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The ethylene-inhibitor aminoethoxyvinylglycine restores 
normal nodulation by Rhizobium leguminosarum biovar, viciae 
on Vicia sativa subsp, nigra by suppressing 
the 'Thick and short roots' phenotype 
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Abstract. Nodulation of Vicia sativa subsp, nigra 
L. by Rhizobium bacteria is coupled to the develop- 
ment of thick and short roots (Tsr). This root phe- 
notype as well as root-hair induction (Hai) and 
root-hair deformation (Had) are caused by a fac- 
tor(s) produced by the bacteria in response to plant 
flavonoids. When very low inoculum concentra- 
tions (0.5-5 bacteria.rn1-1) were used, V. sativa 
plants did not develop the Tsr phenotype and be- 
came nodulated earlier than plants with Tsr roots. 
Furthermore, the nodules of these plants were lo- 
cated on the primary root in contrast to nodules 
on Tsr roots, which were all located at sites of  
lateral-root emergence. The average numbers of 
nodules per plant were not significantly different 
for these two types of nodulation. Root-growth 
inhibition and Hal, but not Had, could be mim- 
icked by ethephon, and inhibited by aminoethoxy- 
vinylglycine (AVG). Addition of AVG to co-cul- 
tures of Vicia sativa and the standard inoculum 
concentration of 5.10 s bacteria.m1-1 suppressed 
the development of the Tsr phenotype and restored 
nodulation to the pattern that was observed with 
very low concentrations of bacteria (0.5-5 bacte- 
r ia.ml-1).  The delay in nodulation on Tsr roots 
appeared to be caused by the fact that nodule mer- 
istems did not develop on the primary root, but 
only on the emerging laterals. The relationship be- 
tween Tsr, Hai, Had, and nodulation is discussed. 
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Abbreviations: AVG=aminoethoxyvinylglycine;  cfu=colony-  
forming units; Had = root-hair  deformation;  Hai = root-hair  in- 
duction; NB = naringenin-bacteria filtrate; Tsr = Thick and 
short roots 

Introduction 

Plants of the family Papilionaceae form root nod- 
ules when inoculated with Rhizobium or Bradyrhi- 
zobiurn bacteria. In these nodules the bacteria dif- 
ferentiate into bacteroids which fix atmospheric ni- 
trogen. The plant-bacterium interaction is host- 
specific since each Rhizobium or Bradyrhizobium 
species nodulates only one or a limited set of  host 
plants (Vincent 1980). 

The Rhizobium-legume symbiosis is established 
in a series of events of which the first reported 
so far is the activation of Rhizobiurn nodulation 
(nod) genes by flavonoid compounds present in 
host-plant root exudates (Firmin et al. 1986; Peters 
et al. 1986; Redmond et al. 1986; Wijffelman et al. 
1986; Kosslak et al. 1987; Zaat et al. 1987a). These 
nod genes are located on so-called Sym(biosis) plas- 
mids and can be divided into (i) the constitutively 
expressed regulatory nodD gene, (ii) the inducible 
host-specific nod genes, and (iii) the inducible com- 
mon nod genes (Djordjevic et al. 1985; Evans and 
Downie 1986; Kondorosi and Kondorosi 1986; 
Shearman et al. 1986; Spaink et al. 1987). The lat- 
ter are functionally exchangeable between different 
species of Rhizobium (Kondorosi and Kondorosi 
1986). The common nodABC genes are required 
for curling of the growing root hairs of  the host 
plant. In these curled root hairs, infection threads 
are formed through which the bacteria enter the 
host plant. Before the thread reaches the central 
cortical layers of the plant root, a nodule meristem 
is induced in this tissue (Vincent 1980). For this 
process of meristem induction the nodABC genes 
seem to be essential as well (Debell6 et al. 1986; 
Dudley et al. 1987). 

