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Abstract. Chitinase and peroxidase, two enzymes 
thought to be involved in the defense of plants against 
pathogens, were measured in soybean (Glycine max L. 
Merr.) roots and in nodules colonized by Bradyrhizobium 
japonicum strains differing in their symbiotic potential. 
Activities of both enzymes were higher in nodules than 
in roots. In "effective", nitrogen-fixing nodules, col- 
onized by wild-type bacteria, chitinase and peroxidase 
activities had low levels in the central infected zone and 
were enhanced primarily in the nodule cortex. An ascor- 
bate-specific peroxidase, possibly involved in radical 
scavenging, had similarly high activities in the infected 
zone and in the cortex. "Ineffective" nodules colonized 
by bacteria unable to fix nitrogen symbiotically showed 
a similar distribution of chitinase and peroxidase. In 
another type of "ineffective" nodule, colonized by a 
B. japonicum strain eliciting a hypersensitive response, 
activities of both enzymes were enhanced to a similar 
degree in the infected zone as well as in the cortex. Tissue 
prints using a direct assay for peroxidase and an anti- 
serum against bean chitinase corroborated these results. 
The antiserum against bean chitinase cross-reacted with 
a nodule protein of Mr 32 000; it inhibited most of the 
chitinase activity in the nodules but barely affected the 
chitinase in uninfected roots. It is concluded that proteins 
characteristic of the defense reaction accumulate in the 
cortex of nodules independently of their ability to fix 
nitrogen, and in the entire body of hypersensitively react- 
ing nodules. 
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Introduction 

The interaction of legumes with rhizobia normally cul- 
minates in the formation of a symbiotic organ, the nod- 
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ule, which functions in nitrogen fixation (Rolfe and 
Gresshoff 1988; Sprent 1989). The early stages of infec- 
tion by the rhizobia resemble a pathogen attack; the 
process of nodulation has therefore been viewed as a 
"beneficial disease", (Vance 1983) caused by a "refined 
pathogen" (Djordjevic et al. 1987). 

It is interesting to study the extent to which inducible 
defenses against pathogens come into play during nodule 
formation. A classical defense reaction, the accumulation 
of phytoalexins, has been examined in soybean roots 
infected by Bradyrhizobium japonicum (Werner et al. 
1985). Wild-type bacteria, which caused the formation of 
effective, nitrogen-fixing nodules, induced the formation 
of only small amounts of the soybean phytoalexin glyce- 
ollin at the earliest stages of interaction. However, cer- 
tain strains which lead to the formation of ineffective 
nodules not fixing nitrogen, induced a sort of hypersen- 
sitive reaction and caused accumulation of large amounts 
of glyceollin in a way similar to roots infected by patho- 
gens (Werner et al. 1985; Parniske et al. 1990). 

We have thus studied further defense reactions in 
effective and ineffective nodules, focussing our attention 
on the activities of two enzymes often associated with 
plant defense reactions, namely chitinase (Boiler 1988) 
and peroxidase (Hammerschmidt et al. 1982; Svalheim 
and Robertsen 1990). Plant chitinases inhibit the growth 
of certain fungi (Schlumbaum et al. 1986) and often have 
lysozyme activity as well, indicating that they may func- 
tion in defense against bacteria (see Boiler 1988). 
Peroxidases have been suggested to be involved in the 
activation of preformed toxins and in lignification, two 
typical elements of the plant defense reaction (Lewis and 
Yamamoto 1990). We report that chitinase and 
peroxidase are present at elevated levels in the cortex but 
not in the central region of effective root nodules and in 
the whole body of certain ineffective nodules. These find- 
ings indicate that the constitutive expression of defense- 
related genes in cortical ceils of effective root nodules 
may function in protection of the symbiotic organ from 
pathogen attack. 
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Materials and methods 

