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In pea (Pisum sativum) up to 50 nodulation mutants are known, 
severa1 of which are affected in the early steps of the symbiotic 
interaction with Rhizobium sp. bacteria. Here we describe the role 
of the sym2 gene in nodulation (Nod) factor perception. Our ex- 
periments show that the symP allele from the wild pea variety 
Afghanistan confers an arrest in infection-thread growth if the 
Rhizobium leguminosarum bv viciae strain does not produce Nod 
factors with a NodX-mediated acetylation at their reducing end. 
Since the induction of the early nodulin gene FNODl2 in the 
epidermis and the formation of a nodule primordium in the inner 
cortex were not affected, we conclude that more than one Nod 
factor-perception mechanism is active. Furthermore, we show that 
symp-mediated control of infection-thread growth was affected by 
the bacterial nodulation gene nodO. 

Rhizobium bacteria have the ability to induce a develop- 
mental process in the root of leguminous plants that results 
in the formation of a new organ, the root nodule. These 
new organs create the environment in which the bacteria 
fix nitrogen to ammonia, which can subsequently be uti- 
lized by the plant. 

The symbiotic interaction of Rhizobium sp. bacteria and 
leguminous plants is set in motion by the exchange of 
signal molecules. Plant-excreted flavonoids induce the ex- 
pression of bacterial nodulation (nod) genes, which are 
responsible for the synthesis of specific lipochitin oligosac- 
charides, named Nod factors (Lerouge et al., 1990; Spaink 
et al., 1991). Nod factors consist of a tetra- or pentameric 
N-acetylglucosamine backbone with a fatty acyl chain at 
the nonreducing terminal sugar moiety. Substituents at the 
terminal sugar residues and the structure of the acyl chain 
determine the differences in biological activity and host 
specificity (for review, see Carlson et al., 1994). 

The role of Nod factor structure in host specificity is 
exemplified as follows: alfalfa (Medicago sativa) belongs to 
the cross-inoculation group that can be nodulated by Rhi- 
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zobium meliloti, which produces Nod factors with a sulfate 
group at the reducing sugar (Lerouge et al., 1990). In con- 
trast, pea (Pisum sativum) is nodulated by Rhizobium legu- 
minosarum bv viciae, which produces Nod factors that lack 
a substitution at that position (Spaink et al., 1991). When 
the host-specificity genes nodH, nodP, and nodQ, which are 
responsible for the sulfation of the Nod factors in R. me- 
liloti, are introduced into R. leguminosarum bv viciae these 
bacteria can now induce noninfected, nodule-like struc- 
tures on alfalfa but concomitantly lose their ability to nod- 
ulate pea and vetch (Faucher et al., 1989). 

Nod factors are responsible for the induction of a series 
of responses in the host, such as depolarization of the root 
hair plasma membrane (Ehrhardt et al., 1992; Felle et al., 
1995; Kurkdjian, 1995), alkalinization of root hair cells 
(Felle et al., 1996), oscillation of the free cytoplasmic cal- 
cium concentration in root hairs (Ehrhardt et al., 1996), 
induction of root hair deformation (Lerouge et al., 1990; 
Spaink et al., 1991; Heidstra et al., 1994), induction of early 
nodulin (ENOD) genes (Horvath et al., 1993; Journet et al., 
1994), and mitotic reactivation of cortical cells (Spaink et 
al., 1991). The latter is the beginning of the formation of 
primordia which, upon infection by rhizobia, develop into 
root nodules. Since Nod factors induce the responses at 
concentrations as low as 10-12 M, it has been proposed that 
they are recognized by host receptors (for review, see 
Geurts and Franssen, 1996). 

Our current understanding of the mechanism of Nod 
factor perception is incomplete and based only on experi- 
ments with bacterial mutants and purified Nod factors. 
Rhizobium sp.-induced responses in the epidermis of alfalfa 
demand different structural features of Nod factors. Infec- 
tion thread formation requires sulfated Nod factors with a 
C16:2 acyl group and a substitution of an acetyl group at 
the nonreducing terminal sugar, whereas the specific struc- 
ture of the acyl chain and the acetyl substitution are not 
important for root hair deformation. Therefore, it was pro- 
posed that more than one Nod factor-perception mecha- 
nism is active in the epidermis (Ardourel et al., 1994). Like 
root hair deformation, the induction of ENOD22 in alfalfa 

Abbreviation: X:Y, a fatty acyl group containing X carbon atoms 
and Y cis double bonds. 
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and pea does not require a highly unsaturated acyl chain 
(Horvath et al., 1993; Journet et al., 1994). 

The complexity of Nod factor perception is further illus- 
trated by the fact that, during the interaction of R. legu- 
minosarum bv viciae with its host plants, structural deficien- 
cies of Nod factors due to a nodE mutation can be 
compensated by a protein, NodO. An inactive nodE will 
lead to the production of Nod factors that are mainly 
acylated with vaccenic acid (C18:1), whereas normally also 
Nod factors with i1 highly unsaturated C18:4 acyl chain are 
produced (Spaink. et al., 1991, 1995). NodO is a secreted 
bacterial protein that is not involved in Nod factor produc- 
tion or secretion but might form an ion channel in the plant 
plasma membrane (Sutton et al., 1994). Furthermore, it is 
proposed that plant-encoded chitinolytic enzymes contrib- 
ute to the biological activity of Nod factors. Different dec- 
orations at the reducing terminal sugar of the Nod factor 
can protect the molecule against degradation to a greater or 
lesser extent, and it has been suggested that such host- 
specific substitutions might protect the Nod factor from 
degradation by enzymes from the host plant (Firmin et al., 
1993; Staehelin et al., 1994). 