In the interaction between R. leguminosarum 
and its host plant Vicia sativa subsp, nigra, the 
first visible response of the plants to the bacteria, 
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the cur l ing  o f  p l an t  r o o t  hairs,  is c oup l e d  to the 
d e v e l o p m e n t  o f  an  a b e r r a n t  r o o t  m o r p h o l o g y ,  des-  
igna ted  as ' T h i c k  a nd  shor t  r o o t s '  (tsr) (Van Brus-  
sel et al. 1982). T he  Tsr  roo t s  are  n o d u l a t e d  in 
an  a b n o r m a l  w a y  because  nodu les  are  f o r m e d  on ly  
at  sites where  the laterals  emerge.  T he  Tsr  p h e n o -  
type  is caused  by  a soluble  (Tsr) factor(s)  p r o d u c e d  
by  the bac te r ia  in r e sponse  to  V. sativa r o o t  exu- 
da te  (Van Brussel  et al. 1986) o r  to f l a v o n o i d  in- 
ducers  o f  the  nod genes (Zaa t  et al. 1987a,  b). In  
add i t ion  to  the this p h e n o t y p e ,  V. sativa plants  
g r o w n  in presence  o f  c rude  Ts r - f ac to r  p r e p a r a t i o n s  
deve lop  m a n y  m o r e  r o o t  hairs  (Hai) ,  wh ich  are  
heavi ly  d e f o r m e d  ( H a d ;  Z a a t  et al. 1987b).  The  
H a d  p h e n o t y p e  is c o m p a r a b l e  to  the r o o t - h a i r  cur-  
ling response  (Hac)  o f  the p lant ,  wh ich  on ly  occurs  
in the presence  o f  the bacter ia .  F o r  the p r o d u c t i o n  
o f  T s r / H a i / H a d  factor(s) ,  as well as f o r  the induc-  
t ion  o f  the  H a c  p h e n o t y p e ,  the r egu l a to ry  nodD 
gene and  the nodABC genes o f  Rhizobium are re- 
qu i red  (Wi j f fe lman  et al. 1985; Z a a t  et al. 1987b).  

R o o t  g r o w t h  inh ib i t ion  a nd  Hai  closely resem- 
ble the effects o f  p l an t  g r o w t h  subs tances  like eth-  
ylene o n  roo t s  ( G o o d l a s s  a nd  Smi th  1979; Lieber-  
m a n  1979;  G o o d w i n  a nd  Merce r  1983;  F e l d m a n  
1984). E thy lene  p r o d u c t i o n  by  p lants  can  be in- 
duced  by  a var ie ty  o f  b io logica l  a n d  phys ica l  s t imu-  
li ( A d a m s  and  Y a n g  1981;  Y a n g  a nd  H o f f m a n  
1984). It  is conce ivab le  t ha t  in the R. leguminosar- 
um-V. sativa in te rac t ion ,  the bacter ia l  fac tors  de- 
scr ibed a b o v e  induce  an  e thy lene- re la ted  response  
on  V. sativa, and  thus  indirect ly  cause the Tsr  a n d  
Hai  responses  o f  the plant .  We there fore  invest iga-  
ted  the role  o f  e thylene  in the  d e v e l o p m e n t  o f  the  
Tsr,  Hai ,  a n d  H a d  p h e n o t y p e s ,  a nd  in the n o d u l a -  
t ion  process  o f  V. sativa subsp,  nigra. 

M a t e r i a l s  and m e t h o d s  

Vicia sativa nodulation and root morphology. The nodulation 
of V. sativa L. subsp, nigra (L.) by R. leguminosarum as well 
as the influence of bacterial products and plant growth sub- 
stances on root and root-hair development were assayed in 
liquid medium, as described previously (Van Brussel et al. 
1986). After seed sterilization (Van Brussel et al. 1982) and ger- 
mination (Van Brussel et al. 1986), the seedlings were trans- 
ferred to test tubes containing the bacteria or the samples to 
be tested (see below) in 25 ml of deposit-free Jensen medium 
(Vincent 1970). In standard assays, each sample was tested with 
six seedlings in duplicate. The plants were cultured under the 
conditions described before (Van Brussel et al. 1982), for 7 d 
in the case of bacteria-free test samples, and for 14 d if nodula- 
tion was to be recorded. 

Preparation of bacterial inocula. Nodulation assays were carried 
out with Rhizobium leguminosarum biovar, viciae strain 
RBL5601 (Priem and Wijffelman 1984). Bacteria to be used 
for a nodulation assay were pregrown to the logarithmic phase 

in liquid B- (mannitol+nitrate) medium (Van Brussel et al. 
1977) on a rotary shaker at 28 ~ C. After centrifugation for 
I0 rain at 6000-g the bacteria were resuspended in deposit-free 
Jensen medium to an A66o value of 0.1. In standard nodulation 
assays a thousandfold dilution of this suspension in Jensen me- 
dium, corresponding to 2 5.105 bacteria.m1-1, was used as 
the inoculum. The inoculum density was routinely checked by 
determining the number of colony-forming units (cfu) using 
plate countings as described previously (Van Brussel et al. 
1986). 

