
Abstract Two symbiotic pea (Pisum sativum L.) mu-
tants SGEFix–-1 (sym40) and SGEFix–-2 (sym33) with
abnormalities in infection thread formation in symbiotic
root nodules were characterised with respect to dynamics
of arbuscule development at 15°C and 24°C. Mutation of
sym33 decreased mycorrhiza colonisation at both tem-
peratures and delayed arbuscule development at 15°C,
whereas mutation of sym40 accelerated mycorrhiza co-
lonisation and arbuscule senescence at 24°C. The differ-
ences between the mutants and the wild-type were more
pronounced at 24°C, a temperature close to the optimum
for pea growth. The results demonstrate that both pea
genes are important in the control of arbuscular mycor-
rhiza development and can be considered necessary for
the tripartite symbiosis in pea.
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Introduction

Pea (Pisum sativum L.) forms symbioses with the soil
bacteria Rhizobium leguminosarum bv. viciae and ar-
buscular mycorrhiza (AM) fungi belonging to the order
Glomales. The AM symbiosis is supposed to date back
400–500 million years (Pirozynski and Dalpé 1989;
Remy et al. 1994; Redecker et al. 2000), whereas the ni-
trogen-fixing symbiosis (NFS) of legumes is thought to
be much younger (Sprent 1994). It has been hypothe-
sised that parts of the cell programmes in the latter type

of endosymbiosis have evolved from those of AM
(Gianinazzi-Pearson 1997) and several types of evidence
exist for common genetic and molecular bases of the two
symbioses.

Firstly, a group of symbiotic mutants in legumes are
impaired in the development of both types of symbioses
(Gianinazzi-Pearson 1996; Harrison 1999; Marsh and
Schultz 2001). The mutations determine either Nod– or
Fix– phenotypes in nodulation and several phenotypes of
AM development: Pen– (no penetration of root epider-
mis), Coi– (absence of cortex invasion), Ici– (absence of
inner cortex invasion), Arb– (no arbuscules) and Ard–

(abnormal arbuscule development) (reviewed in Marsh
and Schultze 2001). To date, six genes have been shown
to control the development of both symbioses in pea (Pi-
sum sativum L.): sym8 (Kolycheva et al. 1993; Balaji et
al. 1994), sym9 (Balaji et al. 1994), sym19, sym30,
sym36 (Gianinazzi-Pearson 1996; gene symbol sym36
assigned by G. Duc and M. Sagan, personal communica-
tion), and brz (Resendes et al. 2001). All these genes,
when mutated, determine a Nod– phenotype in the sym-
biosis with Rhizobium, whilst such mutated genes deter-
mine two phenotypes with respect to AM fungi. With
mutation of sym8, sym9, sym19 or sym30 (Pen– pheno-
type or Myc–1 according to Gianinazzi-Pearson 1996),
AM development is blocked after appressorium forma-
tion (Duc et al. 1989), whereas with sym36 (Ard– pheno-
type or Myc–2 according to Gianinazzi-Pearson 1996) ar-
buscule development is reduced to a few stumpy branch-
es (Gianinazzi-Pearson 1996).