To unravel the inolecular mechanisms by which the host 
perceives Nod factors, it is important to have host mutants 
that are disturbed in such a mechanism. The characteriza- 
tion of such mutants and corresponding genes will im- 
prove our understanding of Nod factor perception. In pea 
severa1 mutants have been identified as being affected in 
the early steps of the symbiotic interaction with Rkizobium 
bacteria. For sym2 an allele has been identified in the wild 
pea variety Afghanistan, ~ y m 2 ~ ,  which only allows nodu- 
lation by specific R. leguminosarum bv viciae strains (Lie, 
1984). A single bacterial nodulation gene, nodX, was shown 
to confer the ability to nodulate plants harboring this 
~ y m 2 ~  allele from cv Afghanistan (Lie, 1984; Firmin et al., 
1993; Kozik et al., 1995). nodX encodes an acetyl transferase 
that specifically acetylates the reducing terminal sugar 
moiety of pentameric Nod factors (Firmin et al., 1993). 
Hence, there is a correlation between the presence of the 
sym2* allele in the pea genome and a specific Nod factor 
structure. Therefore, it was proposed that sym2 is involved 
in Nod factor perception (Firmin et al., 1993; Kozik et al., 
1995). 

We named the allele in cultivated peas, homologous to 
~ y m 2 ~ ,  sym2=. Which of the two sym2 alleles is dominant in 
heterozygous plants is, surprisingly, determined by the R. 
leguminosarum bv viciae strain used as inoculum. For exam- 
ple, the R. leguminosarum bv viciae nodX- strains 248 and 
PF, form nodules on heterozygotic ~ y m 2 ~ s y m 2 ~  plants, 
whereas a similar nodX- strain PRE does not (Lie, 1984; 
Kozik et al., 1995). Strikingly, R. leguminosarum bv viciae 
strains 248 and PF, produce significantly higher amounts 
of Nod factors than does strain PRE. However, this quan- 
titative difference in Nod factor production appears not to 
be responsible for the alternating dominant / recessive na- 
ture of symzA, since the introduction of the transcriptional 
activator nodD of R. leguminosarum bv viciae strain 248 into 
strain PRE, leading to an increase of Nod factor production, 
did not change the dominant nature of ~ y m 2 ~  in heterozy- 
gous ~ym2*sym2~ plants (Kozik et al., 1995). 

Here we report the role of ~ y m 2 ~  in Nod factor percep- 
tion. Our experiments show that R. leguminosarum bv viciae 
strains lacking nodX are specifically arrested in the infec- 
tion process in their interaction with ~ym2~-harboring peas. 
Furthermore, we show that ~ym2~-mediated control of 
infection-thread growth is affected by nodO. By analyzing 
the efficiency of Nod factor degradation we show that 
S ~ m 2 ~  does not strongly enhance Nod factor degradation. 

MATERIALS A N D  METHODS 

Plant Material and Bacterial Strains 

For all experiments we used the near-isogenic pea (Pisum 
sativum L.) lines cv Rond0-sym2~sym2~ and Rondo- 
~ y m 2 ~ s y m 2 ~ ,  which were designated by Kozik et al. (1995) 
as line A.5.4.3. The backcross line contains an introgressed 
region of cv Afghanistan around ~ y m 2 ~ ,  as described by 
Kozik et al. (1995). Nodulation assays were performed in 
modified Leonard jars, as described by Lie et al. (1988). 

A11 of the Rkizobium sp. strains used in the experiments 
were derivatives of Rkizobium leguminosarum bv viciae 
strain 248 (Josey et al., 1979). The bacterial strains and 
plasmids used in this study are listed Table I. The plasmids 
pMP225, pIJ1089, pXLGD4, pMW1071, and pMW2102 were 
transferred to R. leguminosarum bv viciae strains using tri- 
parenta1 mating with pRK2013 as a helper plasmid (Ditta et 
al., 1980). The R. leguminosarum bv viciae strains 248nod0-, 
248rkiA-, and 248rkiR- were made by crossing derivatives 
of pRLlJI carrying a Tn5 in nodO, rhiA, or rkiR (Economou 
et al., 1990; Cubo et al., 1992) as described by Beringer et al. 
(1978). Selection of trans-conjugants was done on B- me- 
dium with the appropriate antibiotics (Spaink et al., 1989). 

Spot lnoculation 

Sterilized pea seeds (15 min in commercial bleach, 15 min 
in 7% H,O,,) were germinated at 18°C for 5 d on 1.5% agar 
plates. The seedlings were transferred to square Petri 
dishes containing FHhraeus medium (FHhraeus, 1957) plus 
1.5% agar. The plates had a hole in the rim, which allowed 
the stem of the plant to grow out while the roots grew on 
sterile medium in the dark. The cotyledons were covered 
by sterile cotton. Normally, the plants were grown at 18°C 
with a 16-h light period for 5 to 7 d; however, for the 
temperature-shift experiments the plants were grown at 
26°C. The lateral roots were spot-inoculated at the just- 
emerging root hairs with 0.2 pL of bacterial culture (AGo0 = 
0.5). The position was marked in the agar using sterile ink. 

