknol. Hoofd-
stuk zes, tenslotte, is een overzicht van de
huidige kennis over nodulines, noduline genen
en de regulatie van noduline genexpressie. De
resultaten gepresenteerd in de hoofdstukken
twee tot en met viff worden in dit laatste
hoofdstuk met deze kennis geintegreerd.
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Nawoord

De volledige auteurslijst van dit proefschrift zou niet minder dan negentien namen hebben
geteld, en dat is nog maar een klein gedeslte van de velen die mij de afgelopen jaren met raad -
en daad hebben bijgestaan. Hen allen ben ik dank verschuldigd.

Ab van Kammen, jouw bersidheid om op de onmogelijkste tiiden en plaatsen manuscripten te
hespreken (“omdat ze de deur uit moeten”) is maar een klein teken van het enthousiasme dat je
voor dit onderzoek hebt gehad. tk heb dat enthousiasme als zeer plezierig en stimulerend
ervaren. Ton Bisseling, jouw onophoudelijke stroom van ideeen, die onstuitbare drang tot weten,
de manier waarop jij het onderzoek van een hele groep stuurt, bindt en leidt, en daarbij ruimte
laat voor iader afzonderlifk, het is meer dan ongelofelijk. Ik heb een hoop van je geleerd en ik
denk dat ik steeds meer zal gaan beseffen welk een voorrecht het is geweest met jo te hebben
maogen werken. Francine Govers, Marja Moerman, Ben Scheres, Clemens van de Wiel, Henk (J.)
Franssen, en Ton Gloudemans, juliie weten maar al te goed wat er van al die artikelen, 2-D gals,
sequenties en cytologische waarnemingen {van mij 7} terecht was gekomen, als jullie er niet
waren geweast. In vele opzichten was het goed toeven in jullie midden !

Verder wil ik met name bedanken : Jos van der Meer, voor zijn helaas korte maar daarom niet
minder belangrijke bijdrage aan het maken van een gencombank; Paul Hooykaas, Herman
Spaink, en Michael Djordjevic voor het construeren en beschikbaar stelien van Aazobinn en
Agrobacterium stammen; Ton van Brussel voor het afstaan van Vioiz zaadjes; Willem Stiekema
en Wim Dirkse van het ITAL voor hun gastvrijheid aop het ITAL en hulp bij het Maxam-Gilbert
sequencen; Ann Hirsch en Jeremy Weinman voor het lritisch doorlezen van manuscripten; Sjra
Maessen, Elly Speulman, Ruud van den Bulk, Siebe van Genessn, Herman Schoithof, Henk-Jan
Bussink, en Michel de Kok, die in het kader van hun studie bij het onderzoek betrokken waren;
Pist de Kam voor het inoculeren en verzorgen van de vele planten die in het onderzoek gebruikt
zijn; Piet Madem, Reindert de Fluiter, Job Tielens, Peter van Druten en Sybout Massalt voor het
teken— en fotowerk; Marie-José van Neerven, Angélique Jonkers, Hedy Adriaansz en Gré Heit—
k&nig voor het bevrouwen van het secretariaat en het voor jullie rekening nemen van zoveel
typewerk; an ook Els Hulsebos, Fred van Engslen, Geertje Rezelman, Jacques Aarts, Jacques
Hille, Jan Hontslez, Jan Verver, Joan Wellink, Juan Garcia, Martine Jaegte, Peter Roelvink, Peter
Sterk, Pister Vas, Pim Zabel, Raymond van Daelen, Rene Klein-Lankhorst, Rik Eggen, Rob Gold-
bach, Rommert van den Bos, Sacco de Vries, Takis Katinakis, en al die studenten die de labs en
koffickamer hebben bevolkt. Jullie allemaal maken “Molbi” tot die heerlijke bende die zo vaak
mijn ‘thuis’ is geweest.

Tot slot wil ik mijn ouders en grootouders noemen. Ik weet dat ik mij naar jullie idee met
nagenoeq onbegrijpelijke zaken heb bezig gehouden. Toch hebben jullie mij daar toe in staat
gesteld en er al die jaren veel belangstelling voor getoond. tk wil jullie daarvoor danken en met
jullie verzuchten “Het is af....". Vrienden en vriendinnen, kennen jullie me nog ?
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