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Abstract. The effects of sodium chioride and poly-
ethylene glycol (PEG) on the interaction between
Rhizobium leguminosarum strain 29d and root hairs
of field bean (Vicia faba L. cv. Maris Bead) plants
were investigated. Two levels each of NaCl (50 and
100 mol-m~3) and PEG (100 and 200 mol-m~3)
were given at the time of root-hair formation.
Scanning electron microscopy showed rhizobial at-
tachment and colonization on root-hair tips. Adhe-
sion of rhizobia in both lateral and polar orienta-
tion, sometimes associated with microfibrils, oc-
curred mainly in crooks at the root-hair tips; most
of the infections also occurred here. Bacterial colo-
nization and root-hair curling were both reduced
by stress treatments. Polyethylene glycol but not
NaCl significantly reduced root-hair diameter. The
proportion of root hairs containing infection
threads was reduced by 30% under NaCl and by
52% under PEG. The structure of some of the
root hairs, epidermal and hypodermal cells, as seen
by light microscopy in ultrasections, was distorted
as a result of NaCl and PEG treatments; cells
showed plasmolysis and folded membranes. After
three weeks of treatment, both NaCl and PEG in-
hibited nodule number by about 50% and nodule
weight by more than 60%. It is concluded that
the root-hair infection process in Vicia faba is im-
paired by NaCl and PEG treatments and this in
turn results in fewer nodules being produced.

Key words: Nodulation — Root hair infection —
Salt stress — Vicia-Rhizobium symbiosis.

Introduction

The legume-Rhizobium symbiosis is a highly inte-
grated system. Soil-based stress may act on the

Abbreviation: PEG = polyethylene glycol

symbiosis indirectly by reducing plant growth and
available photosynthate, or by direct effects on the
infection process and/or nodule function (Single-
ton 1983). In most crop legumes, infection by Rhi-
zobium is an active process associated with root-
hair curling, followed by penetration of the bacte-
ria into the plant cell (Vance 1983). The vast ma-
jority of rhizobia which become attached to host
root cells never produce an infection. In temperate
legumes such as pea, lucerne or clover the propor-
tion of infected hairs is usually between 5% and
10% and many of these infections are abortive
(Dart 1977). Successful infections produce walled
tubular structures (threads) carrying rhizobia in-
tracellularly into the base of the infected hair and
then through cell walls into adjacent cortical cells.

There are few reports on the effects of soil salin-
ity on infection and nodule initiation. Lakshmi-
Kumari et al. (1974) working with lucerne (Medi-
cago sativa) found that 70 to 100 mol-m ™3 NaCl
led to a reduction in the number of root hairs;
root-hair infections were reduced to a minimum
by only 35 mol-m 2 NaCl. Further, they recorded
that the few root hairs present appeared to be
short, stubby and bulbous, and without the curling
or shepherd’s crook formation characteristic of the
early phase of nodule formation. The failure of
soybean to nodulate at 200 mol-m~* NaCl was
attributed by Tu (1981) to decreased rhizobial col-
onization. At higher salinity (255 and 340 mol-m ™
NaCl) using scanning e¢lectron microscopy, he
demonstrated the shrinkage of soybean root hairs.
Yousef and Sprent (1983) showed that NaCl af-
fected nodulation, nodule development and activi-
ty, and concluded that there may also be cffects
on infection.

Reports of the effects of moisture deficits on
the nodulation of legumes are scarce and have been
mainly observational rather than physiological. A
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reduction of soil moisture from 5.5 to 3.5% signifi-
cantly decreased the number of infection threads
and completely inhibited nodulation in Trifolium
subterraneum, without affecting rhizobial numbers
in the rhizosphere (Worrall and Roughley 1976).
Osmotically induced leaf moisture stress (0.22 to
0.62 MPa) delayed nodulation and prevented the
further development of nodule initials of soybean
(Williams and Mallorca 1984), indicating an indi-
rect effect of water stress on the nodule morpho-
genesis.

This study investigates effects of NaCl on root-
hair growth, rhizobial infection and nodulation of
Vicia faba and compares these effects with the ma-
tric and/or osmotic effects of polyethylene glycol
(PEG).