Secondly, it was shown that some plant macromole-
cules are induced in a similar fashion during development
of the two symbioses. For example, some plant proteins
and glycoproteins present in the symbiosome of nodules
are also found at the AM symbiotic interface (Gianinazzi-
Pearson et al. 1991, 1996; Perotto et al. 1994; Gollotte et
al. 1995; Balestrini et al. 1999), and some nodulins (Van
Kammen 1984) are expressed during establishment of
both NFS and AM (Wyss et al. 1990; Gianinazzi-Pearson
1996; Frühling et al. 1997; Van Rhijn et al. 1997; 
Albrecht et al. 1998; Journet et al. 2001).
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We have shown recently that another pea gene,
Sym33, is involved in AM formation. Although mutation
of this gene decreases mycorrhizal colonisation, it does
not affect AM function in the mutated (SGEFix– -2) pea
line (Jacobi et al. 2002). The aim of the present study
was a more detailed comparative analysis of arbuscule
development during AM colonisation in mutants SGE-
Fix–-2 (sym33) and SGEFix–-1 (sym40); the latter shows
no change in the AM phenotype (Jacobi et al. 2002).
Both mutants have abnormal formation and functioning
of infection threads in the NFS with Rhizobium (Tsyga-
nov et al. 1998b) and have been shown to be leaky with
two types of nodules formed on their roots. Mutant SGE-
Fix–-1 (sym40) forms white nodules with hypertrophied
infection droplets and abnormal endocytosis of bacteria,
as well as very rare pink nodules without distinct mor-
phological abnormalities (Tsyganov et al. 1998b). SGE-
Fix–-2 (sym33) forms white nodules with “locked” infec-
tion threads and no endocytosis of bacteria, as well as
rare pinkish nodules in which bacterial endocytosis oc-
curs but bacteroids do not undergo complete morpholog-
ically pronounced differentiation (Tsyganov et al.
1998b). The leakiness of both mutant phenotypes de-
pends to some extent on the temperature during plant
growth (Tsyganov et al. 1998a). The present study was,
therefore, carried out at two different temperatures.

Materials and methods

Plant material

Two symbiotic pea mutants SGEFix–-1 (sym40) and SGEFix–-2
(sym33), defective for NFS formation (Tsyganov et al. 1994,
1998b) and the wild-type laboratory line SGE (Kosterin and
Rozov 1993) were used in the study. The mutant lines have mono-
genic mutations (Tsyganov et al. 1998b; Jacobi et al. 2002).

Seeds of each line were selected within a narrow weight range
(99–100 mg) for experiments, surface sterilised with concentrated
sulphuric acid for 20 min by shaking at room temperature and
washed with distilled water. One seed was planted per pot with
500 g of sterilised soil/sand mixture (Jacobi et al. 2002).

Mycorrhizal fungus and Rhizobium inoculation

Glomus intraradices Schenck and Smith isolate CIAM8 (Muromtsev
et al. 1989) from the Collection of the All-Russia Institute for 
Agricultural Microbiology (registered in the European Bank of
Glomales as isolate BEG144) was used for inoculation as de-
scribed previously (Jacobi et al. 2002). All plants were also inocu-
lated with a commercial strain of Rhizobium leguminosarum bv.
viciae CIAM 1026 (Safronova and Novikova 1996) from the col-
lection of the All-Russia Research Institute for Agricultural Mi-
crobiology (water suspension, 108–109 bacterial cells per seed).

Growth conditions and measurements

Plants were grown in a growth chamber HPS2000 (Heraeus Vötch,
Germany) (day/night 16/8 h, relative humidity of 75%, photon irradi-
ance of 490 E/m2 per s) at 15°C (temperature lower than optimal for
pea growth) or 24°C (a temperature close to optimal for pea growth).

Since both mutant lines differ from the wild type in timing of
plant development (Jacobi et al. 2002), plants of all genotypes
were collected for analysis at the following stages: (1) few leaves,
(2) early flowering, and (3) almost mature but not dry first pod.

Mycorrhizal colonisation of the mutants and the wild type was
estimated as described by Trouvelot et al. (1986) for two parame-
ters: M% intensity of mycorrhizal colonisation in the root system
and a% arbuscule abundance in mycorrhizal root fragments.

Transmission electron microscopy

Specimens (1-cm root pieces thoroughly washed with water) were
fixed for 3 h with 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.2. After rinsing 20 min in the same buffer, samples
were post-fixed for 1.5 h with 1% osmium tetroxide (same buffer)
and rinsed three times for 20 min in this buffer. After dehydration
by transfer through an alcohol series, the specimens were embed-
ded in an Epon-Araldite resin mixture. Sections (0.05–0.09 µm)
were cut using an LKBIII ultramicrotome, stained for 20 min with
uranyl acetate and 5 min with lead citrate (Reynolds 1963) and ex-
amined with an Hitachi H-300 electron microscope at 70 kV.