Growth of ptants and establishment of symbiosis. Seeds of soybean 
(Glycine max L. Merr.) cv. Maple Arrow (Semences UFA, Bus- 
signy, Switzerland) were surface-sterilized, grown on agar plates 
and infected 4 d after germination with one of the following strains 
of Bradyrhizobium japonicum, grown to stationary phase in 20E- 
medium (Werner et al. 1975) at 27 ~ C on a rotary shaker at 140 rpm: 
61-A-101 (fix+), yielding effective, nitrogen-fixing nodules (Stripf 
and Werner 1978), RH-31-Marburg (fix-), producing ineffective 
nodules of normal appearance (Werner et al. 1984), and 61-A-24 
(fix-), causing the appearance of small, greenish ineffective nodules 
(Werner et al. I980). Uninfected seedlings were obtained by treat- 
ment with uninoculated 20E-medium, Uninfected and infected 
seedlings were grown in sterilized Leonard jars (Leonard 1943) filled 
with perlite and nutrient solution (Werner et al. 1975) containing 
1 mM KNO3 in a phytotron (14-h day at a photon flux of 
300 gmol " m -2 " S -1 and 26 ~ C, 10-h night at 20 ~ C), 

Enzyme extraction. Where needed, the cortex and the central infect- 
ed zone of harvested nodules were separated after three cycles of 
freezing and thawing by cutting the nodules in two halves with a 
razor blade and dissecting the tissue with two needles. Tissue from 
uninfected roots and nodule material was extracted with mortar and 
pestle in cold 0.1 M phosphate (Na +) buffer, pH 7 (2 ml per g FW) 
for the chitinase assay, or in 50 mM phosphate (K +) buffer, pH 7 
(4 ml per g FW) containing polyvinylpolypyrrolidone (0.25 g per g 
FW) for the peroxidase assay, respectively. The extracts were centri- 
fuged at 15 000 - g for 15 rain, and the supernatants were used for 
enzyme measurement and gel electrophoresis. 

Enzyme assays, protein. Chitinase was assayed radiometrically at 
pH 5 using [3H]chitin as substrate (Boiler et al. 1983). Where 
required, various amounts of antiserum against bean chitinase were 
added until maximum inhibition was reached; preirnmune serum 
served as a control. Peroxidase was measured photometrically, 
either as ascorbate peroxidase by the rate of decrease in A265 in the 
presence of 0.25 M ascorbate (Asada 1984) or as guaiacol 
peroxidase by the rate of increase in A470 with 10 mM guaiacol 
(Dalton et at. 1987), using the constant linear increase after 2 min 
incubation in the reaction mixture to reduce the impact of the 
pseudoperoxidase activity of leghemoglobin (Puppo et aL 1980). 
Protein was determined by the method of Bradford (1976). 

Immune blots. Proteins were separated by sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis (SDS-PAGE) on 10% gels ac- 
cording to Laemmli (1970), transferred electrophoretically onto 
nitrocellulose membranes (Towbin et al. 1979) and labelled sequen- 
tially by addition of a monospecific antiserum (1 : 1500 dilution) 
against bean chitinase (V6geli et aL 1988), followed by a goat 
anti-rabbit immunoglobulin G (IgG) coupled to horseradish 
peroxidase (Biorad, Richmond, Cal., USA). The blots were 
developed with 4-chloro-l-naphthol and I-I202 as  specified by the 
supplier (Biorad). 

Activity stains. Chitinase activity was detected after SDS-PAGE in 
a 15% polyacrylamide gel using the method of Trudel and Asselin 
(1989). 

Peroxidase was analyzed on native gels, using 7.5% acrylamide 
in 0.375 M Tris (C1-), pH 9 for the gels and 0.192 M glycine, 
adjusted to pH 9.0 with Tris, as running buffer. The samples (equiv- 
alent to 2.5 mg FW) contained 10% (v/v) glycol and 10mg" L -1 
bromophenol blue. Electrophoresis was achieved at 10 mA and 
4 ~ C. Peroxidase activity was detected by staining the gels with 
4-chloro-t-naphthol in Tris-buffered saline (TBS) (10 mM Tris 
(CI-) buffer (pH 7.4), 0.15 M NaC1) starting the reaction by addi- 
tion of I mM H202,  