Production of nodulation-related bacterial factors. Cell-free fil- 
trates containing Hai/Had/Tsr factor(s) were produced as de- 
scribed previously (Zaat et al. 1987b). Briefly, an inoculum pre- 
pared as described for the nodulation assay was incubated for 
24 h in i 1 of 10% deposit-flee Jensen medium in water, con- 
taining 0.001 volume of B medium to allow some bacterial 
growth and 1 gM naringenin (5,7,4'-trihydroxyflavanone; Sig- 
ma, St. Louis, Mo, USA) for nod gene induction. Bacteria were 
removed by filtration and the filtrate, designated as NB (nar- 
ingenin-bacteria) filtrate, was tested for sterility. Sterile NB fil- 
trates were tested for Hai/Had/Tsr-factor activity with V. sativa 
plants as described above. 

Plant growth substances. The effect of ethylene on root and 
root-hair morphology was studied using 2-chloroethylphos- 
phonic acid (ethephon; Sigma). Aminoethoxyvinylglycine 
(AVG; Sigma) was used to determine the influence of inhibition 
of ethylene activity in assays of V. sativa nodulation or root 
(hair) morphology. Stock solutions of ethephon or AVG in 
deposit-free Jensen medium were filter-sterilized (GS filter, 
0.22 gm pore diameter; Millipore, Neu-Isenburg, FRG) prior 
to use. 

Estimation and quantification of root and root-hair phenotypes. 
The Tsr phenotype was quantified by measuring the length 
of the primary roots of test plants after 7 d of growth, unless 
indicated otherwise. 

The Hai and Had phenotypes were estimated by microscop- 
ically comparing the root hairs of the test plants with a set 
of typical Hai and Had phenotypes, ranging from no response 
(designated a value of zero) to maximal response (designated 
a value of eight). The Hai and Had values were routinely deter- 
mined by two independent, skilled observers. Their judgements 
were always identical or nearly identical. In the latter case the 
Hai and Had values were calculated as the mean of their judge- 
ments. 

Microscopic techniques and photography. Root-hair phenotypes 
were studied by bright-field microscopy, and photographed 
after staining with methylene blue (Vasse and Truchet 1984). 
Longitudinal sections of the roots were cut with an LKB 
(Bromma, Sweden) pyramitome after fixation with 2.5% glutar- 
aldehyde and 2% paraformaldehyde, postfixation with 1% os- 
mium tetroxide, and embedding in Epon as described in Bak- 
huizen et al. (1985). Sections (8 gm thick) were studied by 
bright-field microscopy, and photographed without any addi- 
tional staining. Nodule meristems were visualized by incubating 
the roots twice with commercial bleach (approx. 8% NaOC1) 
under vacuum for 15 min, and subsequently rinsing them thor- 
oughly with demineralized water (Truchet et al. 1988). After 
staining with methylene blue, the nodule meristems were studied 
by bright-field microscopy and photographed. 

Resul t s  

Relationship between inoculum size, Tsr phenotype, 
and nodulation. The  r o o t  sho r t en ing  o f  V. sativa 
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test plants which is caused by bacteria-free crude 
Tsr-factor (NB filtrate, see Materials and methods) 
is proportional to the applied concentration of  the 
factor (Zaat et al. 1897b). To investigate whether 
a similar concentration-dependent response occurs 
in co-cultures, a nodulation experiment with V. sa- 
tiva plants inoculated with R. tegurninosarum bac- 
teria at concentrations ranging from 0.5 to 5.105 
cfu. ml-1 was carried out. Each inoculum concen- 
tration was tested with four test tubes containing 
six Vicia sativa seedlings per tube. Nodulation was 
monitored in time, and numbers of  nodules and 
root length were determined after two weeks, at 
the end of  the experiment. 

The results showed that the development of  the 
Tsr phenotype, in which nodulation occurs only 
at sites of  lateral root emergence, is indeed depen- 
dent on the bacterial concentration (Table 1). The 
plants inoculated with 4.9.105 or 6.9.103 bacteria- 
ml-1 all developed the Tsr phenotype. Inoculation 
with approx. 50 bacteria- ml - 1 showed that the test 
plants are variably sensitive to Tsr-inducing stimu- 
li: 30% of the plants developed the Tsr phenotype, 
whereas 70% failed to do so. This is reflected in 
the large standard deviation of  the mean value for 
the primary-root length (Table 1). Plants inoculat- 
ed with approx. 5 or 0.5 bacteria.m1-1 were all 
Tsr- .  The elongation of  Tsr-  roots ceased in the 
second week of  the experiment and a slight thick- 
ening occurred. This 'delayed'  Tsr development 
can be explained by the bacterial growth during 
the experiment (Table I) that, at a certain stage, 
results in concentrations apparently capable of  in- 
ducing the Tsr phenotype. 