Statistical analysis

Roots or root pieces supposed to be mycorrhizal were collected from
4–5 plants per treatment for analysis. Whole root systems were used
for estimation of mycorrhizal colonisation, except for those pieces
removed for the transmission electron microscopy (TEM) study.

The number of cells containing arbuscules examined by TEM
per treatment were: first time point, SGE 297, SGEFix–-1 (sym40)
216, SGEFix–-2 (sym33) 180, and second time point, SGE 180,
SGEFix–-1 (sym40) 288, SGEFix–-2 (sym33) 324. The proportion
(%) of cell area occupied by fungal structures and plant cell cyto-
plasm was estimated by morphometry, i.e. by comparing the por-
tion of cell area profile occupied by the arbuscules.

The data were calculated by standard methods of variance ana-
lyses and comparison of two groups of data and two distributions.
SigmaStat for Windows version 2.3, SPSS Inc. was used for statis-
tical analysis and processing of the data.

Results

Dynamics of mycorrhizal colonisation in the roots
of mutants

All pea lines grew more slowly at 15°C than 24°C and
had decreased mycorrhizal colonisation. Mycorrhizal 
colonisation of wild-type SGE at 15°C decreased by
20–40% for the different parameters measured compared
with 24°C (a% and M%, Figs. 1, 2, 3, 4). At 24°C, this
line was characterised by a high level of colonisation
(Figs. 2, 4) similar to that observed earlier (Jacobi et al.
2002). At the first time point, all parameters of mycor-
rhizal colonisation increased in SGEFix–-1 (sym40) at
15°C compared with the wild-type. However, at the sec-
ond and third time points, differences between these two
lines were not significant (Figs. 1, 3). At the first time
point at 15°C, SGEFix–-2 (sym33) did not differ from the
wild type except for m% (intensity of mycorrhizal co-
lonisation in mycorrhizal root fragments; data not
shown) and a% (Fig. 3), which were significantly lower.
At the second and third time points, almost all parame-
ters describing mycorrhizal colonisation in the roots of
this line were significantly reduced relative to the wild-
type (e.g. M%, Fig. 1) and the rate of decrease corre-
sponded to that found in a previous study (Jacobi et al.
2002). The only exception was at the second time point,
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where a% was significantly increased by about 20%
compared with the wild type (Fig. 3). This was also con-
sistent with data obtained earlier and can be considered
as an indication that the mycorrhiza in the roots of this
mutant is functional (Jacobi et al. 2002). 

When plants were grown at 24°C, mycorrhizal coloni-
sation in SGEFix–-1 (sym40) was again significantly
higher at the first time point than in the other lines; this

was true of all parameters (e.g. M% and a%, Figs. 2, 4)
except m%, which appeared to be higher but not signifi-
cantly (data not shown). Again, the decreased mycorrhi-
zal colonisation of SGEFix–-2 (sym33) observed earlier
(Jacobi et al. 2002) and in the experiments at 15°C was
confirmed (Figs. 1, 2, 3). However, at 24°C, colonisation
was the same as that of the wild-type SGE at all stages
of plant growth (Fig. 4). This result is different to that
obtained earlier by Jacobi et al. (2002), who found a% to
have increased in the roots of SGEFix–-2 (sym33).
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Fig. 1 Intensity of mycorrhizal colonisation in the root system
(M%, according to Trouvelot et al. 1986) in pea symbiotic mutants
SGEFix–-1 (sym40), SGEFix–-2 (sym33) and the wild-type line
SGE grown at 15°C. Standard errors show variance of mean val-
ues at certain time points. At the first time point, SGEFix–-1
(sym40) has a statistically significant increase in this parameter
compared with the other two lines (P≥ 0.95), whereas SGE and
SGEFix–-2 (sym33) do not differ from each other. At the second
time point, the values of all lines are not statistically different. At
the third time point, the mean value for SGEFix–-2 (sym33) differs
from those of the other lines (P≥ 0.95), whereas SGEFix–-1
(sym40) and SGE are not statistically different

