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The availability of a wide range of independent lines for the annual medic Medicago truncatula led us to search for natural
variants in the symbiotic association with Sinorhizobium meliloti. Two homozygous lines, Jemalong 6 and DZA315.16,
originating from an Australian cultivar and a natural Algerian population, respectively, were inoculated with two wild-type
strains of S. meliloti, RCR2011 and A145. Both plant lines formed nitrogen-fixing (effective) nodules with the RCR2011 strain.
However, the A145 strain revealed a nitrogen fixation polymorphism, establishing an effective symbiosis (Nod1Fix1) with
DZA315.16, whereas only small, white, non-nitrogen fixing nodules (Nod1Fix2) were elicited on Jemalong 6. Cytological
studies demonstrated that these non-fixing nodules are encircled by an endodermis at late stages of development, with no
visible meristem, and contain hypertrophied and autofluorescent infection threads, suggesting the induction of plant defense
reactions. The non-fixing phenotype is independent of growth conditions and determined by a single recessive allele
(Mtsym6), which is located on linkage group 8.

Bacteria of the genera Rhizobium, Bradyrhizobium,
Azorhizobium, Sinorhizobium, and Mesorhizobium (col-
lectively known as rhizobia) induce the formation of
nitrogen-fixing nodules on the roots of leguminous
plants. This symbiotic association is initiated when
flavonoids or other plant compounds stimulate the
bacteria to produce molecular signals known as Nod
factors, which trigger a variety of plant responses
leading to bacterial invasion and nodulation (for re-
view, see Dénarié et al., 1996). The bacteria enter the
developing nodule via tubular structures called in-
fection threads (ITs) and are then taken up by plant
host cells in an endocytosis-like process before dif-
ferentiating into bacteroids capable of reducing at-
mospheric dinitrogen to ammonia, thereby support-
ing the growth of the plant (for review, see Panagiota
et al., 1995; Van Rhijn and Vanderleyden, 1995).

The Rhizobium-legume symbiosis involves specific
expression of both bacterial and plant genes. Plant
and bacterial symbiotic mutants are very useful tools
for the genetic dissection of the complex interactions
that occur between the symbionts at both early and
late stages of nodule development. Plant symbiotic
mutants have been isolated in several leguminous
species: sweetclover (Kneen and LaRue, 1988), pea
(Duc and Messager, 1989), fava bean (Haser et al.,
1992; Duc, 1995), Medicago truncatula (Sagan et al.,
1995; Penmetsa and Cook, 1997), Lotus (Szczyglowski
et al., 1998), and soybean (Devine and Kuykendall,

1996). The progeny of plants following mutagenic
treatments are generally screened for the loss of their
ability to establish an effective symbiosis due to the
disruption of gene function. However, screening nat-
ural populations often reveals a range of allelic forms
(variants) for each symbiotic gene, potentially giving
rise to different phenotypes. The natural symbiotic
variant alleles observed are usually of two kinds:
either alleles (Nod2 or Fix2) accumulating in alloga-
mous plants that are revealed after selfing plants
(Peterson and Barnes, 1981; Vance and Johnson,
1983), or alleles involved in strain-specific interac-
tions as described for pea (Gelin and Blixt, 1964;
Degenhardt et al., 1976; Lie 1981, 1984; Kneen and La
Rue, 1984), soybean (Caldwell, 1966), vetch (Duc and
Picard, 1986), and clover (Nutman, 1954; Smith and
Knight, 1984).