For the quantification of infection threads, lacZ- 
containing R. leguminosarum bv viciae strains were used. 
fl-Galactosidase activity was assayed as described by 
Boivin et al. (1990) using 5-bromo-4-chloro-3-indolyl-/3-~- 
galactoside as a substrate. Blue staining of bacteria was 
visible within 24 h using x10 magnification. Cell divisions 
were quantified after the root segments were bleached for 
15 min in commercial bleach. 



The Role of the symZ Gene in Nodulation Factor Perception 3 5 3  

Table 1. R. leguminosarum b v  viciae strains and plasmids used in this studv 

Rhizobium 
~~ 

Strain 
248 
248nodX 
248' 
24F.pMP225 
248c.p1J1 O89 
248 nodo-  
248 rhiA- 
248rhiR- 
248nod0-nodX 
2481acZ 
248 IacZnodX 
2481acZnodO- 

pRK2013 
pMWlO71 
pMP2733 
pMW2102 
pMP225 
p lJ l  O89 
pXLGD4 

Plasmid 

Relevant Characteristics 

R. leguminosarum bv viciae strain containing pRL1 JI 
248 carrying pMWlO71 or pMW2102 
(1391) strain 248-RifR cured of i t s  Sym plasmid pRLlJl 
1391 carrying pMP225 
1391 carrying plJlO89 
1391/pRLl JlnodO,,:: Tn5 
1391/pRL1 JlrhiA4:: Tn5 
139l/pRLlJlrhiR, :: Tn5 
1 39l/pRLlJlnodO,,:: Tn5 carrying pMWl071 
248 carrying pXLGD4 
248 carrying pMW2102 and pXLGD4 
1391/pRLl JlnodO,,:: Tn5 carrying pXLCD4 

Helper plasmid 
nodX of strain TOM cloned in pMPlO70 
incW, cloning vector 
nodX of R. leguminosarum bv viciae strain TOM cloned in pMP2733 
nodABCIJDFELMNT of pRLl JI 
nodABCIJDFELMNT0 rhiABCR nifH of pR1 IJI 
hemA:lacZ fusion in pGD499 

Reference 

Josey et al. (1979) 
Kozik et al. (1995); this study 
Schlaman et al. (1 992) 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This studv 

Ditta et al. (1980) 
Kozik et al. (1995) 
Spaink et al. (1994) 
This study 
Spaink et al. (1989) 
Downie et al. (1983) 
Leong et al. (1985) 

Plastic Embedding and Sectioning 

The spot-inoculated root segment was fixed for 1 to 2 h 
in 0.5% glutaraldehyde plus 4% paraformaldehyde in 0.1 M 
sodium phosphate buffer, pH 6.85, washed four times for 
15 min with phosphate buffer, washed two times for 15 min 
with water, and dehydrated in an ethanol series. Plastic 
infiltration was done according to the protocol of Kulzer 
Histo-Technik 8100 (Wehrheim, Germany). 

Reverse Transcriptase-PCR to Quantify 
fNODl2 Expression 

Pea plants were cultured as described by Bisseling et al. 
(1978). Four-day-old seedlings were inoculated (1 mL of 
bacterial culture [A,,, .= 0.51 for each plant), and root hairs 
were harvested from 5-d-old seedlings (Gloudemans et al., 
1989). Total RNA was isolated according to the method of 
Pawlowski et al. (1994) and then treated with DNaseI (Pro- 
mega). cDNA was made from 2.5 pg of total RNA in a 
volume of 20 pL of 10 mM Tris-C1, pH 8.8, 50 mM KC1, 5 
mM MgCl,, 1 mM deoxyribonucleotide triphosphate, 1 pg 
of oligo d(T)l,-18 (Pharmacia), 17 units of RNA guard 
(Pharmacia), and 20 units of avian myeloblastosis virus 
reverse transcriptase (Stratagene) for 10 min at room tem- 
perature, followed by 1 h at 42°C and 5 min at 95°C. The 
PCR reactions were performed with 1 pL of the cDNA 
solution in 10 mM Tris-C1, pH 8.3, 50 mM KCl, 2.5 mM 
MgCl,, 100 p~ deoxyribonucleotide triphosphates, 50 ng of 
each primer, and 1 unit of Taq polymerase (Boehringer 
Mannheim) in a total volume of 50 pL. 

ENOD32 and ubiquitin were amplified using the fol- 
lowing PCR program: 30 s at 94"C, 30 s at 58"C, and 30 s at 
72°C by using the primers PsENOD12-f (5'-TCACTAG- 
TGTTGTTCCTTGC-3') and PsENOD12A-r (5'-CCATAA- 
GATGGTTTGTCACG-3') to amplify only PsENOD32A, 
and UBIQ-f (5'-ATGCAGATC / .TTTGTGAAGAC-3') and 

UBIQ-r (5'-ACCACCACGG/ ,AGACGGAG-3') to amplify 
ubiquitin. The amplified DNA samples were separated on 
a 1.6% agarose gel and, after alkaline blotting onto a nylon 
membrane (Hybond-Nt, Amersham), hybridized to 32P- 
labeled PsENOD12A or ubiquitin DNA probes. 