Fig. 3 Arbuscule abundance in mycorrhizal root fragments (a%,
according to Trouvelot et al. 1986) in SGEFix–-1 (sym40), SGE-
Fix–-2 (sym33) and SGE grown at 15°C. Standard errors show
variance of mean values at certain time points. All lines differ
from each other at the first time point (P≥ 0.95). At the second
time point, the mean value for SGEFix–-2 (sym33) differs from
those of the other two lines (P≥ 0.95), which are not statistically
different. At the third time point, the values for all lines are not
significantly different

Fig. 2 Intensity of mycorrhizal colonisation in the root system
(M%, according to Trouvelot et al. 1986) in SGEFix–-1 (sym40),
SGEFix–-2 (sym33) and SGE grown at 24°C. Standard errors
show variance of mean values at certain time points. All lines dif-
fer from each other at the first time point (P≥ 0.95). At the second
and third time points, the mean values for SGEFix–-2 (sym33) dif-
fer from those of the other lines (P≥ 0.95), whereas values for
SGEFix–-1 (sym40) and SGE are not statistically different

Fig. 4 Arbuscule abundance in mycorrhizal root fragments (a%,
according to Trouvelot et al. 1986) in SGEFix–-1 (sym40), SGE-
Fix–-2 (sym33) and SGE grown at 24°C. Standard errors show
variance of mean values at certain time points. Only the mean val-
ue of SGEFix–-1 (sym40) at the first time point and that of SGE-
Fix–-2 (sym33) at the third time point differ from others at corre-
sponding time points (P≥ 0.95). Values at all other time points are
not statistically different



Pattern of arbuscule development in root cells

The pattern of arbuscule development was analysed in
AM-inoculated roots of plants grown at 24°C and col-
lected at the two first time points, when differences be-
tween lines were maximal with respect to mycorrhizal
colonisation (Figs. 5, 6, 7). In all the pea lines, arbusc-
ules differed in rate of maturation and degradation,
which coincides with the ephemeral nature of these
structures (Alexander et al. 1988). Cells could be subdi-
vided into three groups: (1) cells with arbuscules without
signs of degradation (Fig. 7A–C), (2) cells with degrad-
ing arbuscules (Fig. 7D) and (3) cells with degraded ar-
buscules (Fig. 7E), and the relative frequencies of each
cell type calculated. 

At the first time point, roots of all three pea geno-
types contained mainly cells of type 1 and there was no
significant difference between them in the distribution
of cells into different groups (Fig. 5). At the second
time point, roots of the wild-type contained cells be-
longing to all of the defined groups but cells containing
arbuscules without signs of degradation still prevailed
(Fig. 6). The situation was quite different in roots of
SGEFix–-1 (sym40), where the majority of cells con-
tained arbuscules in an almost fully-degraded state
(Figs. 6, 7E). In contrast, the large majority of cells in
roots of SGEFix–-2 (sym33) contained arbuscules with-
out signs of degradation (Figs. 6, 7F). At this time point,
the distribution of arbuscule-containing cells amongst
the different groups differed significantly (P≥ 0.99) be-
tween the three pea lines.

In addition, the extent to which arbuscules developed
in root cells, i.e. the area of arbuscule profile relative to
whole plant cell area, differed between the pea lines. At
the first time point, the wild type had the most-devel-
oped arbuscules, with about 50% of the plant cell occu-
pied by arbuscule structures (Table 1). Arbuscules in the
mutant lines were less developed and did not differ be-
tween the lines (Table 1). At the second time point, SGE-
Fix–-1 (sym40) was characterised by decreased arbuscule
development in root cells and two times less of the plant
cell content was occupied by arbuscules, compared with
the wild-type and SGEFix–-2 (sym33). The latter lines
did not differ from each other (Table 1).