A reverse correlation appeared to exist between 
inoculum concentration and nodule development 
in time. With high concentrations (4.9.105 bacte- 
r ia.ml-1),  at which all plants developed the Tsr 
phenotype without delay (to be designated as 

Tsr+), the plants started to develop nodules be- 
tween 8 and 11 d after inoculation, approx. 3 d 
after the first lateral root had appeared. These nod- 
ules were without exception located at the sites 
of  lateral-root emergence (Fig. 1 A, B). Plants in- 
oculated with 5 bacteria, ml-1,  none of which ini- 
tially developed the Tsr phenotype (to be desig- 
nated as Tsr-) ,  were nodulated between 5 and 8 d 
after inoculation. The nodules of  these plants were 
located on the primary root and developed simul- 
taneously with the laterals, but not at the same 
site (Fig. 1 A, C). Inoculum concentrations of  6.9- 
10 3 and approx, bacteria.m1-1 induced a nodula- 
tion pattern intermediate between the patterns de- 
scribed above. A number of  Tsr-  plants were no- 
dulated on the primary root as well as at sites of  
lateral-root emergence. The latter nodules devel- 
oped simultaneously with nodules of  this type on 
the Tsr + plants. At the very low concentration of  
0.5 bacteria.m1-1, a delay in nodulation of 1 d 
relative to that of  5 bacter ia .ml-1 was observed. 
This indicates that a minimum concentration of  
bacteria is required for nodulation, which in the 
former case required a period of  growth of  I d. 
Thus, with low concentrations of  bacteria, V. sativa 
plants did not develop the Tsr phenotype and were 
nodulated on the primary-root axis 5-8 d after in- 
oculation. Higher concentrations caused the Tsr 
phenotype, and a delay of  approx. 3 d in the nodu- 
lation process. The nodules then developed at sites 
of  lateral-root emergence. 

The total number of  root nodules formed per 
plant did not depend on the site of  nodulation. 
When plants were nodulated only at the sites of 
lateral-root emergence (inoculum concentration 
4.9.10 5 bacteria-ml-1),  the mean number of  nod- 
ules per plant was not appreciably different from 
the number of nodules per plant when nodulation 
occurred predominantly on the primary root (ap- 

Table 1. Relationship between concentration of bacteria, nodulation and Tsr phenotype of V. sativa test plants. Plants nodulated 
on the primary root (pr) as well as at sites of lateral emergence (slr) are listed in both categories. In the Tsr phenotype, nodulation 
occurs only at slr 

Concentrat ion % of plants nodulated on day Number of Length 
of bacteria nodules per of main 
(cfu.ml 1) 5 8 11 14 plant after 14 d root after 

14d  
Start End pr slr pr slr pr sir pr sir pr sir Total 

4.9.105 2.2. l06 0.0 0.0 0.0 20.8 0.0 100.0 0.0 100.0 0.00 2.63 2.63 34.1 + 3.33 
6 . 9 - 1 0  3 2 . 0 . 1 0  6 4.5 0,0 9.1 22.7 9.1 100.0 9.1 100.0 0.09 2.45 2.54 33.8_+ 3.75 
approx. 50 1.0.106 50.0 0.0 55.0 10.0 60.0 65.0 60.0 75.0 1.10 1.60 2.70 45.8 _+ 13.3 
approx. 5 1.6-106 75,0 0.0 100.0 0.0 100.0 25.0 100.0 35.0 2.15 0.45 2.65 55.4_+ 7,63 
approx. 0.5 1.3- 10 6 21.1 0.0 100.0 5.3 100.0 10.5 100.0 15.8 3.05 0.21 3.26 53.2_+ 11.5 