Degradation of Nod Factors 

The Nod factor NodRlv-V(Ac,C18:4) was labeled with 
[I4C]acetate using the Nod factor-overproducing R. legu- 
minosarum bv viciae strain 248'.pIJ1089, as described by 
Heidstra et al. (1994). The specific activity of the Nod factor 
was about 10 mCi mmol-I. Two 5-d-old pea seedlings were 
incubated in 4 mL of medium with 25,000 cpm (6 X 10-7 M) 
labeled Nod factor for 1, 3, 8, and 24 h. At each time point 
the medium and roots were collected and extracted with 
n-butanol. The extracts were analyzed by TLC (Silica Gel60, 
Merck, Darmstadt, Germany), as described by Heidstra et al. 
(1994). The TLC plates were exposed to a phosphor screen 
and the amount of radioactivity was quantified using a 
PhosphorImager (Molecular Dynamics, Sunnyvale, CA). 

RESULTS 

NodO Can Partially Compensate for the Absence of 
NodX-Mediated Nod Factors 

Since the R. leguminosarum bv viciae strain used as inoc- 
ulum determines which sym2 allele is dominant, it is pos- 
sible that those strains that can nodulate heterozygous 
R0ndo-sym2~sym2~ plants may have extra genes compared 
with those strains that cannot nodulate. To address this we 
analyzed the nodulation behavior of a pSym-cured deriv- 
ative of R. leguminosarum bv viciae strain 248 containing 
large, cloned nod gene regions from the Sym plasmid 
pRLlJI (Fig. 1). The cured strain carrying pIJ1089 retained 
the characteristics of R. leguminosarum bv viciae strain 248 in 
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pMP225 
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T N M  L E F  D A B C  I J  
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Figure 1. Map of the nod-rhi gene region of the R. leguminosarum bv 
viciae Sym-plasmid p R L l J l  cloned in pMP225 (Spaink et al., 1987) 
and plJ1089 (Downie et al., 1983). The nod genes are indicated as 
black arrows with the open circle indicating a nod box promoter. The 
constitutively expressed nodD is shown in gray and the rhi genes in 
white. plJlO89 harbors, in addition to the nod genes present in 
pMP225, a region containing nodO, rhiABC, rhiR, and nifH (not 
shown). 

that it nodulated heterozygous R0ndo-sym2~sym2~ and 
homozygous cv Rond0-sym2~sym2~ plants (Table 11). Al- 
though the equivalent strain carrying pMP225 did nodulate 
cv Rond0-sym2~sym2~ plants, it could not nodulate het- 
erozygous R0ndo-sym2~sym2~ plants. The major difference 
between pMP225 and pIJ1089 is that pIJ1089 is about 9 kb 
larger and the nodO, rhiABC, and rhiR operons are con- 
tained within the additional DNA. It follows that a gene or 
genes within this region of DNA determine whether the 
bacteria can nodulate heterozygous ~ y m 2 ~ s y m 2 ~  plants. 

To establish which of the known genes in the additional 
9-kb region of pIJ1089 is required for nodulation of het- 
erozygous ~ym2*sym2~ plants, we analyzed nodulation of 
R. leguminosarum bv viciae strain 248 derivatives carrying 
mutations in nodO, rhiA, or rkiR. The mutation of rhiA or 
rkiR did not significantly affect nodulation on any of the 
Rondo genotypes. However, mutation of nodO almost com- 
pletely inhibited nodulation on the heterozygous 
~ y m 2 ~ s y m 2 ~  genotype, whereas nodulation of the 
~ y m Z ~ s y m 2 ~  genotype was not affected (Table 11). This 
demonstrates that nodO is essential for nodulation of het- 
erozygous R0ndo-sym2~sym2~ plants by R. leguminosarum 
bv viciae strain 248. 

A role for nodO can also be seen in the nodulation of 
homozygous R0ndo-sym2~sym2~ plants. R. leguminosarum 
bv viciae strain 248 carrying nodO can nodulate the ho- 
mozygous ~ y m 2 ~  plants at a low level (up to five nodules), 
but when nodO is absent, this nodulation is completely 
blocked. The introduction of the nodX gene in the nodO 
mutant strain enabled it to nodulate ~ y m 2 ~ s y m 2 ~  and 
~ y m 2 ~ s y m 2 ~  peas as efficiently as R. leguminosarum bv ui- 
ciae strain 248 carrying nodX (Table 11). This demonstrates 
that in the compatible interaction with ~ym2~-containing 
pIants (i.e. when NodX-acetylated Nod factors are made) 
nodO is not essential for nodulation. 