The rate of vacuolation of arbuscules also differed be-
tween the pea lines. At the first time point, the majority
of root cells of the wild-type contained arbuscules in a
slightly vacuolated state (Fig. 7A), whilst arbuscules in
the root cells of SGEFix–-1 (sym40) and SGEFix–-2
(sym33) were highly vacuolated (Fig. 7B, C). At the sec-
ond time point, the number of highly vacuolated arbusc-
ules increased in the wild-type (Fig. 7D), whereas ar-
buscules in cells of SGEFix–-2 (sym33) were less vacuo-
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Table 1 Percent of root cell content occupied by arbuscule struc-
tures in pea wild-type line SGE and the symbiotic mutants SGE-
Fix–-1 (sym40) and SGEFix–-2 (sym33), respectively, at two dif-
ferent stages of plant development at 24°C

Pea lines First time-point Second time-point

SGE (wild-type) 46.1±11.80* 30.2±12.44
SGEFix–-1 (sym40) 33.4±13.87 15.2±4.44**
SGEFix–-2 (sym33) 36.1±8.36 34.9±9.28

*, **Mean value significantly differs from all others at P≥ 0.95
and P≥ 0.99, respectively

Fig. 5 Proportion of cells containing arbuscules in SGEFix–-1
(sym40), SGEFix–-2 (sym33) and SGE grown at 24°C in different
conditions at the first time point. The distributions corresponding
to the different lines do not differ significantly

Fig. 6 Proportion of cells containing arbuscules in SGEFix–-1
(sym40), SGEFix–-2 (sym33) and SGE grown at 24°C in different
conditions at the second time point. The distributions correspond-
ing to different lines differ from each other significantly, P≥ 0.95

Fig. 7 Ultrastructure of plant root cells containing arbuscules in
SGEFix–-1 (sym40) (B, E), SGEFix–-2 (sym33) (C, F) and SGE
(A, D) grown at 24°C at two time points (time point I, A–C, time
point II, D–F). Functional (stars) and degrading (arrowheads)
parts of arbuscules, vacuoles in arbuscule parts (arrows), intercel-
lular hypha (ieh) and intracellular hyphae (iah), cytoplasm (c) and
cell walls (cw) are seen; bar 2 µm

▲
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lated (Fig. 7F). Almost all arbuscules were fully degrad-
ed in the roots of SGEFix–-1 (sym40) at this time point
(Fig. 7E).

Discussion

Two pea mutants, SGEFix–-1 (sym40) and SGEFix–-2
(sym33), with different abnormalities in infection thread
formation in NFS were characterised with respect to the
dynamics of mycorrhizal colonisation and arbuscule de-
velopment at two different temperatures and in the pres-
ence of nodule bacteria. At a temperature of 24°C, close
to optimal for pea growth (21–23°C), overall AM devel-
opment in both the wild-type and the mutants was higher
than at 15°C. At both temperatures, mycorrhizal coloni-
sation of roots of the mutant SGEFix–-1 (sym40) was
higher than that of SGEFix–-2 (sym33), which was char-
acterised by delayed/decreased colonisation. Considering
these results at 24°C, it is necessary to take into account
the stage of plant development at the time points at
which material was collected for analysis. Although both
pea mutants have delayed flowering and pod ripening,
this is more striking in SGEFix–-1 (sym40) (Jacobi et al.
2002). SGEFix–-1 (sym40) has a slower rate of plant de-
velopment but an accelerated mycorrhizal colonisation
and increased rate of arbuscule degradation than the
wild-type. SGEFix–-2 (sym33) is more similar to the
wild-type in its growth (Jacobi et al. 2002) but has de-
creased mycorrhizal colonisation and a much slower rate
of arbuscule development. This conclusion is further
supported by the proportion of root cells occupied by ar-
buscules, where the wild-type had more fully developed
arbuscules in root cells than either mutant line at the first
time point. In contrast, SGEFix–-1 (sym40) had less-de-
veloped arbuscules than the other lines at the second
time point. These observations may reflect differences in
the functional state and/or the rate of development of ar-
buscules in the pea lines.