We have chosen M. truncatula to study molecular,
physiological, and genetic aspects of the Rhizobium-
legume symbiosis because it is a diploid and ho-
mozygous autogamous legume with a small genome
size (Barker et al., 1990; Cook et al., 1997; Cook, 1999).
Snyman and Strijdom (1980) previously identified a
high level of polymorphism in nodulation and fixa-
tion by studying the symbiotic characteristics of lines
and cultivars of M. truncatula inoculated with Sino-
rhizobium meliloti strains of diverse origins. Following
this initial study, we have screened natural popula-
tions of M. truncatula inoculated with wild-type S.
meliloti strains and have found extensive symbiotic
polymorphisms (nodulation, nitrogen fixation, and
nitrogen fixation efficiency; L. Tirichine, J.-M. Pros-
peri, and T. Huguet, unpublished data). In this work,
we focus on a specific ineffective interaction charac-
terized by a Fix2 phenotype between M. truncatula
Jemalong 6 and S. meliloti A145. We show that the Fix2
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fellowship from the French Centre National des œuvres Universi-
taires et Sociales and the Ministère de l’Enseignement Supérieur et
de la Recherche.

* Corresponding author; e-mail thuguet@toulouse.inra.fr; fax
33– 0 –5– 61–28 –50 – 61.

Plant Physiology, July 2000, Vol. 123, pp. 845–851, www.plantphysiol.org © 2000 American Society of Plant Physiologists 845



trait is under monogenic and recessive control, and
the Fix2 phenotype has been characterized cytologi-
cally. We have also localized the corresponding gene,
called Mtsym6, on the genetic map of M. truncatula.

RESULTS AND DISCUSSION

The A145 Strain Induces an Ineffective Symbiosis with
M. truncatula Jemalong 6

Sinorhizobium meliloti A145 is a wild-type strain
isolated from alfalfa nodules (Rosenberg et al., 1981)
that fixes nitrogen with the control alfalfa line Medi-
cago sativa cv Gemini (Table I). However, inoculation
of DZA315.16 and Jemalong 6 by S. meliloti A145
revealed a nitrogen fixation polymorphism. Whereas
DZA315.16 is effectively nodulated, a non-nitrogen
fixing phenotype is observed with Jemalong 6 (Fig.
1A). In addition to visual observations of the Fix2

phenotype, dry weight measurements confirmed the
nitrogen fixation polymorphism (Table I) and are in
concordance with the absence of nitrogenase activity
(data not shown). During the early stages of nodule
development (10 and 20 d post-inoculation [DPI]),
normal pink nodules were formed in the two plant
lines. However, in the Jemalong 6/A145 interaction,
nodules subsequently turned white and did not elon-
gate (Fig. 1, B and C). This suggests that incompati-
bility occurs during late stages of Jemalong 6 nodule
development when invaded by the A145 strain. It is
interesting to note that non-fixing pea mutants,
which develop some pink nodules without detectable
nitrogenase activity, have been reported by Tsy-
ganov et al. (1998).

Differences in nodulation behavior depending
upon nutrient solution, growth temperature, or the
growth substrate have been reported in pea (Lie,
1981, 1984; Kneen and LaRue, 1988) and clover (Gib-
son, 1968). However, the Fix2 phenotype for the
Jemalong 6/A145 interaction was found to be iden-
tical under all conditions tested (pH, temperature,
and growth medium), and furthermore, is heritable
(Table II). This indicates that ineffectiveness of nitro-
gen fixation is unlikely to be an artifact due to spe-
cific growth conditions, but is indeed linked to the
genetic background of Jemalong 6. Furthermore, Sny-
man and Stridjom (1980) have reported that the Je-

malong cultivar, when planted in quartz sand in a
Leonard jar and inoculated with S. meliloti A145
strain, showed a Fix2 phenotype. Reciprocal grafting
experiments, achieved for 30 plants, demonstrated
that the expression of the Jemalong 6/A145 Fix2

phenotype is controlled by the root.