S~m2~-Mediated Response 

We attempted to examine the differences in Nod factor- 
induced responses in the incompatible interactions of R. 
leguminosarum bv uiciae strains 248 and 248nod0- and the 
compatible interaction of strain 248nodX on Rondo- 
~ y m 2 ~ s y m 2 ~  plants. Root hair deformation and ENOD12 
induction are both responses in the epidermis, which do 

not demand stringent Nod factor structure requirements 
(Horvath et al., 1993; Journet et al., 1994). We found it 
extremely difficult to analyze root hair deformation in a 
quantitative manner in pea, whereas ENOD12 expression 
could be quantified by reverse transcriptase-PCR studies. 
Four-day-old R0ndo-sym2~sym2~ seedlings were inocu- 
lated with R. leguminosarum bv uiciae strains 248, 248nodO-, 
and 248nodX. The level of ENOD12 mRNA in the root hairs 
was determined by reverse transcriptase-PCR after 24 h 
(Fig. 2). In spite of the inability of R. leguminosarum bv viciae 
strains 248 and 248nodO- to nodulate homozygous ~ y m 2 ~  
plants, they trigger ENOD12 expression to a level similar to 
the compatible strain 248nodX. 

We studied infection-thread formation and the induction 
of cortical cell divisions using a spot-inoculation assay. 
When a constitutively expressed P-galactosidase (lacZ) 
gene was introduced into the Rhizobium strains, it was 
possible to observe infection threads by staining for LacZ 
activity (Leong et al., 1985; Ardourel et al., 1994); while we 
were also able to examine cortical cell divisions in the same 
segment. Every experiment included at least 30 spot- 
inoculated roots, which were harvested after 10 d. Spot- 
inoculation of Rondo-~ym2*sym2~ plants with R. legumino- 
sarum bv viciae strain 248nodX resulted in more than 90% of 
the cases in formation of a nodule within 10 d, which 
implied that both infection thread and nodule primordium 
were formed. If R0ndo-sym2~sym2~ was inoculated with R. 
leguminosarum bv viciae strain 248 or 248nod0-, the forma- 
tion of a nodule primordium in the inner cortex was in- 
duced by both in about 70% to 90% of the cases (Table 111), 
but the cells never appeared to be infected. Figure 3 shows 
a cross-section of a R0ndo-sym2~sym2~ root segment, spot- 
inoculated with R. leguminosarum bv uiciae strain 248nod0-. 
A nodule primordium was formed in the inner cortex, but 
there was neither differentiation into nodule tissues nor 
formation of a nodule meristem at the apex of the primor- 
dium. The primordia formed by R. leguminosarum bv uiciae 
strain 248nod0- appeared to be smaller than those formed 
by strain 248 (data not shown). This might explain why a 
slightly reduced number oF primordia was found in plants 
inoculated with R. leguminosarum bv viciae strain 248nodO-. 

Table li. Nodulation behaviour of R. leguminosarum bv viciae 
strains on the CV Rondo-~ymZ~sym2~, the near-isogenic line Ron- 
do-symZA symZA, and the heterozygote Rondo-symZAsymZC 

nodules was determined 3 weeks after inoculation. 
At least 10 plants were used in each inoculation. The number of 

Plant 

Rondo- Rondo- Rondo- 
~ v m F s v m 2 ~  s v m ~ ~ s v m ~ ~  svmzA svmzA 

Rhizobium Strain 

248 
248nodX 
248‘ 
248‘.pMP225 
248c.p1J1 089 
248nod0- 
248rhiA- 
248rhiR- 
248nod0-nodX 

40-60 
40-60 

O 
40-60 
40-60 
40-60 
40-60 
40-60 
40-60 

40-60 
40-60 

O 
0-5 

40-60 
0-5 

40-60 
40-60 
40-60 

0-5 
40-60 

O 
O 

0-5 
0 

0-5 
0-5 

40-60 
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Figure 2. Induction of ENOD12 expression in root hairs of Rondo-sym2*sym2A. ENOD12 expression was analyzed by
reverse transcriptase-PCR using total RNA isolated from root hairs collected 24 h after inoculation with R. leguminosarum
bv viciae strain 248, 248nodO~, or 248nodX. As a control, ubiquitin mRNA was amplified. Under the conditions used the
amplification of ubiquitin mRNA is exponential between 12 and 16 cycles, whereas ENOD12 amplification is exponential
up to 22 cycles.

Infection-thread formation was only rarely found (less than
10% of the cases, Fig. 4), and these infection threads could
be detected only in the epidermis and never grew into the
inner cortical cell layers (Table III).

In summary, a similar level of ENOD12 expression in the
epidermis and an equal number of nodule primordia in the
cortex were induced in the compatible and incompatible
interaction. But, R. leguminosarum bv viciae strains lacking
nodX formed a notably reduced number of infection
threads, whereas formed infection threads were arrested in
the epidermis.

Sym2A Is Specifically Active during the First
Days of the Interaction

Based on studies with R. meliloti mutants, it was pro-
posed that a fully decorated Nod factor is required for
infection events at the epidermis and that further growth of
the infection thread through the cortex is less demanding
in terms of Nod factor structure (Ardourel et al., 1994).
During an incompatible interaction on sym2A peas the
growth of the infection thread is arrested in the epidermis.
Therefore, we wondered whether sym2A controls infection-
thread growth only in the epidermis or also in the cortical
cell layers. To locate the activity of sym2A we made use of
the temperature-sensitive nature of the phenotype of
sym2A peas (Kozik et al., 1995). At the permissive temper-
ature (26°C) the number of nodules formed by R. legumino-
sarum bv viciae strains 248 and 248nodO~ on Rondo-
sym2Asym2A was markedly increased when compared with

Table III. Infection-thread and primordium formation in the cortex
of spot-inoculated Rondo-sym2Asym2A

Infection threads and primordia were scored 10 d after inocula-
tion.