None 98.2_+ 7.15 
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Fig. 1. A Vicia sativa roots inoculated with 4.9.10 s cfu (left) and 5 cfu.m1-1 medium (right). B a r =  1 cm. B, C Magnifications 
(7.5) of the roots of A, showing the typical nodulation of Tsr + roots at sites of lateral emergence (B), and the primary-root 
nodulation on Tsr -  roots (C) 

prox. 5 bacteria, ml-  a). Only at the very low inocu- 
lure concentration of 0.5 bacteria.ml-1,  was the 
average number of nodules per plant slightly high- 
er (Table 1). The concentration of viable bacteria 
at the end of  the experiment was 1-106-2 �9 106 cfu- 
ml -  a, and was independent of the initial inoculum 
concentration. The possible explanation that the 
plants controlled the maximum concentration of 
bacteria by compounds in their root exudate was 
tested by performing the same experiment without 
plants, but with 10% B- medium added to the 
test tube. Under normal conditions of bacterial 
growth (28 ~ C, rotary shaker) this amount of B-  
medium allows growth of up to 1 0 s - 1 0  9 bacteria. 
ml -  ~. It appeared that again, regardless of the ini- 
tial concentration, 1- 1 0 6 - 2  �9 106 bacteria, ml-  1 
were present at the end of the experiment. The 
growth limitation observed thus was not related 
to the presence of the plants, but to the physiologi- 
cal parameters of the test system. 

Comparison of  the effect of  NB filtrate and ethephon 
on root and root-hair phenotypes of  V. sativa. The 
possible involvement of ethylene in the develop- 
ment of the Tsr phenotype was tested by growing 
V. sativa plants in NB filtrate and comparing the 

roots with those of plants grown in medium con- 
taining increasing amounts of ethephon. The re- 
sults in Table 2 show that ethephon caused a con- 
centration-dependent inhibition of root growth as 
well as Ha• This phenomenon is comparable to 
the responses observed when V. sativa plants were 
grown in a dilution series of NB filtrate (Zaat et al. 
1987b). The root hairs that were induced by ethe- 
phon, however, were straight (Fig. 2C), and not 
at all comparable to the deformed root hairs of  
plants grown in NB filtrate (Fig. 2B). Thus, 

Table 2. Effect of NB filtrate and ethephon on V. sativa root 
and root-hair morphology. Root-hair induction and deforma- 
tion are given in arbitrary units (see Materials and methods). 
The ethephon concentration is given in rag. 1-1 

Sample Primary Root-hair Root-hair Number 
root induction de- of 
length (mm) formation plants 

Control 81.7• 2-3 1 10 
0.005 ethephon 72.3• 3-4 1 ~  15 
0.01 ethephon 62.5• 3-4 1 16 
0.05 ethephon 42.0• 5-7 1 10 
0.1 ethephon 23.2• 7 1 17 
0.5 ethephon 15.9• 7 0 15 
NB filtrate 45.1 • 3.65 6-8 7 20 
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Fig. 2A-E. Root-hair phenotypes of V. sativa after 7 d of growth in different samples. A Deposit-free Jensen medium; B sterile 
NB filtrate; C 0.1 mg.1-1 ethephon; D NB filtrate supplemented with 0.1 nag.l-1 AVG; E Jensen medium supplemented with 
0.1 mg.1 1 AVG. x 100; bars= I00 gm 

growth in presence of ethephon resulted in root 
growth inhibition and Hai, but not Had. 

Effect of  A VG on root responses induced by NB 
filtrate or by ethephon. Aminoethoxyvinylglycine 
(AVG) inhibits the synthesis of ethylene by plants 
(Adams and Yang 1981; Goodwin and Mercer 
1983; Yang and Hoffman 1984). Growing V. sativa 
plants in NB filtrate supplemented with appro- 
priate concentrations of AVG showed that root 
growth inhibition and Hal were counteracted by 

AVG in a concentration-dependent way (Fig. 3 A), 
with a maximum effect at 0.01 mg-1-1. Higher 
concentrations did not increase the effect, even 
though the roots of control plants which were 
grown in Jensen medium plus AVG were slightly 
longer than those of the plants grown in NB filtrate 
plus 0.01 rag-1-1 AVG or more (Fig. 3B). Concen- 
trations of 0.01 mg-1-1 AVG or more completely 
inhibited Hai by NB filtrate (compare Fig. 2 B with 
2D). The number of root hairs was comparable 
to that of plants grown in Jensen medium with 
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Hg. 3A, B. Effect of  AVG on NB- 
induced inhibition of root growth and 
root-hair induction of V. sativa. A Sterile 
NB filtrate; B deposit-free Jensen 
medium. The plant phenotypes were 
recorded after 7 d of growth 

or without AVG (Fig. 2E and 2A, respectively). 
The few hairs that were formed on the plants 
grown in NB filtrate plus AVG were deformed 
compared with those of  plants grown in the control 
situation (Fig. 2 D and 2 E, respectively), indicating 
that AVG inhibited Tsr and Hai, but not Had. 