Tissue pr&ts. Nodules were cut with a razor-blade into two halves 
and directly blotted on a nitrocellulose membrane (Cassab and 
Varner 1987; Hendriks and van Loon 1990). The blots were stained 

with Amido Black for detection of proteins (Hendriks and van 
Loon 1990) and either with 4-chloro-l-naphthol and H 2 0  2 in TBS 
following the specifications of Biorad or with 3-amino-9-ethytcar- 
bazole and H202 at pH 7.3 (Graham et al. 1965) for detection of 
peroxidase activity, stopping the reaction with distilled water. For 
immunodetection the tissue prints were incubated for 1 h in 
SDS-PAGE sample buffer according to Laemmli (1970) without 
Bromophenol Blue to inactivate endogenous phosphatase, blocked 
with 5% (w/w) nonfat dry milk in TBS, and incubated overnight 
with antiserum against chitinase or preimmune serum (1:6000 dilu- 
tion) in the refreshed solution. After washing with distilled water for 
1 rain and several times with TBS-Tween (0.5% v/v Tween 20 in 
TBS) the membranes were incubated for 1 h with a goat anti-rabbit 
IgG antibody coupled to alkaline phosphatase (Sigma, Deissen- 
hofen, FRG; using the dilution recommended by the supplier) in 
TBS with 2.5 % (w/w) nonfat dry milk. The membranes were washed 
with TBS-Tween and stained with 5-bromo-4-chloro-3-indolyl 
phosphate p-toluidine salt (Sigma) and Nitro Blue Tetrazolium 
according to Harlow and Lane (I988). 

Results 

The enzymat ic  activities o f  chitinase and  peroxidase in 
nodules  induced by an  effective strain o f  B. japonicum, 
61-A-101 ,  depended on the age o f  the nodule.  In  young  
nodules an increase o f  activity per g ram fresh weight and 
per g ram protein was found,  whereas in older nodules  
only the activities per nodule  increased, indicating that  
the activities increase in parallel to  the increase in nodule  
size (Fig. 1). The results on ascorbate  peroxidase dur ing 
nodule  development  were in agreement  with those o f  
Da l ton  et al. (1986) who  found  a g o o d  correlat ion with 
the increase o f  nitrogenase. 

W h e n  uninfected roots  were compared  with nodules 
induced by different strains o f  B. japonicum, chitinase 
and ascorbate  peroxidase were always found  to be higher 
in nodules  than in roots.  Guaiacol  peroxidase exhibited 
a different pat tern:  It  had  a compara t ive ly  low activity 
in nodules except in the hypersensitively reacting nodules 
induced by strain 6 1 - A - 2 4  (Fig. 2). 

The tissue distr ibution o f  chitinase and peroxidase 
was studied in nodules  induced by different strains 
o f  bacteria.  The activities o f  chitinase and  guaiacol  
peroxidase,  calculated per g ram fresh weight, were more  
than three times higher in the cortex than in the central  
infected zone o f  effective and ineffective nodules induced 
with the strains 61-A-101  or  R H - 3 1 ,  respectively. In 
contrast ,  high activities o f  these enzymes were also found  
in the infected zone o f  the ineffective nodules  induced 
with strain 61-A-24 .  Ascorba te  peroxidase had  similar 
activities in the cortex and in the infected zone o f  all 
nodules  studied;  par t  o f  the activity appeared to be lost 
dur ing tissue separat ion (Table 1). 

Fo r  ascorbate  peroxidase, the specific activity with 
ascorbate  as a substrate has been found  to be approxi-  
mately  equal to the specific activity with guaiacol  (Dal- 
ton  et al. 1987). Thus,  the infected zone o f  nodules  in- 
duced by 61-A-101  and  R H - 3 1  conta ined primari ly 
ascorbate  peroxidase,  as indicated by the similarity o f  the 
specific activities o f  peroxidase measured with ascorbate  
and guaiacol  (Table 1). In the cortex o f  these nodules,  
however,  and  in the whole  b o d y  o f  the hypersensitively 
reacting nodules induced by 6 1 - A - 2 4 ,  peroxidase 
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Fig. l A D .  Growth of effective nodules and their activities of chi- 
tinase and peroxidase. Nodules were induced in soybean seedlings 
(4 d old) with B.japonicum strain 61-A-101, at day 0 and harvested 
at different times after infection. A Mean fresh weight (FW) of a 
single nodule ([]) and its protein content on a fresh-weight basis (A). 
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B, C, D Enzyme activities, expressed per g FW (�9 and per in- 
dividual nodule (m). Chitinase activity (13) was determined radio- 
metrically; peroxidase activity was measured photometrically with 
ascorbate (C) and guaiacol (D) as substrates 

