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Influence of phosphorus supply and light intensity on mycorrhizal response in
Pisum-Rhizobium-Glomus symbiosis

S. Reinhard, E. Weber, P. Martint and H. Marschner

Institut fiir Pflanzenernihrung, Universitédt Hohenheim, D-70593 Stuttgart (Germany)

Abstract. The influence of mycorrhizal colonization with Glomus mosseae on parameters of N, fixation and plant
growth was studied in pot experiments with pea plants (Pisum sativum L.) infected with Rhizobium leguminosarum
and supplied with varied levels of phosphorus (P) and nitrogen (N). Reduced light intensities were used to evaluate
the dependence of the microsymbionts on assimilate supply. In plants grown with low P supply, mycorrhization
increased the concentration of P in shoots, and thus N, fixation. Reduced light intensity significantly depressed
mycorrhizal colonization and nodule growth in low-P plants. When P supply did not limit plant growth and N, fixation,
however, the percentage of mycorrhizal colonization was reduced due to the higher P status, and the microsymbionts
were not impaired by low light intensities. To maximize carbohydrate supply, another experiment was carried out
at high light intensity of 900 pmol m~2s~! and with non-limiting P supply. Nitrogen fertilization, given as starter
N, enhanced plant growth, but delayed nodule formation. Towards flowering, nodulation rapidly increased, but less
so in Glomus inoculated plants. After 28 days mycorrhizal plants were lower in shoot dry weight, nodule dry weight
and nitrogenase activity. The results suggest that under many, but not all, environmental conditions the host plant
is able to restrict mycorrhizal colonization and, thus, to prevent impairment of Rhizobium symbiosis.
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Both nodule growth and N,-fixation in legumes are
characterized by a high specific demand for phospho-
rus?2. This influence of phosphorus on symbiotic N,-
fixation may be indirect, by stimulation of host plant
growth!®-28 or direct, by more specific effects on nodule
initiation, growth and functions'’.

Plant uptake of mineral nutrients of low mobility in the
soil, such as phosphorus (P), may be limited by root
length. Arbuscular mycorrhiza (AM) formation is there-
fore of major importance in plant species which form a
coarse, small root system, especially under conditions of
low P availability. The sparsely-developed root system of
grain legumes compared with cereals, as for example pea
versus barley'®, emphasizes the importance of AM for P
uptake by legumes. Mycorrhizal hyphae have access to
a greater volume of soil than can be exploited by the
plant roots themselves, and can absorb and translocate
fairly large amounts of P to the host plant'®?".

Energy costs of both Rhizobium symbiosis and AM
formation are high. In soybean, the respiratory cost of
N,-fixation has been calculated to be about 8.4 mol
carbon (C) per mol N, (ref. 29) with approximately
20% of photosynthates being respired by the nodules®.
The C allocated to the fungal microsymbiont represents
between 5 and 20% of net photosynthates, and is thus in
the same range as the C use for the Rhizobium symbio-
sis'»2%32, Nodulation and nodule activity are finely
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tuned to the N demand of the host plant, and are
therefore strongly depressed when levels of available N
in the substrate are high. In contrast, roots of pea crops,
for example, are extensively colonized by AM even in soils
which have been treated with large amounts of fertilizer's.
If the fungi do not contribute to the nutrient acquisition
of the plant, AM colonization may depress growth, as has
been shown for example in ryegrass®, pea?’, sunflower,
soybean® and citrus®®. Since the formation and function
of symbiotic associations between plants and microor-
ganisms depend on the supply of energy by the host plant,
the development of macro- and microsymbionts may be
indirectly influenced by photosynthetic activity and nutri-
tional conditions. It is not clear whether, and to what
extent, the host plant is able to optimize the amounts of
fungal structures by reducing carbohydrate supply.

In the present work, interactions between symbionts in
the Pisum-Rhizobium-Glomus symbiosis were studied,
primarily under conditions of non-limiting P supply. The
extent, activity and time-course of the development of the
associated organisms were quantified using a solid sub-
strate with varied levels of P and N supply. To corrobo-
rate the relationships between symbiosis and carbon
supply, the photosynthetic activity of the plant was varied
by using different light intensities.

