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Carludovica 360-365

Catharanthus roseus 399-403

cell cultures, Chenopodium rubrum
168-173

cell cycle, flagellar development
during 97-102

cell elongation, auxin-induced
103-106

cell surface motility, mechanism
223-225

cell wall, nacreous 296-304

cellulose synthase 7-8

centrifugation, silicone oil layer
392-398

Centrolepis 355-359

Ceratotropis 281-290

CF,-subunit, of chloroplast H*-ATPase
274-280

Chara 42-47,408-414

China 93-96

Chlamydobotrys 162-167

Chlamydomonas eugametos 5-6,
97-102, 149-154, 223-225

Chlorella 140-142,197-202

Chlorogonium elongatum 48-53

chlorophyll a/b binding protein
240-243

chloroplast(s) 42-47,408-414
differentiation 155-161,

168-173.174-182
enzymes, light/dark modulation
327-334

H*-ATPase 274-280
metabolism 327-334

chromosome banding patterns
372-383

chromosome numbers 372-383

circadian rhythm 5-6

C:N-ratio 183-189

CO,-adaptation 149-154

coleoptile growth, auxin regulated
103-106

Coleus 430-434

coupled translation-membrane model
5-6

coupling factor, of photophosphory-
lation (CF;) 174-182

crassulacean acid metabolism (CAM)
24-31,32-38,203-213,
291-295, 335-342

crucifer development 258-265

cyanelles 392-398

cyanobacteria 54-61,183-189

cyanobacterial lichens 315-321

Cyanophora paradoxa 392-398

cycloheximide, inhibition of flagellar
development 97-102

D
deuterium, isotopic fractionation
335-342
5,5-dimethyloxazolidine-2,4-dione
(DMO) uptake 214-221
diurnal growth 183-189

E

Ectocarpus siliculosus 72-82
endosymbiosis 392-398
energy dispersive microanalysis

415-423
Eremosphaera viridis 214-221
evolution 327-334, 360-365
exine 355-359

F
Fe-protein modification 183-189
flagellar development 97-102
flagellar membrane 223-225
floral biology 83-86
flower(s), adaptation of 360-365
flower-birds 366-371
fluorescence, chlorophyll 155-161
FPLC Superose 6 separation
197-202
freeze-fracture 24-31, 244-249,
250-257
freeze-substitution 349-354
functional anatomy, plant stems
111-122,123-130
functional morphology 355-359

G
gene cloning 230-234
gene expression 258-265
temporal pattern 240-243
generative cell 349-354
glucan synthasell 7-8
glufosinate, effect on glutathione syn-
thesis 68-71
glutathione synthesis 68-71
glyceollin 143-148
Glycinemax 143-148
glycolate metabolism 190-196
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glycolytic enzymes 197-202

Goodeniaceae, secondary pollen pre-
sentation 87-92

growth control, ATPase 230-234

guard cells, current-voltage changes
214-221

H
H* transport 203-213
H*-ATPase 230-234,274-280
halophytes 93-96, 107-110
heat production 9-14, 364
hemiangiocarpy 131-139
heterocysts 183-189
histochemistry 311-314, 384-391
homeostasis, control theory 15-23
Hordeum vulgare 32-38,305-310
hovering birds 366-371
hummingbirds 83-86,366-371
Hydrodictyon reticulatum 404—407
hydrogen, isotopic fractionation
335-342
hypersensitive reaction in root
nodules 143-148

|
immunoblot analysis, phytochrome
235-239
inorganic nitrogen sources
140-142
interphase nuclei 372-383
intracellular perfusion 42-47
intracellular pH 214-221
intramembranous particles 24-31,
244-249
ion localization 415-423
isocitrase lyase, synthesis 48—53
isoenzyme variation, in Asian beans
281-290
isotop fractionation 335-342

K
K*-efflux 214-221
Kalanchoé daigremontiana 24-31,
32-38,203-213
karyosystematics, tropical woody
plants 372-383