0ot   soo .e.o.d s. 1 0ol, 

00 = 0]e  ~ 
toot 61-A-101 RH-31 61-A-24 root 61-A-101 RH-31 61-A-24 root 61-A-101 RH-31 61-A-24 

F i g ,  2A--C. Chitinase (A) and peroxidase (B, C) activities in unin- medium or with B. ]aponicum, strains 61-A-I0I ,  RH-31 or 
fccted roo ts  and in  effective and ineffective nodules.  Soybean seed- 6 l - A - 2 4 .  F o u r  weeks later,  un in fected roo ts  f r o m  mock- t rea ted  
lings (4 d old) were treated with uninoculated bacterial growth plants were compared with nodules from the infected plants 

isoenzymes with a preference for guaiacol over ascorbate 
were present. 

The existence of two different peroxidase isoenzymes 
was also apparent from electrophoretic analyses (Fig. 3). 

The band migrating more slowly was found to be local- 
ized mainly in the nodule cortex of effective nodules and 
in nodules induced by strain 61-A-24. On the basis of its 
localization, this is most probably the isoenzyme with a 
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Table 1. Enzyme activities of chitinase and peroxidase in the central 
infected zone and in the cortex of nodules 28 d after infection with 
B. japonicum, strains 61-A-101, RH-31and 61-A-24 

Strain Tissue Enzyme activity (nkat- (g FW)-1)a 

Chitinase Peroxidase 

Ascorbate Guaiacol 

61-A-101 Infected zone 0.994-0.21 2894- 11 2894- 16 
Cortex 3.724-0.16 2544-46 9404-235 

RH-31 Infected zone 0.794-0.08 1344-35 1644- 39 
Cortex 3.21 4- 0.18 1264- 28 8764- 243 

61-A-24 Infected zone 2.484-0.77 2354- 13 26114-420 
Cortex 3.644-0.13 1134-36 14304-236 

" Mean and SD of three independent extracts 
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Fig. 3. Characterization of 
peroxidase isoenzymes after native 
gel electrophoresis. The following 
samples (corresponding to 2.5 mg 
FW) were subjected to electro- 
phoresis: Extracts from infected 
zone (lane 1) and cortex (lane 2) 
of 28 d old soybean nodules in- 
duced with B. japonicum, strain 
61-A-101 ; total extracts (lane 3) 
from nodules induced with B. 
japonicurn, strain 61-A-24. Gels 
were stained with 4-chloro-1- 
naphthol in the presence of 1 mM 
H202 

Fig. 4A, B. Characterization of chitinase after SDS-PAGE electro- 
phoresis. A An extract from 28-d-old nodules induced with 
B. japonicum, strain 61-A-101 (40 gg protein) was subjected to 
SDS-PAGE. The proteins were blotted onto nitrocellulose and 
stained for proteins (lane 1) or immunodecorated with a rabbit 
antiserum against bean chitinase (lane 2). B The same extract was 
subjected to SDS-PAGE in a gel containing 0.01% (w/v) glycol 
chitin and stained for chitinase activity. The position of molecular- 
weight markers is indicated on the left 

i 0 

Root 61-A.101 RH-31 61-A-24 

Fig. 5. Inhibition of root and nodule chitinase activities by an 
antiserum against bean chitinase. Uninfected roots and nodules 
induced with B. japonicum, strains 6 I-A-10 l, RH-31 and 61-A-24, 
were obtained as in Fig. 2. Extracts were incubated with or without 
antiserum against bean chitinase. Fractions of the total activity 
inhibited (D) or not inhibited (m) by the antiserum are indicated. 
Mean standard deviations of the activities in the presence of anti- 
serum were 4 % of the total activities 

preference  for guaiacol .  The  more  r ap id ly  mig ra t ing  
b a n d  p r o b a b l y  represents  a sco rba t e  pe rox idase ,  the  
p r e d o m i n a n t  pe rox idase  o f  the  infected zone.  