Rhizobium Strain

248/acZnoc/X
248/acZ
248/acZnoc/CT

Spots

30
48
32

Infection Threads

27 (90%)
0 (0%)
0 (0%)

Primordia

27 (90%)
41 (85%)
22 (73%)

the nodularion efficiency of both strains at the nonpermis-
sive temperature (18°C; Table IV). However, at the permis-
sive temperature the nodO mutant nodulates less efficiently
on sym2A-harboring plants when compared with R. legu-
minosarum bv viciae strains 248 and 248nodX, which might
be due to an infection process that is less efficient.

We determined when sym2A is active in the nodule-
formation process by growing plants for different periods

Figure 3. A cross-section (7 /j.m) of a Rondo-sym2Asym2A root
segment, 10 d after spot inoculation with R. leguminosarum bv viciae
strain 248nodO~. A nodule primordium is formed in the inner cortex
but the cells are not infected, since there is no infection thread
formed.
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Figure 4. Infection-thread formation in the epidermis of Rondo-
sym2Asym2f' by R. leguminosarum bv viciae strain 248/acZnoc/CT.
Root segments were collected 10 d after spot inoculation with R.
leguminosarum bv viciae 248lacZnodO~, and infections were
scored by staining the roots to detect /3-galactosidase activity. Infec-
tion threads were rarely found in the epidermis and were never
detected in the root cortex.

at the permissive temperature and then transferring them
to the nonpermissive temperature. Rondo-sym2Asym2A

roots were spot-inoculated with the R. leguminosarum bv
viciae strains 248, 248nodO~, and 248nodX and cultured for
1, 2, or 3 d at the permissive temperature (26°C) and,
subsequently, the plants were cultured at the nonpermis-
sive temperature (18°C). The formation of nodules was
scored 10 d after spot inoculation. Every experiment in-
cluded at least 20 spot-inoculated roots. A period of 3 d at
26°C postinoculation turned out to be sufficient to allow
nodulation by R. leguminosarum bv viciae strain 248 with an
efficiency similar to strain 248nodX (60-80%). R. legumino-
sarum bv viciae strain 248nodO~ was also able to nodulate,
but the number of successful infections was lower than in
the compatible interaction with strain 248nodX (Table V).

To determine how far an infection thread develops
within 3 d at 26°C, we spot inoculated Rondo-sywi2Asym2A

roots with R. leguminosarum bv viciae strains 248, 248nodO~,
and 248nodX, harboring the lacZ construct and stained for
LacZ activity 3 d postinoculation. The experiment was
performed at least 20 times with every bacterial strain, but
in none of the cases could we detect an infection thread in
the inner cortical cell layers. All formed infection threads
were not beyond the root hairs.

These observations demonstrate that after 2 to 3 d sym2A

has little or no control over infection-thread development
induced by strain R. leguminosarum bv viciae strain 248,

even though the infection thread must still grow through
the cortex to reach the cells of the nodule primordium.
Together with the observation that, in the incompatible
interaction infection-thread formation is not detectable or
arrested in the outermost cell layers of the root, we have
concluded that sym2A is active in the first cell layer.

Sym2A Does Not Enhance Nod Factor Degradation

In theory it is possible that R. leguminosarum bv viciae
strains harboring nodX are able to nodulate sym2A-
containing plants, because the NodX modification might
provide protection against Nod factor-degrading activity
encoded by sym2A (Firmin et al., 1993). This hypothesis
implies that Nod factors that do not harbor an acetyl group
at their reducing end are less stable on sym2A-harboring
peas when compared with sym2c-harboring peas. This hy-
pothesis was tested by comparing the degradation of the
labeled pentameric Nod factor [14C]NodRlv-V(Ac,C18:4)
by the near-isogenic lines cv Rondo-sym2csym2c and
Rondo-sym2Asym2A. Two 5-d-old seedlings were incubated
for 1, 3, 8, and 24 h, respectively, in the presence of radio-
active Nod factor, after which the medium and the roots
were collected. After extraction with rc-butanol, the root
and medium extracts were analyzed by TLC and the pres-
ence of Nod factor and its degradation products was de-
termined by quantification of the radioactivity. The rate of
Nod factor degradation of cv Rondo-sym2csym2c was not
significantly different from that of Rondo-sym2Asywi2A

(Fig. 5). Furthermore, the tetra-, tri-, and dimeric Nod
factor derivatives were formed in similar amounts (data
not shown). Thus, the presence of the sym2A allele does not
significantly enhance degradation of Nod factors lacking
the NodX-mediated acetyl group. Comparison of the deg-
radation activity of both genotypes of NodX-acetylated
Nod factors showed similar results (data not shown), indi-
cating that Sym2A is unlikely to be involved in a general
breakdown of Nod factors.