L

laboratory cultures of lichens
315-321

lateral root formation 305-310

lead localizationinlichens 311-314

leader sequences 2-4

leaf development 424-429

Lecanorales, systematics of
131-139

Lemna gibba 214-221

LHC, see light-harvesting complex

lichen(s) 131-139,311-314,
315-321

light, effect on isocitrate lyases syn-
thesis 48-53

intensity adaptation of cyanobac-
teria 54-61

light-harvesting complex 155-161,
162-167

light/dark modulation 327-334

Limonium 107-110

lipid composition, leaf tonoplasts
32-38

Lobeliaceae secondary pollen presen-
tation 87-92

loess area, vegetation 93-96

long wavelength antenna 155-161

M
magnesium, vacuolar concentration
415-423
maize coleoptiles 103-106
malate dehydrogenase 270-273
malate transport 399-403
mechanical loads on plants
111-122
Mehler reaction 149-154
Melicoccus bijugatus 380
membrane particles 24-31,
244-249, 250-257
membrane potential 399-403
membrane redox system 214-221
Mesembryanthemum crystallinum
24-31,32-38,203-213,
270-273
metabolite exchange 392-398
methionine sulfoximine 68-71
microtubules 349-354
mistargeting 2-4
monoclonal anti-phytochrome anti-
body 235-239
motility, gliding 223-225
mRNA 258-265
abundance 240-243
of isocitrate lyase 48-53
level 168-173
light-mediated accumulation
240-243
multigene family 258-265
mutagenesis, yeast H*-ATPase
230-234

N

nacreous cell wall 296-304
naphthylphthalamic acid 103-106
nectar, floral 343-348
neutralred 214-221
New World flowers 366-371
Nicotiana 323-326, 384—391
nitrogen sources, inorganic

140-142
nitrogenase 183-189

nodes, hollow plant stems 123-130

0]
Odontella sinensis 274280
Old World flowers 366—371
oligomerization, glycolytic enzymes
197-202

B-oxidation 190-196

oxygen evolution 9-14

oxygen evolution complex, 23 kDa
subunitof 240-243

oxygen production, photosynthetic
62-67

P

Papaver 349-354

Paramecium 140-142

perching birds 366-371

Peltigera 314, 315-321

peroxisomes, of Vaucheria
190-196

pathogen, interaction with plant
143-148

pH, intracellular 214-221

Phaeophyceae 72-82

Phaseolus 281-290

Philodendron 360-365

phloem, development 296-304
loading 430-434
translocation 430-434
unloading 424-429,430-434

phosphate activation 266-—269

phosphoenolpyruvate 266—269

phosphoenolpyruvate carboxylase
266—269

phosphofructokinase 197-202

phosphonothricin 68-71

phosphorus, vacuolar concentration
415-423

phosphorylation and transport
15-23

photoacoustic spectroscopy 9-14

photoinhibition of photosynthesis
62-67

photomorphogenesis 258-265

photosynthate import 424-429

photosynthesis 9-14, 62-67,
250-257,335-342
anoxygenic 54-61
application of photoacoustic spec-

troscopy 9-14

CO, adaptation 149-154
photoinhibition 62-67

photosystems 54-61, 149-154,
155-161, 226-229, 250-257

photosystem II-phycobilisome com-
plex, model 250-257

phycobilisomes 250-257

phylogeny, of cyanobacteria 54-61

phytoalexin 143-148

phytochrome 235-239

Picea abies 415-423

pigment-protein complexes
155-161,162-167

Piptanthus nepalensis 343-348

pistil, putative receptor molecules
323-326

plant(s), biomechanics of stems
111-122,123-130

plasma membrane, Ca®*-pump
39-41
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IX

proton pump 230-234
redox system 404—407
plastid genes, transcriptional control
168-173
plastids in sieve elements 296-304
pollen 87,349-354, 355-359
of Centrolepis aristata  355—359
secondary presentation 87-92
tube nutrition 384-391
pollen-pistil recognition 324, 325
pollination biology 83-86,
343-348, 360-365, 366-371
polyglucan synthesis 392-398
Polyneura hillioe 62-67
Porphyra 244-249
Porphyridium cruentum 250-257
Portulacaceae 291-295
potassium, vacuolar concentration
415-423
PP,ase 203-213
prokaryotes, circadian rhythm 5-6
protease 174-182
protein degradation 174-182
synthesis 408-414
transport, through membranes
2-4
proton pump, plasma membrane
230-234
protoplast preparation 32-38
Psilotum nudum 112,235-239
pyruvate kinase 197-202