The  serological  p rope r t i e s  o f  chi t inase  were s tud ied  
using an  an t i se rum aga ins t  bean  chi t inase.  Cross- reac-  
t ion was found  with  va r ious  c rude  p ro t e in  p r e p a r a t i o n s  
f rom soybean.  On  i m m u n e  b lo ts  p r e p a r e d  af ter  
S D S - P A G E ,  a p ro te in  b a n d  with  an  a p p a r e n t  M r o f  
32000 reac ted  s t rongly  with  the an t i s e rum (Fig.  4A).  A t  
the same pos i t ion ,  chi t inase  ac t iv i ty  cou ld  be de tec ted  in 
the S D S - P A G E  gels using glycol  chi t in  as subs t ra te  
(Fig.  4B). 

Ext rac t s  f rom 28-d-old  nodules  and  f rom roo t s  wi th  
c o m p a r a b l e  chi t inase activi t ies were i ncuba ted  with var i-  
ous  a m o u n t s  o f  an t i serum.  The  to ta l  chi t inase  ac t iv i ty  
decreased  rap id ly  wi th  the a d d i t i o n  o f  smal l  a m o u n t s  o f  
an t i s e rum and  reached a p la teau .  In  nodu le  extracts ,  a 
large pa r t  o f  the ac t iv i ty  was inh ib i ted  by  the an t i s e rum 
(Fig.  5). In  cont ras t ,  chi t inase  ac t iv i ty  in the roo t s  was 
reduced only by a small fraction with the ant iserum (Fig. 5). 
P r e immune  serum d id  no t  affect chi t inase  act ivi ty.  Us ing  
a soybean  seed extract ,  inh ib i t ion  o f  chi t inase  act ivi ty  by  
the an t i se rum was near ly  comple t e  (da t a  no t  shown).  

The  loca l iza t ion  o f  the enzymes  was fur ther  s tudied  by  
tissue pr in ts  on n i t rocel lu lose  m e m b r a n e s  (Fig.  6). S ta in-  
ing with  A m i d o  Black revealed a h o m o g e n o u s  d is t r ibu-  
t ion o f  p ro te ins  over  the whole  cross  sect ion o f  effective 
nodules  (Fig.  6A). The  same was t rue  for  ineffective 
nodules  (da t a  no t  shown).  Tissue pr in ts  o f  effective nod-  
ules incuba ted  with  p r e i m m u n e  serum showed on ly  litt le 
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Fig. 6A-L Immunodetection of chitinase and direct staining for 
peroxidase in tissue prints of effective and ineffective soybean root 
nodules. Nodules were induced by B. japonicum, strains 61-A-101 
(A-C, F), RH-31 (D, G) or 61-A-24 (E, H, I), and harvested 28 d 
after inoculation. A Proteins stained with Amido Black. B Im- 
munochemical staining after incubation with preimmune serum. 
C-E Immunochemical staining after incubation with antiserum 
against bean chitinase. F-I Direct staining for peroxidase with 
4-chloro-l-naphthol 0F-H) or 3-amino-9-ethylcarbazole (I). 
Bar = 0.5 mm 

background staining (Fig. 6B). Similar results were ob- 
tained with tissue prints of ineffective nodules incubated 
with preimmune serum. The antiserum against bean 
chitinase revealed the presence of cross-reactive material 
in the cortex of effective nodules (Fig. 6C) as well as 
ineffective nodules (Fig. 6D, E). Furthermore, the infect- 
ed zone of the hypersensitively reacting nodule induced 
by strain 61-A-24 showed a strong reaction as well 
(Fig. 6E). Peroxidase activity had a similar distribution, 
as shown by direct staining of the tissue prints, using 
4-chloro-l-naphthol (Fig. 6F, G, H) or 3-amino-9-ethyl 
carbazole (Fig. 6I) as substrate: peroxidase activity was 
located mainly in the cortex of effective nodules (Fig. 6F) 
and in ineffective nodules induced by strain RH-31 
(Fig. 6G), but it was present throughout the nodule in 
ineffective, hypersensitively reacting nodules induced by 
strain 61-A-24 (Fig. 6H, I). 