Non-Nitrogen-Fixing Nodules on Jemalong 6 Plants Are
Invaded and Have a Closed Endodermis

At 10 DPI, both plant lines inoculated by A145
showed curled, infected root hairs, and nodules
whose central tissue is infected by the microsymbiont
(Hac1 [hair curling], Inf1 [infection thread forma-
tion], and Nod1). At 20 DPI, although Jemalong 6
nodules resemble DZA315.16 nodules in zonation,
they are significantly smaller in size (Fig. 2, A and B).
Even though DZA315.16 nodules possess a charac-
teristic amyloplast zone (data not shown; Vasse et al.,
1990), this zone is not observed in Jemalong 6 nod-
ules, where all invaded and non-invaded cells are
filled with amyloplasts (Fig. 2C). ITs were seen to
invade plant cells, and liberation of bacteria ap-
peared to occur normally in both lines (Fig. 2, D and
E). As in normal nodules, an active apical meristem
and a peripheral endodermal cell layer was observed
in thin serial sections of Jemalong 6 nodules at 20 DPI
(Fig. 2F). Endodermal tissue also surrounds the nod-
ule vascular bundles. However, by 30 DPI, thin serial
sections showed that the meristem is no longer
present and an atypical endodermal cell layer now
enclosed the apical and proximal ends of the nodule
and the vascular bundles (Fig. 2G).

In contrast, DZA315.16 nodules at 30 DPI have an
active meristem and normal endodermal layers (Fig.
2H). We therefore conclude that, in Jemalong 6, cells
of the nodule meristem stop dividing between 20 and
30 DPI, and that the endodermis subsequently en-
closes the entire nodule. In addition, we observed a
precocious senescence of Jemalong 6 nodule cells. At
20 DPI, cells of Jemalong 6 nodules appear normal
(Fig. 2I). However, at 30 DPI, most cells show symp-
toms of senescence and appear empty (Fig. 2J). An-
other difference between the two plant lines is re-
lated to infection thread morphology. At the early
stage of nodule development (10 DPI), Jemalong 6
nodules induced by A145 have normal ITs. However,
from 20 DPI and in later stages, they are thicker and
shorter than those observed in DZA315.16 (Fig. 2K).
UV illumination showed the Jemalong 6 ITs were
autofluorescent (Fig. 2L), compared to those of
DZA315.16 (data not shown).

Taken together, our observations show that normal
nodule development occurs initially (nodule inva-
sion, bacterial liberation, and leghemoglobin synthe-
sis) during the Jemalong 6/A145 interaction, but
without detectable nitrogen fixation and with an
early senescence of cells in zone III. Four features
characterize the Fix2 phenotype: (a) IT morphology,
(b) early senescence of the invaded zone, (c) the lack

Table I. Shoot dry wt (mg/plant a 6 SD) of two M. truncatula lines
and a M. sativa cultivar as a control, 39 DPI by A145 and
RCR2011 strains of S. meliloti

Medicago sp.
S. meliloti Strains

A145 RCR2011 Uninoculated

M. truncatula DZA315.16 35.0a 6 4.0 25.0b 6 3.0 6.5d 6 1.0
M. truncatula Jemalong 6 6.6d 6 1.0 16.0c 6 5.0 6.0d 6 1.0
M. sativa cv Gemini 24.7b 6 4.0 23.5b 6 2.8 3.7d 6 0.8

a Mean values of 20 plants. Identical letters indicate that the dry wt
averages are not significantly different at P 5 5% using the Student’s
t test.
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of meristematic activity at mature stages of nodule
development, and (d) the closing of the nodule by the
endodermis. Because early senescence of the invasion
zone and nodule growth arrest appear at approxi-
mately the same stage, it is difficult to establish a
causal relationship between meristem arrest and
nodule senescence. The Jemalong 6 phenotype is thus
Nop2 (absence of nodule persistence). Nodules at 30
DPI appear to be physically isolated from the rest of
the plant, encircled by a suberized endodermis at the
basal and apical ends (Fig. 2G). To our knowledge,
there are no prior reports of such a phenotype (en-
closed endodermis) in a non-fixing interaction.