R

radiation inactivation 39-41

Ramalina duriaei 311-314

Raphanus sativus  11,39-41, 62

recovery after photoinhibition
62-67

red algae 62-67, 244—-249,
250-257

redox modification, covalent
327-334

redox system, plasmalemma
404-407

regulation, of ATPase activity
230-234
chloroplast metabolism 327-334
isocitrate lyase synthesis 48-53
LHCa-polypeptide biosynthesis

162-167

regulatory extra-peptides, evolution of
327-334

reprogramming, of parent stelar
parenchyma 305-310

Rhizobium fredii 143-148

Rhizophora mangle 270-273,
296-304

rhodizonate, lead localization
311-314

Rhododendron 343-348

Rhodophyceae 62-67,244—-249,
250-257

ribulose-1,5-bisphosphate carboxyl-
ase oxygenase 174-182,
226-229, 330
small subunit of 240-243,

258—-265

root, vascular system 305-310
lateral root formation 305-310
nodules 143-148

S

Saccharum species 424-429

salt gland, of Limonium 107-110

Sapindaceae 372-383

Scenedesmus obliquus 155-161

Secale cereale 174-182

second moments of area 111-122

secretion 103-106, 384-391

self-incompatibility 323-326

Serjania 372-383

shade-sun acclimation, effects virus
infection 226-229

SID, see strong ion concentration
difference

sieve elements 296-304

sieve element plastids 296-304

silicone oil layer centrifugation
392-398

Sinapis alba 68-71,240-243,
258-265

sink-to-source transition 424-429

spruce needles, ultrastructure
415-423

stable isotopes, fractionation
335-342

stelar parenchyma, reprogramming
305-310

stem, biomechanics, functional an-
atomy 111-122,123-130

stress, mechanical on plant stems
111-112,123-130

strong ion concentration difference
214-221

stylar transmitting tissue 384-—-391

sucrose synthesis 392-398

sugars, in floral nectar 343-348

sulfur, vacuolar concentration
415-423

surface potential 399-403

symbiosis 140-142
Glycine sp./Bradyrhizobium japoni-
cum 143-148

synthesis, of glutathione 68-71
ofisocitrate lyase 48-53
of polyglucans 7-8, 392-398
of protein 408-414
ofsucrose 392-398

systematics, of Lecanorales
131-139

T
temporal pattern, of gene expression
240-243

N-terminal amino acid sequences
274-280
tetrathiafulvalene radical cation
404-407
thallus formation, lichens 315-321
thiosulphate, effect on growth of
Anacystis 54-61
thylakoid membrane 250-257
composition 54-61
molecular organization 149-154
supramolecular organization
244-249
tonoplast 24-31, 32-38,203-213
ATPase 24-32
H* transportinto 203-213
lipid profiles of leaf 32-38
transcription complex 168-173
transcriptional control, plastid genes
168-173
transmembrane transport 15-23
transtonoplastic potential 309-403
transverse reinforcements, hollow
plantstems 123-130
Trochilidae 83-86, 367—-368
tropical woody plants, karyosystem-
atics 372-383

u
ultrastructure 244-249, 250-257,
296-304, 349-354
spruce needles 415-425
stylar transmitting tissue

384-391
unit size, PST 155-161

v
vacuolar concentration, of
magnesium 415-423
of phosphorus 415-423
of potassium 415-423
of sulfur 415-423
vacuole 42-47,399-403,408-414
amino acid concentration 42-47
varigated leaves 430-434
vascular pattern 305-310
Vaucheria 190-196
vegetative cell 349-354
Velloziaceae 83-86
Vigna 281-290
virusinfection, of Ectocarpus 72-82
effect on shade-sun acclimation in
leaves 226-229

vitamin B;, requirements 140-142

X
X-ray microanalysis 415-423
xerophytes 93-96

Y
yeast H*-ATPase 230-234

Z
Zea mays coleoptile elongation
103-106
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Introduction