Materials and methods

Growth of plants. Seeds of Vicia faba cv. Maris Bead (obtained
from the National Seed Development Organization, Cam-~
bridge, UK) were surface sterilized in 5% sodium hypochlorite
for 5 min, rinsed once with 70% ethanol and several times with
sterilised distilled water, then germinated in sterilized Petri
dishes under aseptic conditions at room temperature in the dark
until radicles appeared (usually 3 d). Three healthy seedlings
were transplanted into 13-cm-diameter pots containing 1.4 kg
autoclaved coarse sand. As it has been suggested that infections
develop most frequently in root hairs which emerge shortly
after inoculation and that regions of the root where mature
hairs are present at the time of inoculation are not susceptible
to Rhizobium infection (Calvert et al. 1984), seedlings from
some plants were removed daily and checked microscopically
for root-hair formation. When hairs were seen to be forming,
seedlings were inoculated with a young culture of Rhizobium
leguminosarum strain 29d (from the Welsh Plant Breeding Sta-
tion, Aberystwyth, UK) grown in Yeast Extract-Mannitol
broth in a shaking waterbath at 27 °C. Three times every week
pots were surface irrigated with nutrient solution containing:
CaS0,2H,0 (4mol'm~%), KH,PO, (1.5mol-m3),
MgS0O,.7H,0 (3.4 mol'-m™ %), K,S0, (0.75mol-m~3),
MnSO,.4H,0 (1.0 mmol-m~3), CuS0,.5H,0 (0.1 mmol-m™?),
ZnS0,.TH,0 (0.1 mmol-m™3), HyPO, (5 mmol-m~3%), NaCl
(10 mmol-m~3), NaMo0,.2H,0 (0.5mmol-m~%), Co-
$0,.6H,0 (0.02 mmol-m™~?) and CzH;0,Fe.5H,0 (5 mmol-
m™3),

Treatment with NaCl and PEG. At the time of root-hair forma-
tion and inoculation, NaCl or PEG (average MW 6000-7500;
BDH Chemicals, Poole, Dorset, UK) was applied to the soil
at the following concentrations: 50 and 100 mol-m ™2 for NaCl
and 100 and 200 mol-m™~3 for PEG. As NaCl is known to
be absorbed by V. faba (Yousef and Sprent 1983), 50 ml of
each level were applied three times every week. On the other
hand, since high-molecular-weight PEG is at most only slightly
absorbed by plants (Lawlor 1970; Sanchez-Diaz et al. 1982),
only one 50-ml application of the required level was given.
The same volume of distilled water was applied to control pots
and moisture content of the sand adjusted daily by weight and
kept at water-holding capacity, about 10%. Plants were grown
in March-April in a greenhouse maintained at 23+4 °C. The
average natural daylenth of 11 h supplemented with light from
fluorescent lamps to give a 14-h photoperiod. Replicate pots

for each treatment combination (including harvest dates) were
used and arranged in three randomized blocks. Plants were
harvested daily for 8 d commencing 1 d after NaCl and PEG
treatments.

Sampling of plants. Main roots were harvested from 1-6 d and
lateral roots from 3-8 d after commencement of treatments.
One-cm pieces of root were fixed in 4% glutaraldehyde in
100 mol-m~* Na-phosphate buffer, pH 7, and kept at room
temperature until the time of processing. After three weeks of
treatment, nodules were harvested, counted and their fresh and
dry weights determined.

Sections for light microscopy. Fixed samples were rinsed in
buffer for 30 min, then passed through a graded ethanol:water
series to pure ethanol, embedded in LR white resin (London
Resin Co., Basingstoke, Hampshire, UK ; Gillett and Longh-
urst 1982) and left overnight at 70 °C for polymerization.
Blocks were sectioned (1-4 pm thickness) in a Sorval M2-2
ultramicrotome (Ivan Sorval Inc., Norwalk, USA). Sections
were heat-fixed on clean slides and stained with 0.1% Toluidine
Blue 0 in 1.0% (w/v) sodium borate.