Because it has been proposed that suberin plays a
role as a transport barrier for the uptake of water and
ions (Schreiber et al., 1999), one possible hypothesis
for the observed phenotype is that the deposition of
lignin-like compounds or suberin in endodermal
cells around vascular bundles prevents the exchange
of nutrients between the vasculature and the nodule,
thus arresting nodule growth. In any case, starch
continues to accumulate in Jemalong 6-ineffective
nodules. Another explanation for the Jemalong 6
phenotype could be related to the hypothetical syn-
thesis, by the bacterial partner, of an activator for
maintaining meristematic activity throughout nodule
growth (Truchet et al., 1980; Grosjean and Huguet,
1997). In this scenario, the A145 activator would not
be sufficient, qualitatively and/or quantitatively, to
maintain Jemalong 6 nodular meristem activity. Fi-
nally, it is possible that the A145 strain synthesizes a
substance that inhibits the division and growth of
Jemalong 6 nodule meristematic cells. These two hy-
potheses speculate that specific signal exchange,
and/or mutual recognition, is necessary during late
stages of nodule development to maintain meristem
activity and nodule growth.

Infection threads with thick walls have been previ-
ously reported in non-fixing mutants of pea (Novak
et al., 1995; Tsyganov et al., 1998), M. truncatula
(Bénaben et al., 1995), red clover (Chandler et al.,
1973), fava bean (Haser et al., 1992), and in the inef-
fective nodules conditioned by the ie gene in a natu-

Table II. Segregation data of the Fix2 phenotype in the F2 and F5

progenies of the cross Jemalong 6 3 DZA315.16 inoculated by
S. meliloti strain A145

The x 2 value for the F2 and F5 segregation ratios indicate no
significant deviation from the expected monogenic segregation. Tab-
ulated x 2 for degrees of freedom 5 1 is 3.84 at P 5 0.95 level of
significance.

Generation

No. of Plants
Observed x 2 Values

Fix1 Fix2

DZA315.16 40 0
Jemalong 6 0 40
F1 20 0
F2 153 56 x 2 5 0.40, P 5 0.52
F5 81 69 x 2 5 0.049, P 5 0.062

Figure 1. DZA315.16 and Jemalong 6 lines, after inoculation by S. meliloti strain A145 (A), DZA315.16 (right) is green and
well developed, whereas Jemalong 6 (left) shows nitrogen starvation symptoms, poor stem growth, and leaf chlorosis. Bar 5
5 cm. Nodules of DZA315.16 are pink and elongated (B), whereas those of Jemalong 6 (C) are small and white. Bar 5 1.5
mm. Photos were taken 39 DPI.
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Figure 2. (Legend appears on facing page.)
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ral variant of red clover (Chandler et al., 1973). Pre-
mature degradation observed in invaded cells of
Jemalong 6 nodules could be reminiscent of a host
defense response, as reported for the Fix2 mutants of
pea, sym33, and sym40 (Tsyganov et al., 1998). How-
ever, it remains to be determined if the observed
defense-like responses are the cause or the conse-
quence of the activation of a senescence program. It is
noteworthy that some of the features characterizing
the Fix2 phenotype can be observed when fix2 bac-
terial mutants are inoculated on Medicago plants
(Hirsch and Smith, 1987; Putnoky et al., 1988). In
several cases, thick ITs were reported to be associated
with modifications in bacterial surface components,
and they have been correlated to plant defense reac-
tions (Battisti et al., 1992; Perotto et al., 1994; Niehaus
et al., 1998).

The Fix2 Locus Is under Recessive Monogenic
Control and Maps on Linkage Group 8

Analysis of the inheritance of the Fix2 phenotype
in F1, F2, and F5 generations indicates that a single
recessive allele is involved in the expression of the
non-fixing phenotype (Table II). The corresponding
locus has been assigned the name Mtsym6 (M. trun-
catula symbiosis). The genetic analysis of naturally
occurring non-fixing variants in other legume species
also showed the respective allele to be recessive: in1,
in2, and in3 in alfalfa (Peterson and Barnes, 1981),
sym6 in pea (Lie and Timmermans, 1983), and i1 and
ie in clover (Bergersen and Nutman, 1957). Finally,
the analysis of F2 segregation data allowed us to map
Mtsym6 on linkage group 8 of the M. truncatula map
(data not shown).