Discussion 

Both chitinase and peroxidase activities are induced in 
soybean nodules. Chitinase activity has a low con- 
stitutive activity in roots which is insensitive to the anti- 
serum against bean chitinase. The cortex of nodules 
induced by B. japonicum strains 61-A-101 and RH-31 
has an elevated chitinase activity, and most of it is in- 

hibited by the antiserum against bean chitinase. These 
data indicate that a chitinase isoenzyme resembling bean 
chitinase is strongly induced in the nodule cortex regard- 
less of whether the nodule bacteria are fixing nitrogen or 
not. According to our immunological characterization, 
this activity resembles the chitinase activity in soybean 
seeds, characterized previously by Wadsworth and 
Zikakis (1984). Although this chitinase is not a nodulin 
in the sense of the definition of a protein exclusively 
localized in nodules (Legocki and Verma 1980), it should 
be considered a "nodule-stimulated protein". For 
peroxidase, two isoenzymes are induced in nodules. This 
is reminiscent of a recent report describing nodule 
peroxidase isoenzymes with different specificities for in- 
dole-3-acetic acid and syringaldazine (De Forchetti and 
Tigier 1990). The more slowly migrating isoenzyme is 
probably the peroxidase (Mr 48 000) described by Puppo 
et al. (1980). The more rapidly migrating band probably 
corresponds to the ascorbate peroxidase isoenzyme 
previously characterized by Dalton et al. (1987), for 
which they estimated an Mr of 30 000 by SDS-PAGE. 
The presence of a pseudoperoxidase activity due to 
leghemoglobin (Puppo et al. 1980) can be excluded in our 
case since both isoenzymes were also detected in the 
nodule cortex known to be free of leghemoglobin. 

The cortex of nodules has several functions, e.g. as an 
oxygen-diffusion barrier (Layzell and Hunt 1990). Our 
work shows that both chitinase and peroxidase are 
elevated in the cortex of both effective and ineffective 
nodules. If both enzyme activities can be taken as par- 
adigms of defense reactions, this may indicate that one 
function of the nodule cortex is to protect the nitrogen- 
fixing and protein-rich central infected zone from exter- 
nal pathogens. 

In the nodules induced by the ineffective strain 61-A-24, 
chitinase and peroxidase activities were elevated also in 
the infected zone. This result cannot be sufficiently ex- 
plained by the high percentage of vacuolized, uninfected 
cells in this tissue (for pictures see Werner et al. 1980). 
It is more probable that a hypersensitive reaction is 
induced, since the interaction of this bacterial strain with 
soybean roots is characterized also by phytoalexin accu- 
mulation and by the early loss of the peribacteroid mem- 
branes in nodules (Werner et al. 1985). Chitinase and 
peroxidase could be considered here as possible weapons 
against the parasitic bacterium. It may even be that this 
defense is quite direct since the prototype for the chi- 
tinase studied, bean chitinase, has considerable lysozyme 
activity (Boller et al. 1983). Studies are in progress to 
examine the possible inhibitory effect of chitinase on 
growth of Bradyrhizobium strains. The induction of 
peroxidase in nodules induced by strain 61-A-24 might 
also be seen in the context of pathogen defense and, in 
particular, of pathogen-dependent induction of lignifica- 
tion as described for many host-pathogen relationships 
(Svalheim and Robertsen 1990). 

With regard to chitinase induction in nodules, a dif- 
ferent aspect is worth mentioning. The chemical signals 
secreted by rhizobia, the so-called Nod factors, are de- 
rivatives of chitooligosaccharides (Lerouge et al. 1990; 
Spaink et al. 1991). It is tempting to speculate that plant 
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chi t inases  m i g h t  hyd ro lyze  N o d  fac tors  and  the reby  in- 
terfere wi th  recogni t ion .  W e  are  cur ren t ly  test ing this 
poss ib i l i ty .  