Scanning electron microscopy. Samples were treated as above
to the stage of pure ethanol, then passed through an ethanol-
freon series, before drying in a Polaron series II critical-point
drier (Polaron Equipment, Watford, Herts., UK). They were
then mounted on aluminium stubs, coated with gold-palladium
in a Polaron E 5100 coating unit and examined in a scanning
electron microscope (JSM-35; Jeol, London, UK) at 25 kV.

Methylene-Blue staining for detecting infection threads. The
method of Vasse and Truchet (1984) was used to examine infec-
tion threads within root hairs. Fixed roots were rinsed in buffer
(3 x 1 h) and dehydrated in an ethanol-water series. After dehy-
dration, specimens were cleared by immersion for 2 h in 99%
solution of methyl benzoate, washed again with absolute etha-
nol {3 x 1 h), progressively rehydrated, and finally stained in
0.01% (w/v) aqueous Methylene Blue.

Results

Observations using scanning electron microscopy
(SEM)

Preliminary examination of root segments was
made under a dissecting microscope. The following
treatments were selected for detailed SEM exami-
nation: main roots 100 mol-m 2 NaCl, 200 mol-
m~3 PEG, days 1-6 inclusively; 50 mol-m™3
NaCl, 100 mol'm~3 PEG, day 3; lateral roots
100 mol-m ™3 NaCl, 200 mol-m~* PEG, day 3.

Bacterial colonization and curling. No clear effects
of NaCl or PEG were seen on bacterial coloniza-
tion of root hairs at magnifications ranging from
x 6 000 to x 15000 although PEG-treated plants
appeared to have fewer adhering rhizobia. Bacteria
were seen in random orientation with respect to
the hair surface, attached in a polar manner with-
out microfibrils and associated with an extensive
system of microfibrils (Fig. 4). Thus all stages in



Figs. 1-4. Scanning electron micrographs of main root hairs of Vicia faba. Figs. 1, 2. Helical type of root-hair deformation 72 h
after inoculation and 50 mol-m~* NaCl treatment (Fig. 1) and 96 h after inoculation and treatment with 100 mol-m~® NaCl
(Fig. 2). Fig. 3. Marked curling and bacterial colonization near the root-hair tip 48 h after inoculation and treatment with PEG
200 mol-m~* Fig. 4. Bacteria in the crook adhering to the inside walls in lateral and polar orientation in association with microfibrils
72 h after inoculation and treatment with 200 mol-m™~2 PEG. Figs. 1-3, x 1000; Fig. 4, x 6600

Figs. 5-7. Light micrographs of V. faba roots ultramicrotome sections; 4 pm thickness), showing the structure of main root
hairs, epidermal and hypodermal cells 5 d from inoculation and beginning of stress treatment. Fig. S. No signs of plasmolysis
in root-hair and epidermal cells of the control plant; x 828. Some of the root hairs as well as epidermal and hypodermal cells
plasmolysed and their membranes folded under the treatments of NaCl 100 mol-m~? (Fig. 6; x785) and PEG 200 mol-m 3
(Fig. 7; x747)

Figs. 8-10. Light micrographs of fixed and Methylene-Blue-stained V. faba root hairs. Figs.8, 9. Lateral root hairs showing
marked curling and containing infection threads. Fig. 8. Control root hair; x 882. Fig. 9. NaCl 100 mol-m~3; x853. Fig. 10.
Swollen-tipped root hairs after treatment with NaCl 100 mol-m™3; x 311
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Figs. 11A-D. Effects of NaCl (100 mol'm~%) and PEG
(200 mol-m~3) on root hair expansion (A), curling of main
(B), and lateral {(C) root hairs and infection-thread formation
(D) in V. faba. A Main root-hair diameter varied significantly
(P<0.01) both with NaCl and PEG treatments and age. B,
C Curling in main and lateral root was affected significantly
(P<0.001) by both NaCl and PEG treatment and age. D Both
NaCl and PEG treatments and age affected infection thread
number significantly (P <0.001) in main root hairs. Bars repre-
sent SDs, n=5

the pre-infection process as proposed by Dazzo
et al. (1984) for the clover-Rhizobium trifolii sym-
biosis were present.