Materials and methods

Three experiments were performed to study the effect of
different rates of N and P supply and of light intensity.
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Pisum sativum L. cv. Belman plants were grown in
PVC-tubes of 35 x 4.5 cm (volume 445 mL). Subsoil of
a Luvisol (loess), low in extractable P (3.8 mg P kg™,
extracted with 0.5M NaHCO, ?*) and organic matter
(0.2% C,,,), and with pH (CaCl,) 7.3, was mixed with
washed quartz sand and vermiculite (40% soil:55%
sand:5% vermiculite, w/w) to obtain a well-aerated sub-
strate. Before p-sterilization, mineral nutrients were
supplied as follows (mgkg™' substrate): 400 K, 180
Mg, 8 Cu, 8 Fe, 7 Zn, given as K,SO,, MgSO,, CuSO,,
Sequestren  (Fe-ethylenediamine-di-o-hydroxyphenyl-
acetic acid) and ZnSO,. In experiment 1, plants were
fertilized with (mg kg=") 50 P and 16 N; in experiment
2, with 100 P and 16 N, and in experiment 3 with 100 P
and 16 or 100 N, given as Ca(H,PQ,), and NH,NO,,
respectively.

Rhizobium leguminosarum viciae (DSM 30132) was culti-
vated in a liquid medium after Holsten et al.'* with
modifications as follows: as Fe source instead of FeCl,
8.7 mg L~! Fe-ethylenediamintetraacetic acid was used,
and as carbon source instead of mannitol 1.5 g L~ each
of arabinose and galactose. The pH was adjusted to 6.8.
For inoculation 10 mL of a suspension containing ap-
proximately 108 mL~! bacteria was added to each tube.
Plants were inoculated with the mycorrhizal fungus
Glomus mosseae isolated from a Luvisol near Gottingen
in northern Germany, or left uninoculated. AM infected
maize roots with adhering soil were used as inoculum and
per tube 5 g of fresh or, for uninoculated plants, auto-
claved roots were mixed with the substrate. All treatments
received 9 mL of a soil filtrate of AM infected maize roots.
All experiments were conducted in growth chambers
with day/night temperatures of 20/15 °C and a photo-
period of 16h. In experiment 1, irradiation was
680 umol m~2s-! in the high and 160 pmol m 25!
in the low light intensity (shaded) treatment. In ex-
periment 2, irradiations were 500 pmolm=2?s-' and
250 pmol m—2s~". In experiment 3, plants were grown
with an irradiation of 900 pmol m~2 s~*, In this experi-
ment, after planting the seedlings were allowed to adapt
gradually to the very high irradiation. The light inten-
sity was increased from 400 to 900 umolm=2s-! in
steps of 100 pmol m~2 s~! every second day by reducing
the distance between plants (canopy) and the light
source. The weight of PVC tubes with plants and sub-
strates was checked three times a week and, if necessary,
distilled water was added up to a substrate water con-
tent of 17.3%.

Plants were harvested after 30 days of growth (end of
vegetative growth stage) in experiment 1, and harvested
sequentially after 18, 30 and 37 days in experiment 2
and after 7, 11, 14, 18, 21 and 28 days in experiment 3.
Nitrogenase activity was estimated using the acetylene
reduction technique according to Hansen et al.'® Imme-
diately after separating them from the shoots, the root
systems were carefully shaken to remove excessive soil
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and subsequently incubated for 10 min in an atmo-
sphere of 6% acetylene. Ethylene production was mea-
sured after 5 and 10 min with a gas chromatograph
(model 5890, Hewlett Packard, Bad Homburg, Ger-
many). Endogenous ethylene production by the roots or
soil microorganisms was found to be insignificant.
After the assay, nodules were collected, counted and
dried for 24h at 70°C and subsequently weighed.
Washed roots were cut into | ¢cm pieces and thoroughly
mixed. In a subsample of 25-50%, based on fresh
weight, total root length was determined using the line
intersect method®. After clearing with 10% KOH and
straining with 0.1% trypan blue in lactic acid (90%)
(modified after Philips et al.?®), percentage AM colo-
nization was determined.