The defects in AM development in the pea mutants
studied here cannot be fitted to any of the phenotypic
codes previously proposed to describe defective AM de-
velopment in mutated plants. It is, therefore, proposed to
introduce the code Rmd (rate of mycorrhizal develop-
ment) to describe the extent and rate of AM develop-
ment. In line with this, the mutant SGEFix–-1 (sym40)
has an Rmd++ phenotype, whereas SGEFix–-2 (sym33)
has the phenotype Rmd–. The nodulation pattern in these
two pea mutants has been described earlier (Tsyganov et
al. 1998b) as “decreased (as compared to the wild-type
line) number of ineffective nodules” for SGEFix–-2
(sym33) and “increased (as compared to the wild-type
line) number of small ineffective nodules” for SGEFix–-
1 (sym40) (data not shown). The AM phenotypes of the
rhizobia-inoculated mutant lines used in this study were
for the most part similar to those described in the previ-
ous study without rhizobial inoculation (Jacobi et al.
2002), which suggests that nodulation does not affect the
mutant phenotypes in terms of AM development. How-

ever, biomass accumulation was affected; shoot biomass
accumulation was lower than wild-type in both pea mu-
tants (data not shown), which is in contrast to data from
the same plants without rhizobial inoculation (Jacobi et
al. 2002). This may be explained by the ineffective nod-
ulation of the mutant plants, nodule formation being an
energy-consuming process (Postma et al. 1988).

Some parallels can be drawn when comparing the pea
mutant phenotypes with respect to NFS and AM. SGE-
Fix–-2 (sym33) is characterised by (1) delayed and de-
creased numbers of infection initials during nodulation
(V.A. Voroshilova, V.E. Tsyganov, A.Y. Borisov, I.A. Ti-
khonovich, unpublished results), decreased number of
nodules (Tsyganov et al. 1998b) and reduced mycorrhizal
colonisation (Jacobi et al. 2002; this study), (2) altered
endocytosis of bacteria (very rare nodule cells with endo-
cytosed bacteria, Tsyganov et al. 1998b) and delayed AM
and arbuscule development (Jacobi et al. 2002 and this
study). SGEFix–-1 (sym40) is characterised by (1) an in-
creased number of accelerated infection initials during
nodulation (V.A. Voroshilova, V.E. Tsyganov, A.Y. Borisov,
I.A. Tikhonovich, unpublished results), increased number
of nodules (Tsyganov et al. 1998b) and accelerated my-
corrhizal colonisation (this study), (2) hypertrophied in-
fection droplet formation and premature degradation of
nodule symbiotic compartments (Tsyganov et al. 1998b)
and increased rate of arbuscule formation and degrada-
tion (this study). These relations between NFS and AM
phenotypes confirm those found for Nod– (non-nodula-
ting) and Nod++ (supernodulating) mutants of Medicago
truncatula Gaertn., pea and soybean (Glycine max (L.)
Merr.) (Duc et al. 1989; Catoira et al. 2000; Morandi et
al. 2000; Shrihari et al. 2000). The ability or rate of nodu-
lation relates to some extent to the ability or rate of AM
development. Analysis of other mutants blocked at late
stages of NFS development should give more insight into
phenomena common to the two root symbioses.

In conclusion, the present study has shown that the
two pea symbiotic genes Sym33 and Sym40 are implicat-
ed in establishment of both nitrogen-fixing nodules and
AM. They are, therefore, common to the two endosym-
biotic systems, adding to the evidence that the legume
plant symbiotic genetic system jointly controls develop-
ment of a tripartite symbiosis. In addition, both genes
(Tsyganov et al. 1998b) are involved not only in the for-
mation of root symbioses but also in the plant life cycle
and whole plant development (Jacobi et al. 2002). Since
both SGEFix–-1 (sym40) and SGEFix–-2 (sym33) mu-
tants have leaky phenotypes which depend on growth
conditions (Tsyganov et al. 1998a), it seems likely that
these genes are involved in some kind of hormonal regu-
lation of plant and symbiosis development (Tsyganov et
al. 1999; Jacobi et al. 2002).
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