Deformation, curling and shepherd’s crook for-
mation, characteristic of early phase of root-hair
infection, were seen under both NaCl and PEG
treatments (Figs. 1-3), but were less frequent in
PEG-stressed roots. The helical deformations first
seen with clover root hairs in the presence of living
rhizobia (Ervin and Hubbell 1985) are seen in
Figs. 1 and 2.

Diameter of root hairs. Apparent shrinkage of
some of the main root hairs was seen as a result
of NaCl (100 mol'm~3) and PEG (100 and
200 mol-m™?) treatments; it was more frequent
with (200 mol-m™?) PEG. This effect was exam-
ined further by measuring (under a dissecting mi-
croscope) root-hair diameter in SEM photographs
taken at magnifications in the region of x 200 and

x1000. The diameters of main root hairs
(Fig. 11 A) varied significantly (P <0.01) both with
NaCl and PEG treatments and age; there was no
significant stress x age interaction. The effect of
PEG was approximately double that of NaCl. In
control roots, hair diameter reach a maximum and
then declined after 6 d of treatment possibly be-
cause of the senescence of root hairs. Treatment
with PEG prevented hairs from reaching the same
maximum diameter but some decline was still ob-
served. NaCl delayed the time at which maximum
expansion was observed. The diameter of lateral
root hairs was not significantly affected by NaCl
and PEG treatments (being reduced by about
10%), possibly because lateral root hairs were very
young and developed after the commencement of
the treatment (data not shown).

Observations using light microscopy

Root-hair formation. Sections of main and lateral
roots (1-4 pum thickness) were examined after 5 d
of treatment. Both NaCl and PEG reduced root-
hair production on the main roots by about 24%
and 30% respectively, the effects being just signifi-
cant (P<0.05) (data not shown).

Root-hair structure. The structure of some of the
main root hairs, epidermal and hypodermal cells,
was distorted as a result of NaCl (100 mol-m™3)
and PEG (200 mol-m™?) treatments; cells were
plasmolysed and their membranes folded (Figs. 6,
7.

Hair curling and formation of infection threads in
fixed and stained roots. Both NaCl (100 mol-m ™)
and PEG (200 mol-m~?) treatments reduced the
proportion of markedly curled hairs on main and
lateral roots (Fig. 11 B, C). The proportion of main
root hairs containing infection threads was signifi-
cantly (P<0.001) reduced under NaCl (38%) and
PEG (67%) (Fig. 11D); in lateral root hairs it was
reduced by about 18% under both NaCl and PEG
but the effects were not statistically significant
(data not shown). Infection threads were detected
only in markedly curled root hairs regardless of
whether they were short or long (Figs. 8, 9). Some
of the root hairs had swollen ftips; these occurred
under all treatments, but were most frequent with
NaCl (Fig. 10). None of them contained infection
threads.

Effects of NaCl and PEG on nodulation

Nodule number. As many of the rhizobial infections
abort inside root hairs and relatively few infections
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develop into nodules (Calvert et al. 1984), nodula-
tion measured as nodule number is usually consid-
ered an indication of fully successful infections.
After three weeks of treatments, NaCl (100 mol-
m~?) and PEG inhibited nodulation by about
50% (Fig. 12a).

Nodule weight. The fresh weight of nodules per
plant was reduced by about 70% under NaCl
(100 mol'm~3) and PEG (200 mol-m~3); dry
weights were reduced similarly (Fig. 12b, ¢). This
is more than would be predicted on the basis of
nodule number and reflects the fact that nodule
size (weight per nodule) was also reduced.

Discussion

A favourable rhizosphere environment is of vital
importance to the root hair-Rhizobium interaction,
as it is not only encourages the growth and multip-
lication of rhizobia but also ensures the healthy
development of root hairs. The former increases
the inoculum potential of rhizobia and the latter
provides ample infection sites (Tu 1981). There-
fore, conditions that favour root-hair develop-
ment, and rhizobial growth and multiplication are
generally favourable for nodulation.