Influence o f  A VG on nodulation. The influence of  
AVG on nodulation was tested in co-culture exper- 
iments. Figure 4 shows that roots of  inoculated 
plants grown without AVG developed the Tsr phe- 
notype: (i) the root is swollen closely behind the 
meristematic zone, mainly due to radial expansion 
of cortical cells, (ii) there is no clear elongation 
zone, but a rather sudden transition of meristemat- 
ic to fully expanded cells, (iii) the direction of corti- 
cal cell elongation is shifted 90 ~ , (iv) epidermal cells 
have differentiated into trichoblasts directly behind 
the meristematic zone, and (v), almost every epi- 
dermal cell has differentiated into a trichoblast 
(compare Fig. 4A with 4C). In the presence of  
AVG, inoculated roots developed like the uninocu- 
lated control (Fig. 4 B and 4 C, respectively). 

In Fig. 5, the nodulation patterns of  inoculated 
plants grown with or without AVG are presented. 
Most nodules on the roots grown without AVG 
were formed between 8 and 11 d after the start 
of  the experiment. The roots showed a pronounced 
Tsr phenotype, and all nodules were formed at sites 
of lateral-root emergence (see Fig. 1 B). The prima- 
ry root length was 34.1 _+ 3.3 mm after 14 d. 

In the presence of AVG (0.1 mg. 1-1) the plants 
did not develop the Tsr phenotype, although some 
inhibition of  root growth and some thickening was 
observed compared with uninoculated plants. The 
primary-root length of  the former after 14 d was 
71.7_+6.65 mm, whereas the roots of  the latter 
reached a length of  98.2_+7.15 mm. Most of  the 
nodules were formed on the primary roots (pheno- 
type similar to Fig. 1 C), between 5 and 10 d after 

the start of  the experiment (Fig. 5). After 9 d ,  a 
number of  plants formed one or more additional 
nodules at sites of  lateral-root emergence. This 
type of nodule only contributed 21% to the total 
number of  nodules formed at the end of  the experi- 
ment. 

Since the type of  nodulation in the presence 
of AVG resembled that of  nodulation by very low 
concentrations of bacteria (Table 1) we checked the 
number of  cfu. All plants had been inoculated with 
5.105 bacteria. (ml medium)-1.  At the end of  the 
experiment, the concentrations with and without 
AVG were 6.7.10 6 and 2.2.106 cfu.m1-1, respec- 
tively. The difference between the nodulation pro- 
files observed (Fig. 5), therefore, was not caused 
by differences in concentrations of  bacteria, but 
has to be attributed exclusively to suppression of  
the Tsr phenotype by AVG. 

Nodule-meristem formation on Tsr + and Tsr -  roots. 
Nodulation on roots that develop the Tsr pheno- 
type was delayed approx. 3 d, compared with nod- 
ulation on Tsr-  roots (Table 1, Fig. 5). We com- 
pared the formation of  nodule meristems in inocu- 
lated roots that were grown with or without AVG. 
The data in Table 3 indicate that the delay in nodu- 
lation on Tsr + roots was caused by the inability 
of these roots to form nodule meristems on the 
primary root, whereas on the Tsr-  roots of  plants 
grown in the presence of  AVG these meristems 
were already developing after 4 d. Only after 8 d 
of growth could meristems be detected in Tsr + 
roots. These meristems were all located at sites of  
lateral-root emergence (Fig. 6 C, D), in contrast to 
those in Tsr-  roots, which were located mainly 
on the primary root (Fig. 6A, B). 

A closer look at the location of  the meristems 
on the Tsr + roots showed that they were not locat- 
ed on the primary root, but on the emerging later- 
als (Fig. 6 C, D). Thus, the delay in nodule forma- 
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Fig. 4A-C. Longitudinal sections of V. sativa roots after 10 d of growth. A Plants grown in co-culture with Rhizobium (inoculum 
5.105 cfu. ml-1); B like A, but with AVG added (0.1 mg. 1-i); C Plants grown in sterile Jensen medium, x 100; bar = 100 pm 

tion on Tsr  + roots  was caused by the fact that  
meristems were not  formed on the p r imary  root ,  
but  on the emerging laterals, which started to de- 
velop approx.  3 d after  the start  o f  the experiment.  