Abstract

Glycine max forms nitrogen fixing nodule

Three Glycine genotypes, G. max cv. Wil- symbioses with its microsymbiont Bradyrhizobium
liams, G. soja P1 468397, and G. soja P1342434 in combi- Jjaponicum. A few years ago, Keyser et al. (1982) described
nation with the two rhizobial strains Bradyrhizobium anew genus of fast growing rhizobia, Rhizobium fredii,with
Jjaponicum USDA 123 and Rhizobium fredii USDA 193 the ability to nodulate soybeans. As a rule one might state,
were analysed for phytoalexin concentration in the that R. fredii strains form a less effective symbiosis with G.
nodules. In the nodules of P1468397/B. japonicum USDA mazx than the slow growing Bradyrhizobia (Keyser and Cre-
123 a very strong glyceollin I accumulation occurred gan, 1984), although a few exceptions to this rule have been
around 30 d.p.i. Ultrastructural analysis of these nodules detected recently (Dowdle and Bohlool, 1985; Dowdle and

revealed several symptoms of a severe plant defense re- Bohlool, 1987). Interestingly, a poorly effective strain of R.
sponse associated with plant cell death (hypersensitive fredii has been shown to establish a highly effective sym-
reaction): The cytoplasm of the infected cells was de- biosis after mutation (Buendia-Claveria et al., 1988).
graded and organelles had vanished. The cell walls of the

infected cells showed remarkable thickening. This plant In the midwestern USA, indigenous Brady-

defense response could only be observed in this strain/ rhizobium strains of serocluster 123 occupy most nodules of
genotype interaction. The same strain did not elicit a field grown soybeans (Ellis et al., 1984; Moawad et al.,
phytoalexin accumulation in the other plant genotypes 1984). These strains of B. japonicum are highly competitive
tested, indicating that this response occurs at the but form less than optimal nitrogen fixing symbioses with
genotype-specific level. This special character of G. soja the commercially used cultivars of G. max (Caldwell and
Pl 468397 is heritable as indicated by glyceollin I Vest, 1970; Ham, 1980). Highly effective strains of 5.
analysis of the nodules formed by F1 hybrids of Pl | japonicumlike USDA 110, are outcompeted by these strains
468397 xWilliams inoculated with B. japonicum USDA even when inoculated at very high rates (Caldwell and Vest,

123. The genotype/strain specific occurrence of the 1970; Ham et al.,, 1971). Several approaches have been
hypersensitive response in root nodules resembles the tried to circumvent this problem. Cregan and Keyser (1986)
race/cultivar specific incompatibility of several plant- and Cregan et al. (1989) reported genotypes of G. max that

pathogen interactions. This specificity, together with the restrict nodulation of the indigenous strains and thereby
phenomenon of the HR itself, points out the close enable inoculum strains to nodulate better (Cregan et al.,
physiological relationship between the late stages of the 1988; Keyser et al., 1988). Another strategy was based on

root nodule symbiosis and a plant/pathogen interaction. the use of G. sgja genotypes that form ineffective symbioses
with slow growing rhizobia (Keyser and Cregan, 1984).

Key words These genotypes form highly effective symbioses with R.

fredii strains. Using the genetic factors responsible for this

Glycine, Rhizobium, Bradyrhizobium, “inverse” nodulation behaviour in combination with R. fre-

glyceollin, hypersensitive reaction, phytoalexin, root dii inoculum might be a strategy to improve nitrogen fixa-
nodules. tion of G. max in the field even in the presence of

Bradyrhizobium serocluster 123.
Abbreviations and Symbols

One of these G. soja genotypes is P1 468397

d.p.i. day after infection from the People’s Republic of China. This genotype forms
PBM: peribacteroid membrane an effective symbiosis with R. fredii USDA 193, originally
PHB: poly-B-OH-butyrate isolated from this genotype (Keyser and Cregan, 1984). On
HR: hypersensitive reaction the other hand, the symbiosis with B. japonicum USDA 123
RIA: radioimmunoassay is Fix". In addition, R. fredii USDA 193 has been shown to
TEM: transmission electron microscopy
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be a much better competitor for nodulation on this genotype
than B. japonicum strains (Cregan and Keyser, 1988).

In order to use the genetic factors of this
genotype for breeding new G. max cultivars one has to un-
derstand better the physiological and genetic reasons for
the observed change in compatibility. In this paper we give
evidence that the incompatibility of Pl 468397 with B.
Jjaponicum is accompanied by a severe plant defense reac-
tion in the nodules. This plant reaction has striking
similarities with a hypersensitive reaction (HR) described
for several host-pathogen interactions (Klement,1982) in
terms of phytoalexin accumulation, plant cell death and de-
gradation. The ability of PI 468397 to produce an HR when
infected with USDA 123 is heritable as suggested by obser-
vation of the nodules of P1 468397 crossed with G. max cv.
Williams.