Sodium chloride and PEG had no obvious ef-
fect on bacterial colonization of root hairs of V.
Jfaba plants. Similar results have been found with
soybean where rhizobial colonies of inoculated
root surfaces were not affected by 80 mol-m~
3 NaCl (Singleton and Bohlool 1984). Overall, the
literature is consistent on two points: first, that
there is considerable strain variability in survival
and growth of rhizobia under saline conditions,
and second, that rhizobia are generally more able
to cope with salinity than their host legumes
(Sprent 1984). For water stress, Worrall and

{c)
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Fig. 12a—c. Effects of NaCl (50 and

100 mol-m ™ %) and PEG (100 and

200 mol-m™~?) on nodule number (a),
nodule fresh weight (b) and nodule dry
weight (c) after three weeks of treatment.
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Roughley (1976) found that a reduction of soil
moisture from 5.5 to 3.5% completely inhibited
nodulation in Trifolium subterraneum without af-
fecting rhizobial numbers in the rhizosphere, and
Williams and Mallorca (1984) working with soy-
bean, found that 6% PEG (MW 4000) had no ef-
fect on the growth of R. japonicum in YM broth
medium. The reduction in nodule numbers ob-
served was not associated with fewer rhizobia in
the rhizosphere of stressed plants.

In the present study, root-hair formation was
not greatly affected, but marked curling was re-
duced in main and lateral root hairs (Fig. 11B,
C). This differs from the results of Lakshmi-Ku-
mari et al. (1974) who found a reduction in both
root hair number and curling in NaCl-treated Me-
dicago sativa. Further, it is shown here that expan-
sion of root hairs was slowed down by NaCl and
inhibited by PEG treatment (Fig. 11 A). This might
be due to effects of NaCl and PEG on root-hair
cell turgor and/or wall structure. Solutions of PEG
with various osmotic potentials (0.6-1.0 MPa) re-
duced root diameter in V. faba (Rowse and Good-
man 1981). Reduction of turgor pressure inhibits
cell-wall growth in root hair of Tradescantia flu-
minensis (Schroter and Sievers 1971), and in wheat
seedlings, hair diameter was 20% greater in dis-
tilled water than in the nutrient solution (Ekdahl
1957).

Root hairs with swollen tips were most com-
mon under NaCl treatment (Fig. 10) and were
never seen to contain infection threads. Thus, al-
though this morphology was shown by Ervin and
Hubbell (1985) to be one of the deformations char-
acteristic of T. repens root hairs after inoculation
with R. trifelii, it may not be correlated with infec-
tion. Further, swollen-tipped root hairs have also
been seen with non-legumes (e.g. wheat, Ekdahl
1953) as a result of osmotic stress. Root hairs of
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V. faba plants grown under NaCl and PEG treat-
ments showed plasmolysis and their membranes
folded. This effect, which is extended to some of
the epidermal and hypodermal cells (Figs. 6, 7),
would be an obstacle to the initiation and develop-
ment of infection threads.

Plasmolysis of root hairs under osmotic stress
has been reported in wheat (Ekdahl 1953). Struc-
tural damage due to PEG treatment in maize root
epidermis (Clamporova 1981) and ultrastructural
changes in wheat and V. faba have been found
under both NaCl and PEG treatments (Udovenko
et al. 1970).

Both the inhibition of hair expansion and the
decrease in the proportion of root hairs containing
infection threads (30% under NaCl and 52%
under PEG) could be related to calcium nutrition,
which is known to be associated with infection of
root hairs in T. repens (Sethi and Reporter 1981).
Salinity reduces both uptake and intercellular con-
centrations of calcium in cotton roots (Gerard
1971; Gerard and Hinojosa 1973) and lowers the
concentration of cell-wall cations (Ca™*, Mg*™*,
K* and Na%) of Phaseolus vulgaris roots (Bigot
et al. 1983). The shape and elongation of root hairs
are highly dependent on the concentration of the
calcium ions in the surrounding medium, and har-
dening of the apical hair walls takes place through
a gradual formation of calcium pectates (Cormack
1949). Apical infection, which is common in legu-
minous root hairs {e.g. soybean, Calvert et al. 1984
and clover, Bhuvaneswari and Solheim 1985) is
also the usual mode of infection in the R. legumino-
sarum-V. faba symbiosis (Figs. 8, 9). The inhibition
of the growth of apical walls and hardening of
the root hairs through the effects of NaCl and PEG
on calcium uptake might be an explanation of the
reduction in root-hair curling and also formation
of swollen hair tips in V. faba plants.