In conclusion, we suggest  a d o u b l e  role  for  the  defense-  
re la ted  enzyme act ivi t ies  in the  nodules ,  i.e. p ro t e c t i on  o f  
the  infec ted  zone  f rom ex te rna l  p a t h o g e n s  in the effective 
symbios i s  a n d  p r o t e c t i o n  o f  the r o o t  sys tem f rom p a t h o -  
genic  r h i z o b i a  in the  ineffective symbios is .  In  add i t ion ,  
ch i t inase  migh t  also in te rac t  wi th  the N o d  signals  and  
the reby  influence the s ignal l ing be tween  the p l a n t  and  its 
symbion t s .  

This work was supported by the Swiss National Science Founda- 
tion, Grants 31-25730.88 (to R.B. Mellor and T. Boiler) and 
31-27923.89 (to A. Wiemken). 

References 

Asada, K. (1984) Chloroplasts: Formation of active oxygen and its 
scavenging. Methods Enzymol. 105, 422-429 

Boiler, T. (1988) Ethylene and the regulation of antifungal hydro- 
lases in plants. In: Oxford surveys of plant molecular and cell 
biology, vol. 5, pp. 145-174, Miflin, B.J., ed. Oxford University 
Press, Oxford 

Boiler, T., Gehri A., Mauch F., V6geli, U. (1983) Chitinase in bean 
leaves: induction by ethylene, purification, properties, and pos- 
sible function. Planta 157, 22-31 

Bradford, M.M. (1976) A rapid and sensitive method for the quan- 
titation of microgram quantities of protein utilizing the principle 
of protein-dye binding. Anal. Biochem. 72, 248-254 

Cassab, G., Varner, J. (1987) Immunocytolocalization of extensin 
in developing soybean seed coats by immunogold-silver staining 
and by tissue printing on nitrocellulose paper. J. Cell Biol. 105, 
2581 2588 

Dalton, D., Russell, S., Hanus, F., Pascoe, G., Evans, H. (1986) 
Enzymatic reactions of ascorbate and glutathione that prevent 
peroxide damage in soybean root nodules. Proc. Natl. Acad. Sci. 
USA 83, 3811-3815 

Dalton, D., Hanus, F., Russell, S., Evans, H. (1987) Purification, 
properties, and distribution of ascorbate peroxidase in legume 
root nodules. Plant Physiol. 83, 789-794 

De Forchetti, S., Tigier, H. (1990) Indole-3-acetic acid oxidase and 
syringaldazine oxidase activities of peroxidase isozymes in soy- 
bean root nodules. Physiol. Plant. 79, 327-330 

Djordjevic, M.A., Gabriel, D.W., Rolfe, B.G. (1987) Rhizobium - 
the refined parasite of legumes. Annu. Rev. Phytopathol. 25, 
145-168 

Graham, R., Lundholm, U., Karnovsky, M. (1965) Cytochemical 
demonstration of peroxidase activity with 3-amino-9-ethylcarb- 
azole. J. Histochem. Cytochem. 13, 150-152 

Hammerschmidt, R., Nuckles, E., Kut, J. (1982) Association of 
enhanced peroxidase activity with induced systemic resistance of 
cucumber to Colletotrichum lagenariurn. Physiol. Plant Pathol. 
20, 73-82 

Harlow, E., Lane, D. (1988) Antibodies, a laboratory manual. Cold 
Spring Harbor Laboratory, New York 

Hendriks, T., van Loon, L. (1990) Petunia peroxidase a is localized 
in the epidermis of aerial plant organs. J. Plant Physiol. 136, 
519-525 

Laemmli, U. (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 227, 680-685 

Layzell, D., Hunt, S. (1990) Oxygen and the regulation of nitrogen 
fixation in legume nodules. Physiol. Plant. 80, 322-327 

Legocki, R., Verma, D. (1980) Identification of "nodule-specific" 
host proteins (nodulins) involved in the development of 
Rhizobium-legume symbiosis. Cell 20, 153-163 

Leonard, L. (1943) A simple assembly for use in the testing of 
cultures of rhizobia. J. Bacteriol. 45, 523-527 

Lerouge, P., Roche, P., Faucher, C., Maillet, F., Truchet, G., 
Promt, J.C., D~nari~, J. (1990) Symbiotic host-specificity of 
Rhizobium meliloti is determined by a sulphated and acylated 
glucosamine oligosaccharide signal. Nature 344, 781-784 