Materials and Methods

White plastic pots (18 cm diameter at top) which
had been soaked overnight in a sterilizing solution of Rocall were
filled with autoclaved vermiculite. Experimental design consisted
of a randomized complete block with a split plot arrangement of
treatments and two replications. Whole plots (pots) were a factorial
of two inoculation treatments (USDA 123 and USDA 193) x 9 har-
vest dates and subplots were the three Glycine genotypes Williams,
Pl 342434 and P1468397. The vermiculite was wetted with a nitro-
gen-free nutrient solution (Cregan and Keyser, 1988) and one “hill”
of Williams, and two hills each of the G. soja genotypes were
planted per pot at a depth of 1.5-2cm. The seeds were sub-
sequently inoculated with 1 ml of stationary broth culture per hill of
either USDA 123 or USDA 193 and covered. The surface of the ver-
miculite was then covered with a 1.0 cm layer ol autoclaved perlite
to serve as a dry barrier to contamination by extraneous rhizobia.
Four pots, otherwise treated as described above, were planted and
left uninoculated. Nodules were harvested at 19, 21, 25, 27, 31, 33,
35, 38, and 40d.p.i.

The radioimmunoassay specific for glyceollin 1
was performed as described by Hahn et al. (1985) except that solid-
phase-bound anti-rabbit serum (Tecova, F.R.G.) was used to pre-
cipitate the glyceollin I-antibody. For electron microscopic studies,
plants were grown in modified Leonard jar assemblies filled with
perlite (Leonard, 1943). Nodules were fixed with glutaraldehyde,
stained with osmium tetroxide, embedded in Epon and post-
stained with uranyl acetate and lead citrate as described previously
(Werner and Mdérschel, 1978).

Results

Glyceollin I content of root nodules
does not correlate with ineffectiveness
of a given genotype/strain interaction

Three Glycine genotypes and two Rhizo-
bium/Bradyrhizobium strains were included in this study
(Table 1).

G. max cv. Williams formed effective nod-
ules when inoculated with B. japonicum USDA 123 (Keyser
and Cregan, 1984) (Table 1). These nodules contained only
very low amounts of the phytoalexin glyceollin I (Fig. 1).
When cv. Williams was inoculated with the fast growing R.
fredii USDA 193, only small, ineffective nodules were
formed. The nodules developed very late, i.e. there were no
nodules found on the 19th d.p.i. The nodules of this host/
strain combination contained very low amounts of glyceollin

Table 1 Effectiveness and glyceollin | content of nodules of the genotype/
strain interactions used in this study.

Interaction Nitrogen fixation Glyceolin|

| [ accumulation

G. max cv. Williams

/B. japonicumUSDA 123 + -
/R. frediilUSDA 193 - -
G.sojaP1342434

/B. japonicumUSDA 123 + -

/R. frediiUSDA 193 - -
G. sojaP1468397

/B. japonicum USDA 123 - +
/R. frediilUSDA 193 + -
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Fig.1 Glyceollinl content of nodules formed by three Glycine genotypes in
combination with B. japonicum USDA 123 (O) or R. fredii USDA 193 (@).

I (Fig. 1). G. soja P1 342434, a genotype that has a nodula-
tion behaviour similar to commercially grown G. max cul-
tivars, formed effective nodules with B. japonicum USDA
123. Glyceollin 1 content of these nodules was low (Fig. 1).
G. soja Pl 342434 in combination with R. fredii USDA 193
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formed an ineffective symbiosis. Only low levels of glyceol-
lin [ were detected in these nodules (Fig. 1).

The symbiotic effectiveness and glyceollin I
accumulation by G. soja P1 468397 contrasted with the two
other Glycine genotypes. This genotype formed Fix -
nodules with the slow growing B. japonicum USDA 123.
These nodules had a smooth surface and a green color, indi-
cating the lack of leghemoglobin. In these nodules very high
concentrations of glyceollin [ could be found 33 days p.i. in-
dicating a plant defense reaction. In contrast, this accumu-
lation did not occur in nodules formed with R. fredii 193,
rather normal effective nodules resulted from inoculation
with this strain.