Consistent with this suggestion, we have data
(not shown) indicating that calcium can improve
infection and nodulation in control, NaCl and
PEG treatment plants, an observation confirming
the work of Yousef (1982).

In this investigation with V. faba, 100 mol-m~
NaCl and 200 mol-m~3 PEG inhibited nodule
number by about 50% and nodule weight by more
than 60% (Fig. 12). This is a smaller effect than
found for soybean, which showed about 90% inhi-
bition of nodulation with only 80 mol-m ™2 NaCl
(Singleton and Bohlool 1984); 200 mol-m ™2 NaCl
was completely inhibitory (Tu 1981). Hairs of
roots of plants like soybean appear to have only
one infectible period, whereas others such as
clover, have two, onc early and one later in devel-

3

opment (Bhuvaneswari et al. 1981). Since taxon-
omically and in its nodule structure and function,
V. faba is more closely related to clover than to
soybean (Sprent 1980), it is likely to have two in-
fectible periods: this may partly explain why its
nodulation is more resistant to NaCl and PEG
treatment than that of soybean.

The results presented here indicate that in V.
faba, PEG affects both infection and nodule devel-
opment whereas the major effect of NaCl is on
nodulation rather than infection.

We would like to thank Miss Shona Mc.Inroy for her technical
assistance and for the preparation of light and scanning electron
micrographs and the Egyptian Government and CVCP for fi-
nancial support to H.H.Z.

References

Bhuvaneswari, T.V., Bhagwat, A.A., Bauer, W.D. (1981) Tran-
sient susceptibility of root hair cell in four common legumes
to nodulation by rhizobia. Plant Physiol. 68, 1144-1149

Bhuvaneswari, T.V., Solheim, B. (1985) Root hair deformation
in the white clover/Rhizobium symbiosis. Physiol. Plant. 63,
25-34

Bigot, J., Le Saos, J., Binet, P. (1983) Effects de NaCl sur
la composition cationique de quelques fractions subcellu-
laires des racines de Haricot et de Cochlearia anglica. Phys-
iol. Vég. 21, 3-13

Calvert, H.E., Pence, M.K., Pierce, M., Malik, N.S.A., Bauer,
W.D. (1984) Anatomical analysis of the development and
distribution of Rhizobium infections in soybean roots. Can.
J. Bot. 62, 2375-2384

Clamporova, M. (1981) Ultrastructure of maize root cells under
salt stress conditions. In: Structure and function of plant
roots, pp. 319-322, Brouwer, R., Gasparikova, O., Kolek,
J., Loughmans, B.C., eds. Martinus Nijhoff/Dr. W. Junk,
The Hague Boston London

Cormack, R.G.H. (1949) The development of root hairs in an-
giosperms. Bot. Rev. 15, 583-612

Dart, P.J. (1977) Infection and development of leguminous nod-
ules. In: A treatise on dinitrogen fixation, pp. 367-472,
Hardy, R.W.F,, Silver, W.S., eds. Wiley, New York

Dazzo, F.B., Truchet, G.L., Sherwood, J.E., Hrabak, E.M.,
Abe, M., Pankartz, S.H. (1984) Specific phases of root hair
attachment in the Rhizobium trifolii-clover symbiosis. Appl.
Environ. Microbiol. 48, 1140-1150

Ekdahl, I. (1953) Studies on the growth and osmotic conditions
of root hairs. Symb. Bot. Ups. 11, 5-83

Ekdahl, I. (1957) The growth of root hairs and roots in nutrient
media and in bidistilled water and the effects of oxylate.
Ann. R. Agric. Coll. Sweden 23, 467-518

Ervin, S.E., Hubbell, D.H, (1985) Root hair deformations asso-
ciated with fractionated extracts from Rhizobium trifolii.
Appl. Environ. Microbiol. 49, 61-68

Gerard, C.J. (1971) Influence of osmotic potential, temperature
and calcium on growth of plant roots. Agron. J. 63, 555-558

Gerard, C.J., Hinojosa, E. (1973) Cell wall properties of cotton
roots as influenced by calcium and salinity. Agron. J. 65,
556-560