Shoots and roots were dried at 70 °C for 48 h and
subsequently weighed. After drying, ground samples were
ashed at 550 °C for 8 h and the ash dissolved in 7.4 M
nitric acid. Phosphorus was determined colorimetrically
according to Gericke and Kurmies.® Total nitrogen
analyses were carried out by an automatic N analyzer
(Macro-N, Foss Heraeus, Hanau, Germany).

Soluble carbohydrates were extracted with water (60 °C,
1h) and enzymatically determined after digestion to
oligosaccharides ( Test-Combination Saccharose, D-Glu-
cose/D-Fructose, Boehringer, Mannheim, Germany).
Data were analyzed separately for the different light
regimes by analysis of variance (p = 0.05), and means of
mycorrhizal and non-mycorrhizal treatments were sepa-
rated in experiments 1 and 2 by the Scheffé test®® and in
experiment 3 by the Student-Newman-Keuls test™.

Results

In plants grown under conditions of low P supply,
mycorrhizal colonization markedly increased P concen-
trations in the shoots, regardless of the light intensity
(table 1). Mycorrhization promoted plant growth, al-
though increase in dry matter production was not sig-
nificant. This was true for both light intensities.
Compared with high light intensity, low light intensity
reduced root dry weight. The relative decrease in shoot
dry weight was smaller, which led to a decline in root-
to-shoot dry weight ratio. Under the growth conditions
given, low light intensity did not influence shoot and
root growth responses to AM.

The degree of mycorrhizal colonization, however, was
reduced from 44.2% at high light intensity to 28.5% at
low light intensity (table 2). The colonized root length,
which may be better correlated with the fungal mass
than percentage infection, was twice as high under high
light than under low light conditions. Uptake of P was
clearly enhanced in AM plants compared with non-in-
fected plants under both light intensities.

As expected, N,-fixation responded positively to the
higher internal P-status of mycorrhizal plants, which
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Table 1. Shoot and root dry weight, shoot P and N concentrations as influenced by mycorrhiza treatment (Glommus mosseae)
30-day-old Pisum sativum plants inoculated with Rhizobium leguminosarum

Treatment

Dry weight (mg plant—?)

Shoot concentration

(mg g™! dry matter)

Irradiation (umolm=2s~") AM Inoculation Shoot Root
P N
680 — 1.03# 0.312 1.562 26.60%
(0.13) 0.07) (0.20) (3.39)
+ 1.19 0.37 3.03° 35.13°
0.07) (0.09) (0.20) (3.08)
160 - 0812 0.172 2.08 35.37%
(0.26) (0.03) (0.12) (3.06)
+ 1.02# 0.212 3.23° 36.232
(0.15) (0.08) (0.19) (1.82)

Plants were grown under different light intensities and at low P supply (Expt. 1). Values represent means; standard deviations are given
in brackets. Means followed by different letters are significantly different (p < 0.05, n =4). Data were separately analyzed after the

plants had been grown under high or low light intensities.

Table 2. Mycorrhizal (AM) colonization, nodule number (No.) and dry weight (nodule dry wt.) per plant, acetylene reduction activity
(ARA, pmol C,H, h~' plant~"), specific nitrogenase activity (umol C,H, h~! g~' nodule dry wt.) and relative increase of shoot N and
P contents (non-mycorrhizal plants = 100) as influenced by mycorrhiza treatment (Glomus mosseae) in 30-day-old Pisum sativum plants

inoculated with Rhizobium leguminosarum

Treatment AM colonization Nodules plant~' ARA (umol h—') Relative increase of
(%) content in shoot
Irradiation (pmolm~=2s-') AM Inoculation No. Dry wt. (plant™!) (specific)
(mg) N P
680 - 0 892 2202 0.922 42.6* 100 100
(25) (4.8) 0.29) (10.8)
+ 44.9 1178 47.3° 3.21° 70.22 145 213
3.7 59y (13.5) (1.96) (41.4)
160 — 0 55 11.32 1.59° 135.6* 100 100
(35)  (3.1)  (0.33) (11.4)
+ 28.5 77% 25.0° 2.66° 106.22 131 209
(5.2) ® (42 (0.59) (11.4)