DISCUSSION

Here we show that Nod factors produced by R. legumino-
sarum bv viciae strains lacking nodX are perceived in the
incompatible interaction with sym2A-harboring peas,
where they induce Nod factor-specific responses. R. legu-
minosarum bv viciae strains lacking or harboring nodX in-
duce with a similar efficiency the expression of the early
nodulin gene ENOD12 in the epidermis and the formation
of a nodule primordium in the inner cortex. The sym2A

allele appears to confer a very specific block in formation

Table IV. Temperature-sensitive nodulation phenotype of
Rondo-sym2Asym2A

At least 10 plants were used in each inoculation and the number
of nodules was determined 3 weeks after inoculation.

Rhizobium Strain Nodules at 18°C Nodules at 26°C

248nodX
248
248nodCT

40-60
0-5
0

40-60
40-60
20-30
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Table V. Temperature-shift experiments with the spot-inoculated Rondo-symZAsymZA 

number of inoculations that led to nodule formation was scored 10 d after inoculation. 
Spot-inoculated plants were cultured for 1 to 3 d at 26°C and subsequently shifted to 18°C. The  

Days at 2 6 T  

1 2 3 

Spots Nodu  les Spots Nodules  Spots Nodu les  

Rhizobium 
Strain 

248nodX 26 21 (80%) 
248 20 o (0%) 
248 nodo- 21 o (0%) 

and growth of infection threads in the epidermis. When 
rhizobia produce the NodX-substituted Nod factors, 
infection-thread formation takes place efficiently on ~ y m 2 ~ -  
harboring plants. 

NodO Stimulates Nod Factor-lnduced lnfection 

The bacterial NodO protein can fully compensate for the 
lack of NodX-mediated substitution on Nod factors of R. 
leguminosarum bv viciae strains in the interaction with het- 
erozygous ~ y m Z ~ s y m 2 ~  plants, whereas only a partia1 com- 
pensation is achieved in the interaction with homozygous 
~ y m 2 ~ s y m 2 ~  plants. Previously, it was shown that nodO 
can compensate for the absence of the highly unsaturated 
acyl chain (C18:4) in Nod factors from R. leguminosarum bv 
viciae strain 248nodE- (Economou et al., 1994). R. legumino- 
sarum bv viciae strain 248nodE-nodo- is seriously ham- 
pered in nodule formation on pea, whereas R. leguminosa- 
rum bv viciae strain 248nodE-nodO+ has similar abilities to 
induce nodule formation as the wild-type strain (Econo- 
mou et al., 1994). These studies demonstrated that NodO 
can stimulate nodule formation, but it remained unclear 
which step(s) of nodulation were affected. Since the ~ y m 2 ~  
allele confers inhibition of infection-thread growth, which 
can partially be overcome by nodO, it can be concluded that 
NodO at least stimulates the infection process. Therefore, it 
is plausible that in A. leguminosarum bv viciae nodE- mu- 

1 n n  

Rondo-sym2Asym2A 

1 3 0 2 4  

time (h) 

Figure 5 .  Degradation of ['4ClNodRlv-V(Ac,C1 8:4) by roots of cv 
Rondo-symF~ym2~ and R0ndo-symZ~sym2~. Two 5-d-old pea 
seedlings were incubated in 4 mL of medium with 25,000 cpm (6 X 
1 O-7 M) of labeled Nod factor for 1 ,  3, 8, and 24 h.  The  amount of 
radioactive pentameric Nod factor recovered from the medium and 
root extracts was determined and compared with the amount initially 
added. The data shown are the average of two experiments, and the 
data of the different experiments never varied more than  20%. The 
degradation rate of the  Nod factor did not significantly differ in the 
presence of either of the roots. 

~~ 

20 (87%) 33 26 (79%) 23 
31 o (0%) 31 20 (65%) 
30 o (0%) 33  5 (15%) 

tants NodO also stimulates the infection process (Sutton et 
al., 1994). 

The question remains how nodO can compensate for the 
Nod factor structure deficiency. NodO is a secreted protein 
that can integrate into artificial membranes, where it forms 
ion channels. It has been proposed that it could form ion 
channels in the host plasma membrane (Economou et al., 
1994; Sutton et al., 1994), thereby, it could facilitate the 
effect of a nonoptimal Nod factor structure. Either the 
initial Nod factor induced signal transduction or the mech- 
anisms by which infection-thread growth is sustained 
could be affected by NodO activity. 

lnfection 1s Controlled in the Epidermis 

Our studies on symZA show that the structural demands 
on Nod factors are more stringent for the formation of an 
infection thread than for triggering ENOD12 expression in 
root hairs. When Rondo-sym2*sym2* is spot inoculated 
with the incompatible R. leguminosarum bv viciae strains 248 
or 248nod0-, infection-thread formation in the epidermis 
occurs only incidentally ((10%). Moreover, if infection 
occurs, the infection thread stops growing in the epidermis 
(Fig. 4). Furthermore, using the temperature-sensitive na- 
ture of the symZA phenotype, we showed that this gene has 
its effect only during the first days of the interaction. Taken 
together, these data strongly suggest that s y ~ n 2 ~  is active in 
the epidermis, but it is unable to confer a block upon 
nodulation once the infection thread has reached the cor- 
tical cells. 