Discussion 

The Tsr phenotype of Vicia sativa subsp, nigra is 
not required for nodulation. Rhizobium leguminosar- 
um induces the Tsr  pheno type  on V. sativa subsp. 
nigra (Van Brussel et al. 1982). This pheno type  is 
not  induced by strains that  are muta ted  in the regu- 
la tory  nodD gene, or in any o f  the genes nodA, 
B or C, which are required for roo t -ha i r  curling 
(Wijffelman et al. 1985). Al though  induct ion o f  the 
Tsr  pheno type  on V. sativa depends on these essen- 
tial nod genes, the results presented in this paper  
show that  this roo t  pheno type  itself is not  a prereq- 
uisite for  nodula t ion.  Moreover ,  on many  legumin- 

ous plants, nodula t ion  is not  accompanied  by the 
development  o f  Tsr (Van Brussel et al. 1982). The 
Tsr phenotype  even causes a delay in nodula t ion,  
coupled with resistance for nodula t ion  o f  the pri- 
mary  roo t  (Table 1, Figs. 4, 6). The induct ion o f  
Tsr  on V. sativa, therefore,  seems to be a secondary  
effect o f  the activity o f  the Rhizobium nodABC 
genes that  characterizes V. sativa as a very sensitive 
indicator  plant  for  the detect ion o f  nodABC-gene- 
related factors. 

Root-hair deformation is the best marker for purifi- 
cation of nodABC-gene-related bacterial products. 
The NB f i l t ra te  contains the products  that  Rhizo- 
bium excretes in response to plant  f lavonoid nod- 
gene inducers, and causes Hai and Had,  and inhib- 
its the growth  o f  V. sativa subsp, nigra roots  (Zaat  
et al. 1987b). Roo t  growth inhibit ion and Hai are 
also known  as effects o f  the plant  ho rmone  ethyl- 
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Fig. 5. Time course of nodulation pattern of V. sativa plants 
inoculated with 5.10 s cfu.m1-1 in the presence or absence of 
AVG (0.1 rag . l - l ) .  The open and hatched bars represent nod- 
ules located on the primary root, and at sites of lateral emer- 
gence, respectively. Twenty-two plants were used for each incu- 
bation 

ene (Goodlass and Smith 1979; Lieberman 1979; 
Goodwin and Mercer 1983; Feldman 1984), and 
can indeed be induced on V. sativa by growing the 
plants in the presence of ethephon (Table 2, Fig. 2). 
Root growth inhibition and Hai caused by NB fil- 
trate can be suppressed by inhibiting the produc- 
tion of endogenous ethylene by V. sativa with AVG 

Table 3. Influence of AVG on V. sativa nodule meristem devel- 
opment, pr = primary root, slr = sites of lateral-root emergence. 
Bacteria were added at a concentration of 5.105 cfu-m1-1, 
AVG was used at a concentration of 0.1 mg-1-1. Meristems 
that  had already developed into small nodules were included 
in the countings. The number  of plants examined after 4 and 
8 d were 26 and 18, respectively. 

Inoculum Mean number  of meristems per plant 

After 4 d After 8 d 

pr slr pr sir 

Rhizobium 0.0 0.0 0.0 1.63 _+ 1.01 
without AVG 

Rhizobium 2.08 -t- 1.67 0.0 2./1 _+ 0.99 0.89 _+/.41 
with AVG 

(Fig. 2, Fig. 3), whereas the Had response does not 
seem to be affected (Fig. 2). Root-hair deformation 
by sterile bacterial excretion products is considered 
to reflect the activity of compounds which in co- 
culture cause the root-hair-curling (Hac) response 
that preceeds infection-thread formation (Djordj- 
evic et al. 1985; Canter Cremers et al. 1986; Van 
Brussel et al. 1986). Computer simulation of  Hac 
indicated that this response will not be induced 
without attachment of the bacteria to the root-hair 
surface (Van Batenburg et al. 1986). The observa- 
tion that nodulation of V. sativa in the presence 
of AVG is more efficient than without AVG 
(Fig. 5) confirms that AVG does not inhibit the 
early stages of infection, such as the process of 
Hac. A possible explanation for the data described 