Nodules of G. soja PI 468397/B. japonicum
USDA 123 exhibit several symptoms
of a plant-pathogen interaction

We studied the developing nodules of the PI
468397/B. japonicum USDA 123 interaction in more detail
by using TEM. At day 12 after infection, many infection
threads were found in the meristematic plant cells (Fig. 2).
Bacteria were enclosed by a thick layer of matrix material.
Only few, if any, released bacteria could be detected in the
plant cells at this developmental stage. Instead, vacuolar
structures were observed in the meristematic cells. At day
15 p.i. (Fig. 3) many released bacteria could be found in the
plant cells. They were surrounded by a peribacteroid mem-
brane (PBM). In these early stages, no obvious differences to
a fully compatible interaction could be observed at the fine
structural level (for TEM analysis of effective nodule de-
velopment see Bassett et al. (1977a); Werner and Morschel
(1978); Roth and Stacey (1989)).

Figs.2—5 Electron micrographs of nodules of
the G. soja Pl 468397/B. japonicum USDA 123
interaction at different developmental stages.
Each bar represents 1 um.

Fig.2 Meristematic nodule cells at the 12th
d.p.i. contained infection threads with thick
matrix material around the bacteria. Little or no
released bacteria were visible.

Fig.3 Part of an infected plant cell at the 15th
d.p.i. Bacteroids surrounded by a PBM and plant
organelles such as dictyosomes and
mitochondria were visible in the plant cells.
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In contrast to an effective interaction, at day
29-33 p.i. a number of infected plant cells had been sub-
jected to severe degradation as indicated by the complete
lack of plant organelles (Fig. 4). The bacteria were no longer
enclosed by a PBM. We conclude from these observations,
that these plant cells are dead at this stage of development.
Cell death and degradation are typical features of the hyper-
sensitive reaction of a plant cell (Klement, 1982). Another
marker of a plant defense response on the ultrastructural
level is the observed thickening of cell walls. Interestingly, a
major portion of the bacteria inside the degraded plant cells
looked structurally intact suggesting that they were still
alive.

Apart from this cell type another type of de-
velopment occurred in nodules of this age (Fig.5). Here,
most of the plant organelles remained present but some ir-
regular vacuolar structures were seen. We interpret this cell

Fig.4 Infected plant cells at the 29—-33thd.p.i.
showed massive cell wall thickening. Bacteria
inside the plant cells accumulated large amounts
of PHB and had reached higher cell densities than
in the earlier stages. They were no longer
surrounded by a PBM nor by any other intact plant
structure indicating that plant cells were dead.

Fig.5 Infected plant cell at the 29-33thd.p.i.
contained bacteroids, plant organelles and
vacuolar structures indicating plant cell lysis.
Bacteroids contained large PHB-granules.

type as a developmental precedent of the terminal stage de-
scribed in Fig. 4.

Hypersensitive plant reaction to
B. japonicum USDA 123 in PI 468397
is heritable

In order to determine if the nodulation fea-
tures of P1 468397 are inherited when hybridised with cul-
tivar Williams, we analysed the glyceollin I content of the
nodules of the Fl-generation of this cross (Table 2). In-
terestingly, all plants of the F1-generation produced two
types of nodules on their root systems when inoculated with
B. japonicum USDA 123: small green ineffective (nodule
type 2 in Table 2) and normal looking effective ones (type 1).
Visual estimates made at harvest indicated that 60 to 90
percent of the nodules on F, plants were of the green inef-
fective type. The ineffective nodules contained glyceollin I in
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Table 2 Glyceollin | content of nodules of B. japonicum USDA 123 formed
with G. soja Pl 468397, G. max cv. Williams and F1-hybrids.

Genotype Nitrogen fixation  Glyceollin | content
| I (pmol/mg dw)

G. max cv. Williams + ! 175

G. soja Pl 468397 - 2518

F1, nodule type 1 + 79

F1,nodule type 2 - 2323

the same order of magnitude as the nodules of the PI
468397 parent genotype indicating that this character is
heritable.

Discussion

The G. sgja genotype PI 468397 has some
unusual nodulation properties in comparison to the com-
mercial cultivars of G. max and several other genotypes of
G. soja, e.g. PI 342434. First, it forms ineffective nodules
with all B. japonicum strains tested so far (Keyser and Cre-
gan, 1984). Second, it forms a highly effective symbiosis
with R. fredii USDA 193. Third, it nodulates preferentially
with R. fredii USDA 193 instead of B. japonicum USDA 123.