Similar results have been obtained by using R. meliloti 
nod mutants (Ardourel et al., 1994). The nodFE, nodL, and 
nodFEL mutants produce modified Nod factors, which af- 
fects their capacity of inducing infection-thread formation. 
The mutant lacking NodF, NodE, and NodL is completely 
unable to trigger an infection on alfalfa, whereas it remains 
fully able to induce root hair deformation. The nodFE and 
nodL mutants form only a very few infection sites, but once 
infection-thread formation is initiated, they grow into the 
root cortex and become associated with nodule develop- 
ment (Ardourel et al., 1994). Hence, studies of plant genes 
and Rkizobium mutants show that infection is controlled in 
a more stringent way in the epidermis than in other layers 
of the root or root nodule. 

How Does Sym2 Function? 

The phenotype of symZA-harboring plants can be ex- 
plained in two different ways. S ~ m 2 ~  could act in a Nod 
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factor-activated signal transduction pathway, and since 
~ y m 2 ~  plants require a Nod factor with a specific structure, 
SymZA might be a Nod factor receptor that by interaction 
with the NodX-modified Nod factor regulates infection- 
thread growth in the epidermis. Alternatively, ~ y m 2 ~  could 
encode a chitinolytic or other degradative enzyme that 
preferentially degrades Nod factors that lack the NodX- 
mediated acetylation (Firmin et al., 1993). 

Our results show that the Nod factor-degradative activ- 
ity of intact plant roots carrying symzA or s y m F  is similar 
when R. leguminosarum bv viciae Nod factors without a 
NodX-mediated modification are provided as a substrate. 
For both plants a similar pattern of breakdown products 
could be detected. This demonstrates that the modification 
of Nod factors by pea roots is not markedly affected by the 
presence of Sym:!A. However, since these experiments 
were performed with whole-root systems, it cannot be 
excluded that a putative symZA-encoded Nod factor- 
degradative enzyme is only active very locally at the infec- 
tion site. However, there are two additional arguments 
against a role of S ~ m 2 ~  in Nod factor degradation. If Nod 
factor-degrading activity controls strain-specific nodula- 
tion, it could be expected that an increased Nod factor 
production would lead to an enhanced number of success- 
ful infections. This is not the case, since the leve1 of Nod 
factor synthesis in a strain lacking nodX does not influence 
the efficiency of nodulation (Kozik et al., 1995). Moreover, 
if S ~ m 2 ~  encodes a Nod factor-degrading enzyme, a strict 
dominant character of ~ y m 2 ~  would be expected and this is 
not the case either, since nodulation by R. leguminosarum bv 
viciae strain 248 (harboring nodO) is as effective as by strain 
248nodX on heterozygous ~ y m 2 ~ s y m 2 ~  plants. Although it 
cannot be completely excluded that Sym2* is a Nod factor- 
degrading enzyme, we think that it is more probable that it 
functions in a Nod factor-perception mechanism. 

The data obtained with R. meliloti mutants, which 
showed that Nod factor-induced epidermal responses can 
be uncoupled have led to the hypothesis that there are at 
least two Nod factor receptors in the epidermis: a signaling 
receptor and an entry receptor. The proposed entry recep- 
tor recognizes only Nod factors with appropriate decora- 
tions and induces the formation of an infection site and 
initial ingestion of bacteria, whereas infection-thread 
growth and root hair deformation are controlled by the 
signaling receptor that is less selective in Nod factor struc- 
ture (Ardourel et al., 1994). The fact that the n0dX-sym2~ 
system shows selective effects of Nod factor structure on 
infection-thread growth, as opposed to ENOD12 induction, 
supports the general model that the plant may have more 
than one Nod factor receptor. 

Since ~ y m 2 ~  controls infection and requires specific Nod 
factors, at first sight it seems plausible that in pea ~ y m 2 ~  
encodes the postulated entry receptor. However, there are 
some differences between S ~ m 2 ~  and the proposed alfalfa 
entry receptor. The entry receptor is supposed to be spe- 
cifically involved in the initiation of infection. This receptor 
does not seem to have a role in infection-thread growth, 
since the few infection threads formed by R. meliloti nodFE- 
or nodL- mutants do not come aborted (Ardourel et al., 

1994). Similarly, the number of infections of incompatible 
R. leguminosarum bv viciae strains on ~ y m 2 ~ s y m 2 ~  plants 
are markedly reduced. However, the few infection threads 
that are formed become mostly arrested. Therefore, SymZA 
seems to be a negative regulator of infection-thread 
growth. Whether the markedly reduced number of infec- 
tions in the S ~ m 2 ~  system is due to a block in the initiation 
of infection sites or a rapid block of growth after initiation 
cannot be concluded from our data. Therefore, it is not yet 
clear whether SymZA has, in addition to its negative effect 
on infection thread growth, the properties of the proposed 
entry receptor. 

How ~ y m 2 ~  controls infection-thread formation remains 
unclear. The relation between nodX and ~ y m 2 ~  suggests a 
ligand (Nod factor) receptor interaction. However, recent 
studies of resistance genes and the corresponding aviru- 
lence genes show that such a direct interaction is not al- 
ways the case (e.g. Cf-9 and Avr9, Kooman-Gersmann et 
al., 1996). Cloning and characterization of sym2 will be 
essential to elucidate its role in Nod factor perception and 
transduction. 

Received April 16, 1997; accepted June 20, 1997. 
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