Lewis, N.G., Yamamoto, E. (1990) Lignin: occurrence, biogenesis 
and degradation. Annu. Rev. Plant Physiol. Plant Mol. Biol. 41, 
455-496 

Parniske, M., Zimmermann, C., Cregan, P., Werner, D. (1990) 
Hypersensitive reaction of nodule cells in the Glycine sp./Bra- 
dyrhizobium japonicum-symbiosis occurs at the genotype-specific 
level. Bot. Acta 103, 143-148 

Puppo, A., Rigaud, J., Job, D., Ricard, J., Zeba, B. (1980) 
Peroxidase content of soybean root nodules. Biochim. Biophys. 
Acta 614, 303-312 

Rolfe, B.G., Gresshoff, P.M. (1988) Genetic analysis of legume 
nodule initiation. Annu. Rev. Plant Physiol. Plant Mol. Biol. 39, 
297-319 

Schlumbaum, A., Mauch, F., Vtgeli, U., Boiler, T. (1986) Plant 
chitinases are potent inhibitors of fungal growth. Nature 324, 
365-367 

Spaink, H.P., Sheeley, D.M., van Brussel, A.A.N., Glushka, J., 
York, W.S., Tak, T., Geiger, O., Kennedy, E.P., Reinhold, 
V.N., Lugtenberg, B.J.J. (1991) A novel highly unsaturated fatty 
acid moiety of lipo-oligosaccharide signals determines host 
specificity of Rhizobium. Nature 354, 125-130 

Sprent, J. (1989) Which steps are essential for the formation of 
functional legume nodules? New Phytol. 111, 129-153 

Stripf, R., Werner, D. (1978) Differentiation of Rhizobium japo- 
nicum: II. Enzymatic activities in bacteroids and plant cyto- 
plasm during the development of nodules of Glycine max. Z. 
Naturforsch. 33c, 373-381 

Svalheim, A., Robertsen, B. (1990) Induction of peroxidases in 
cucumber hypocotyls by wounding and fungal infection. 
Physiol. Plant. 78, 261-267 

Towbin, H., Staehelin, T., Gordon, J. (1979) Electrophoretic 
transfer of proteins from polyacrylamide gels to nitrocellulose 
sheets: procedures and some applications. Proc. Natl. Acad. 
Sci. USA 76, 4350--4354 

Trudel, J., Asselin, A. (1989) Detection of chitinase activity after 
polyacrylamide gel electrophoresis. Anal. Biochem. 178, 
362-366 

Vance, C.P. (1983) Rhizobium infection and nodulation: a beneficial 
plant disease? Annu. Rev. Microbiol. 37, 399-424 

Vtgeli, U., Meins, F., Jr., Boiler, T. (1988) Co-ordinated regulation 
of chitinase and ~-l,3-glucanase in bean leaves. Planta 174, 
364-372 

Wadsworth, S., Zikakis, J. (1984) Chitinase from soybean seeds: 
Purification and some properties of the enzyme system. J. Agric. 
Food Chem. 32, 1284-1288 

Werner, D., Wilcockson, J., Zimmermann, E. (1975) Adsorption 
and selection of rhizobia with ion-exchange papers. Arch. 
Microbiol. 105, 27-32 

Werner, D., Mtrschel, E., Stripf, R., Winchenbach, B. (1980) De- 
velopment of nodules of Glycine max infected with an ineffective 
strain of Rhizobiumjaponicum. Planta 147, 320-329 

Werner, D., Mtrschel, E., Kort, R., Mellor, R.B., Bassarab, S. 
(1984) Lysis of bacteroids in the vicinity of the host cell nucleus 
in an ineffective (fix-) root nodule of soybean (Glycine max). 
Planta 162, 8-16 

Werner, D., Mellor, R.B., Hahn, M., Grisebach, H. (1985) Soybean 
root response to symbiotic infection. Glyceollin I accumulation 
in an ineffective type of soybean nodules with an early loss of 
the peribacteroid membrane. Z. Naturforsch. 40c, 179-181 