Gillett, R., Longhurst, P. (1982) Immunocytochemical demon-
stration of lymphocyte subpopulations in oral tissues by
light- and electron-microscopy through LR White resin. J.
Dent. Res. 61, Abstr. 133, 550



H.H. Zahran and J.I. Sprent: NaCl and PEG effects on V. faba root-hair infection 309

Lakshmi-Kumari, M., Singh, C.S., Subba-Rao, N.S. (1974)
Root hair infection and nodulation in fucerne (Medicago
sativa) as influenced by salinity and alkalinity. Plant Soil
40, 261-268

Lawlor, D.W. (1970) Absorption of polyethylene glycols by
plants and their effects on plant growth. New Phytol. 69,
501-513

Rowse, H.R., Goodman, D. (1981) Axial resistance to water
movement in broad bean (Vicia faba) roots. J. Exp. Bot.
32, 591-598

Sanchez-Didz, M., Aparicio-Tejo, P., Gonzalez-Mura, C.,
Pena, J.1. (1982) The effect of NaCl salinity and water stress
with polyethylene glycol on nitrogen fixation, stomatal re-
sponse and transpiration of Medicago sativa, Trifolium re-
pens and Trifolium brachycalycinum (subclover). Physiol.
Plant. 54, 361-366

Schroter, K., Sievers, A. (1971) Effect of turgor reduction on
the Golgi apparatus and the cell wall formation in root
hairs. Protoplasma 72, 203-211

Sethi, R.S., Reporter, M. (1981) Calcium localization pattern
in clover hair cells associated with infection process: studies
with auromycin. Protoplasma 105, 321-325

Singleton, P.W. (1983) A split-root growth system for evaluat-
ing the effect of salinity on the components of the soybean
Rhizobium japonicum symbiosis. Crop Sci. 23, 259-262

Singleton, P.W., Bohlool, B. (1984) Effect of salinity on nodule
formation by soybean. Plant Physiol. 74, 72-76

Sprent, J.I. (1980) Root nodule anatomy, type of export prod-
uct and evolutionary origin in some Leguminosae. Plant
Cell Environ. 3, 35-43

Sprent, J.I. (1984) Effects of drought and salinity on hetero-
trophic nitrogen-fixing bacteria and infection of legumes

by rhizobia. In: Advances in nitrogen fixation research,
pp. 295-302, Veeger, C., Newton, W.E., eds. Martinus Nij-
hoff/Dr. W. Junk, The Hague Boston Lancaster

Tu, J.C. (1981) Effect of salinity on Rhizobium-root hair inter-
action, nodulation and growth of soybean. Can. J. Plant
Sci. 61, 231-239

Udovenko, G.V., Mashanskii, V.F., Sinitskoya, L.A. (1970)
Changes of root cell ultrastructure under salinization in
plants of different salt resistance. Sov. Plant Physiol. 17,
813-818

Vance, C.P. (1983) Rhizobium infection and nodulation: a bene-
ficial plant disease? Annu. Rev. Microbiol. 37, 399424

Vasse, J.M., Truchet, G.L. (1984) The Rhizobium-legume sym-
biosis: observation of root infection by bright-field micros-
copy after staining with methylene blue. Planta 161, 487489

Williams, P.M., Mallorca, M.S. (1984) Effect of osmotically
induced leaf moisture stress on nodulation and nitrogenase
activity of Glycine max. Plant Soil 80, 267-283

Worrall, V.8., Roughley, R.J. (1976) The effect of moisture
stress on infection of Trifolium subterraneum L. by Rhizo-
bium trifolii Dang. J. Exp. Bot. 27, 1233-1241

Yousef, AN. (1982) Effects of salt stress on symbiotic nitrogen
fixation in Vicia faba plants. Ph. D. Thesis, Dundee Univer-
sity, UK

Yousef, A.N., Sprent, J.1. (1983) Effects of NaCl on growth,
nitrogen incorporation and chemical composition of inocu-
lated and NH,NO; fertilized Vicia faba L. plants. J. Exp.
Bot. 34, 941-950

Received 2 May; accepted 25 November 1985