The Fix2 Phenotype of Jemalong 6 Results from a
Strain x Cultivar Specificity

The two wild-type bacterial strains, RCR2011 and
A145, used in this work are both fully effective when
inoculated on M. sativa cv Gemini (Table I). However,
although RCR2011 is effective with both Jemalong 6
and DZA315.16 M. truncatula lines, the A145 strain is

effective with only DZA315.16 (Table I). Although we
have not yet identified a bacterial gene(s) responsible
for the symbiotic defect elicited by A145 on Jemalong
6, this strain x cultivar symbiotic specificity is remi-
niscent of gene-for-gene interactions observed in
plant-pathogen relationships. Several examples of
gene-for-gene interaction between a bacterial and a
plant gene in symbiosis have been reported. For ex-
ample, a single recessive plant gene rwt1 and the
bacterial gene nodM condition strain-specific nodula-
tion in subterranean clover (Lewis-Henderson and
Djordjevic, 1991). In Afghanistan pea, an interaction
between the sym2 plant gene and the nodX bacterial
gene conditions nodulation ability (Kozik et al.,
1995). In the case of the Jemalong 6/A145 interaction,
the symbiotic defect concerns late nodule develop-
ment and nitrogen fixation, and our findings favor
the involvement of plant defense responses (enlarged
IT and deposition of phenolic compounds) and/or
senescence programs rather than a plant resistance
response. Does mutual recognition break down dur-
ing late stages of the interaction between the two
wild-type symbionts A145 and Jemalong 6? In future
research, it would be interesting, for example, to
attempt to complement the Fix2 phenotype of A145
with RCR2011 DNA, or to mutagenize the A145
strain to identify the gene(s) involved. Also, it would
be useful to know if this observed strain x cultivar
specificity is a general phenomenon of M. truncatula
lines. Mapping the Mtsym6 gene now opens the way
for map-based cloning of this gene and thereby to an
improved molecular understanding of the basis of
this symbiotic defect resulting in legume/Rhizobium
incompatibility.

MATERIALS AND METHODS

Plant Material and Bacterial Strains

The Medicago truncatula line DZA315.16 was selected from
a natural Algerian population DZA315 (collected by J.M.
Prospéri, Institut National de la Recherche Agronomique,
Montpellier, France). The Jemalong 6 line was selected from

Figure 2. Longitudinal thick sections (80 mm) of DZA315.16 (A) and Jemalong 6 (B) nodules 20 DPI induced by S. meliloti
strain A145 (pXGLD4), showing typical zonation of an effective M. truncatula nodule, with a meristematic zone (M),
infection zone (ZII), and the nitrogen-fixing zone (ZIII). Bar 5 100 mm. Section (4 mm thick) of a Technovit-embedded nodule
of Jemalong 6 (C) 20 DPI after staining with iodine. Starch accumulation (asterisks) is observed in the whole nodule and not
solely localized to an amyloplast-rich interzone II-III layer. Bar 5 10 mm. Longitudinal sections (80 mm thick) of DZA315.16
(D) and Jemalong 6 (E) nodules 20 DPI. Note that DZA315.16 infection threads are thin and elongated, those of Jemalong
6 are short and hypertrophied. Infection threads are indicated by black arrows. Bar 5 50 mm. Longitudinal and median thin
sections (4 mm) of Jemalong 6 nodule 20 DPI (F) and 30 DPI (G) under UV illumination. Note the absence of meristematic
zone and the autofluorescence of endodermal cells around the whole nodule and the vascular bundles (VB) in G compared
to F. White arrows indicate endodermal cells at the distal part of nodule and around vascular bundles. Bar 5 10 mm.
Longitudinal and median thin section of DZA315.16 nodule 30 DPI (H); white arrowheads indicate the limit of endodermal
cells. Bar 5 10 mm. Thin section of Jemalong 6 nodule, viewed under light microscopy after staining with toluidine blue (I),
at 20 DPI dividing meristematic cells (M) are observed. Bar 5 50 mm. Thin section of Jemalong 6 nodule 30 DPI (J); note
the presence of numerous empty cells indicating senescence of the nodule. Bar 5 100 mm. Thin section (4 mm) through
30-d-old nodule of Jemalong 6 viewed under light microscopy (K), infection threads (stars) are thick and short and under blue
light (L), note the autofluorescence of infection threads (stars). Bar 5 20 mm.
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the registered Australian cultivar Jemalong (Oram, 1990).
Medicago sativa cv Gemini was used as control for the
nitrogen fixation capacity of the Sinorhizobium meliloti
strains, RCR2011 and A145 (Rosenberg et al., 1981). The
strains were grown on solid trypton yeast medium (Rosen-
berg et al., 1981) for 48 h before plant inoculation.