In this paper we demonstrate that the inef-
fective symbiosis of P1 468397 with B. japonicum USDA 123
leads to a plant defense reaction in the later stages (i.e.
about day 30 p.i.) of the symbiosis. Until day 15 p.i. no obvi-
ous difference to a fully compatible interaction could be ob-
served by TEM or by glyceollin I analysis. Only in later
stages of the interaction is B. japonicum USDA 123 recog-
nized as a pathogen. The phytoalexin glyceollin I is accumu-
lated in the nodules and a hypersensitive reaction of the in-
fected plant cells could be observed atl the ultrastructural
level. Glyceollin accumulation is believed to be an important
early defense reaction of G. max towards the fungal patho-
gen Phytophthora megasperma f. sp. glycinea (Ebel and
Grisebach, 1988). Glyceollin [ concentration in the nodules
of G. soja P1468397/B. japonicum USDA 123 is in the same
order of magnitude as in soybean root tissue infected with
P. megasperma (compare to Hahn et al., 1985). It should be
mentioned that phytoalexin accumulation may not only be
elicited by biotic factors but also by abiotic stresses such as
the presence of heavy metals (Darvill and Albersheim,
1984; Ebel, 1986).

However, phytoalexin accumulation was
only observed in the P1 468397/USDA 123 interaction and
in none of the other genotype/strain combinations tested.
The elicitation of the plant defense response seems to be a
highly specific event for which a certain strain/genotype
combination is needed.

Cultivars of G. max accumulate large
amounts of glyceollin I in the nodules only when infected
with specific strains of B. japonicum like USDA 24 or a nifA
deletion mutant of USDA 110 (Werner et al., 1980; Werner
et al., 1985; Parniske et al., in preparation). Other ineffec-
tive strains fail to elicit a hypersensitive response of the in-
fected nodule cells. These results confirm the observations
of Werner et al. (1985) that phytoalexin accumulation is not
simply a consequence of the ineffectivity of the symbiosis.

The strong genotype/strain dependence of the HR-
phenomenon in nodule cells suggests a very specific recog-
nition process between the two partners in the later stages
of nodule development.

The genotype/strain specific occurrence of
the HR in nodule cells resembles the cultivar/race specific
incompatibility of several host-pathogen-interactions. The
close physiological relationship between the early recogni-
tion process in the Rhizobium-legume symbiosis and that of
a pathogenic interaction has been mentioned by several au-
thors (Vance, 1983; Djordjevic et al., 1987; Djordjevic et al.,
1988; Keen and Staskawicz, 1988; Rolfe and Gresshoff,
1988). The recognition process that decides between a sym-
biotic and a pathogenic development does not only work in
the early stages (i.e. infection of the root hairs) of the sym-
biotic interaction. Even infected nodule cells may perform a
hypersensitive reaction. Compatible rhizobia must have
evolved mechanisms to circumvent the elicitation ofa HR in
the early as well as in the late stages of the symbiotic in-
teraction.

The term “hypersensitive response” with
respect to soybean root nodule tissue was first used by Bas-
sett et al. (1977b). These authors describe a “selective au-
tolysis” of the infected cells which has a greater effect on the
bacteria than on the host cell. The latter remains alive du-
ring this process. They also compared this specific type of
autolysis with that occurring during senescence. In order to
better distinguish between different types of ineffective
nodule developments, we suggest that the term “hypersen-
sitive response” should only be used if host cell death oc-
curs. As a consequence, we think that the term “early senes-
cence” would better fit the reaction type described by Bas-
sett, because host cells stay alive and that “hypersensitive
response” more appropriately describes the reaction of G.
soja P1 468397 to B. japonicum 123 that results in host cell
death.

Factors that lead to advantages in competi-
tion act in the early stages of the host-microsymbiont in-
teraction. Cregan and Keyser (1988) observed a better com-
petitiveness of R. fredii USDA 193 in comparison to B.
Jjaponicum USDA 123 on Pl 468397. We think that this
phenomenon cannot be explained by the observed defense
reaction of this genotype towards USDA 123 because it oc-
curs in the later stages of the symbiosis. However, we have
not yet determined whether B. japonicum elicits a higher
glyceollin I accumulation in the root hairs during the infec-
tion process. Using the very sensitive RIA-technique we will
attempt to answer this next question.
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