Fig. 6A-D.  Nodule meristems in V. sativa roots. A, B Co-culture of plants and bacteria (5 .105-ml-  ~) plus AVG (0.J mg.1-1), 
resulting in detectable meristem induction after 4 d (A) and nodules after 8 d of growth (B). C, D Co-culture of plants and 
bacteria without AVG, resulting in meristems in 8-d-old roots (C), and a nodule on the lateral root of a 12-d-old plant (D). 
A, C: x 100; B, D: x400;  bars=lO0 gm 
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above could be that the bacteria excrete a factor(s) 
which causes Hac in co-culture and Had in the 
absence of  bacteria, and as a secondary effect also 
induces an increase in ethylene biosynthesis of  
V. sativa. The Tsr and Hai responses would then 
result form this secondary effect, since the develop- 
ment of  these phenotypes is suppressed by the eth- 
ylene inhibiter, AVG (Fig. 3). 

As root growth inhibition and Hai are not es- 
sential for the infection process (Table 1, Fig. 5), 
they are not the phenotypes of  choice in a bioassay 
for the purification of  nod-gene-related bacterial 
products. Instead, Had meets all the criteria for 
this purpose. In the R. trifolii-Trifolium symbiosis, 
compounds are involved that cause curling, 
branching, and other deformations of  the root 
hairs (Yao and Vincent 1976; Bhuvaneswari and 
Solheim 1985; Ervin and Hubbell 1985; Canter 
Cremers et al. 1986). These compounds have not 
been characterized yet, but they may very well be 
related to the compounds described in this paper, 
since they are active on V. sativa as well (Canter 
Cremers et al. 1986). 

Possible relationship between the Tsr phenotype and 
the infection process. The Tsr phenotype as ob- 
served in co-culture of plants and bacteria (Fig. 1) 
is mainly caused by an altered process of cortical 
cell elongation. In the Tsr + root, these cells are 
either rounded up or are even expanded radially 
(Fig. 4). This is most likely the consequence of  a 
changed orientation of  the microtubules in the 
stage preceeding cell elongation. This reorientation 
could very well be caused by the ethylene that the 
plant presumably produces in response to the bac- 
teria, as ethylene has been shown to mediate reor- 
ientation of  microtubules (Sargent et al. 1973; 
Apelbaum and Burg 1971 ; Lang et al. 1982). Strik- 
ingly, in pea roots, microtubule reorientation is 
observed locally in cortical cells, prior to penetra- 
tion of  the infection thread. This process, possibly 
initiated by a direct or indirect signal from the 
bacteria inside the infection thread, is thought to 
be essential for the controlled growth of the thread 
through the cortex (Bakhuizen et al. 1988). Com- 
pared to this process, the Tsr response can be seen 
as a systemic overreaction to infection, presumably 
caused by endogenous ethylene production. When 
this overreaction is suppressed by AVG, the plants 
do not develop the Tsr phenotype and are nodulat- 
ed extensively (Fig. 5). It should be noted, how- 
ever, that this does not exclude a role for ethylene 
in the infection process as described above, since 
we do not know to what extent AVG can reduce 
endogenous ethylene production. 

The Tsr phenotype inhibits nodulation at the level 
of  nodule-meristem induction. Tsr + roots are not 
nodulated on the primary root, but the nodules 
are formed exclusively on the primary root, but 
the nodules are formed exclusively on the laterals, 
at the sites where they emerge from the primary 
root (Fig. 1). Nodulation on the primary root is 
blocked at the stage of  nodule-meristem induction 
(Table 3, Fig. 6). This resistance of  the primary 
root to nodulation seems to be coupled to ethylene 
production by the plant in response to the bacteria. 
In the presence of  the ethylene inhibitor AVG, 
nodulation on the primary root is restored to nor- 
mal, i.e. as in most leguminous plants. These data 
are consistent with the fact that nodulation can 
be inhibited by exogeneously applied ethylene 
(Grobbelaar etal.  1970; Drennan and Norton 
1972; Goodlass and Smith 1979). Thus, although 
low concentrations of  ethylene may play a role in 
infection, higher concentrations prevent nodula- 
tion in V. sativa at the level of  meristem induction. 

In contrast to the primary root, the emerging 
laterals of  a Tsr + root can develop nodule mer- 
istems to form nodules (Table 3, Fig. 6). Differ- 
ences between the primary root and emerging later- 
al roots at the level of  ethylene production remain 
to be established. 
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and photography, Dr. G. Truchet for kindly informing us on 
the total-root clearing method prior to publication, and Dr. 
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ported by the Foundation for Fundamental Biological Re- 
search, which is subsidized by The Netherlands Organization 
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