Plant Growth Conditions

M. truncatula seeds were surface-sterilized and germi-
nated as described by Bénaben et al. (1995). Plantlets were
inoculated 48 h after transfer to nitrogen-free Fahraeus
agar slants (pH 7.5; Fahraeus, 1957) and grown in a con-
trolled chamber at 22°C with a 16-h day/8-h night cycle.
Other growth conditions also tested were pH (6.0 and 7.5),
temperatures (varying from 22°C–28°C), and a growth
pouch system (Mega International, Minneapolis) instead of
agar medium. Nitrogen fixation efficiency was scored by
measuring the dry weight of aerial parts of the plants 39
DPI. All data were analyzed by the Student’s t test (Finney,
1978).

Histological and Cytological Studies

Plants were inoculated with the A145 strain containing
the plasmid pXLGD4 carrying the constitutively expressed
hemA::lacZ fusion (Leong et al., 1985). Nodules and roots
were harvested 10, 20, and 30 DPI. Samples were fixed as
described by Bénaben et al. (1995). Slices (80 mm) of Jema-
long 6 and DZA315.16 nodules were made with a microcut
H1200 (Bio-Rad Laboratories, Hercules, CA). Thin sections
(4 mm) were prepared as described by Vernoud et al. (1999)
and obtained from 10 nodules for each stage observed.
Starch granules were visualized after staining with iodine
solution (2% [w/v] KI and 0.2% [w/v] I2) for 30 s, rinsed
with distilled water, and observed by bright-field micros-
copy. For observation of autofluorescence, unstained sec-
tions were viewed under UV or blue-light illumination.
Microscopic observations and photographs were carried
out with an Axiophot 2 light microscope (Carl Zeiss,
Oberkochen, Germany).

Genetic Analysis and Mapping

The genetic analysis of the Fix2 phenotype was per-
formed in the F1, F2, and F5 progenies of the Jemalong 6 3
DZA315.16 cross after inoculation by strain A145. For the
genetic mapping, a set of 75 F2 individuals was typed by
the analysis of their F3 progeny and MAPMAKER software
(Lander et al., 1987) was used to localize the gene.
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tique et d’Amélioration des Plantes, Institut National de la
Recherche Agronomique, Domaine de Melgueil, 34130
Mauguio, France) for M. truncatula lines and Sandrine
Cros-Arteil for technical advice. We also thank all
of our colleagues, in particular D. Barker, J.V. Cullimore, C.
Gough, T. Timmers, and J. Vasse for their critical comments
during the preparation of the manuscript.

Received November 29, 1999; accepted March 9, 2000.

LITERATURE CITED

Barker DG, Bianchi S, Blondon F, Dattée Y, Duc G, Essad
S, Flament P, Gallusci P, Genier G, Guy P, Muel X,
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