Plants were grown under different light intensities and at low P supply (Expt. 1). Values represent means; standard deviations are given
in brackets. Means followed by different letters are significantly different (p < 0.05, n =4). Data were separately analyzed after the

plants had been grown under high or low light intensities.

was reflected by an increase in nodule number per plant
and, more distinctly, by an increase in nodule dry
weight and total acetylene reduction activity (ARA)
(table 2). Consequently, N concentrations in the shoots,
and N uptake, were higher in AM plants under high
light intensity, while they remained unaffected under
low light intensity (table 1, table 2).

Although nodule dry weight and AM-colonized root
length were markedly reduced by shading, growth pro-
motion was similar in both light intensities, as shown by
data of relative enhancement of P and N uptake, indi-
cating an adaptation of the specific nitrogenase activity
to these growih conditions (table 2).

Storage of starch in plant shoots was highest in non-
mycorrhizal plants at high light intensity, while it was
reduced by either AM or shading (table 3). In contrast,
sugar concentrations in shoots were not influenced by
the treatments, except that there were much lower su-
crose concentrations in the low light plants.

No starch was detectable in roots, and sugar concentra-
tions were much lower in roots than in shoots. Mycor-
thization decreased the sucrose concentrations under
high light intensity, but caused no further reduction
under low light. Reducing sugars in the roots were not
affected by the presence of mycorrhiza. Concentrations
of reducing sugars in nodules were comparable to those
in roots, and similar in all treatments. However, sucrose
concentrations in nodules were markedly higher than in
roots. Mycorrhization enhanced sucrose concentrations
in nodules under both light treatments, indicating a
greater supply by the host plant (table 3).

In order to achieve an adequate P supply irrespective of
mycorrhizal colonization, in experiment 2 plants were
grown with 100 mg kg~' phosphorus. In this experi-
ment, mycorrhization did not influence shoot or root
growth (fig. 1) or plant P concentration (table 4). Light
intensity did not influence plant growth either, until 30
days after planting. However, at flowering time, 37 days
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Table 3. Concentration of starch in shoots and of reducing (red.) sugars aqd sucrose in_ shoot§, roots and r{odules as influenced by
mycorrhiza treatment (Glomus mosseae) in 30-day-old Pisum sativum plants inoculated with Rhizobium leguminosarum

Treatment Shoot Root Nodule
Irradiation (pmolm=2s5~") AM Inoculation Starch Red. sugars Sucrose Red. sugars Sucrose Red. sugars Sucrose
(mgg~! dry matter) (mg g~! dry matter) (mg g~' dry matter)
680 - 129.3*  38.12 56.0% 8.7 “3.9 43 13.3
(17.6) (27 (20.9)
+ 69.6> 415 50.52 7.7 0.3 4.3 24.9
(13.5) (1.4 (8.3)
160 — 59.1* 4142 34.82 5.1 0.5 6.0 5.7
(104) (9.2 (8.0)
+ 453 63.1* 24.9* 4.1 1.5 11.9 25.0
(8.2) (44 (2.3)

Plants were grown under different light intensities and at low P supply (Expt. 1). Shoot values represent means; standard deviations are
given in brackets. Means followed by different letters are significantly different (p < 0.05, n = 4). Data were scpar'ately analyzeq after the
plants had been grown under high or low light intensities. Data of root and nodule carbohydrate concentrations are obtained from

samples pooled within treatments.
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Figure 1. Shoot and root dry weight at three harvest dates in non-mycorrhizal (open segments) and mycorrhizal (filled segments) Pisum
sativum plants inoculated with Rhizobium leguminosarum. Plants were grown under high (H) (500 pmol m~2s~!) or low (L) light
intensity (250 pmol m~2s~') and under non-limiting P supply (Expt. 2). Crossbars indicate standard deviations (n=4).

after planting, shoot and root dry weight was slightly
enhanced by high light intensity (fig. 1).

The degree of mycorrhizal colonization was markedly
lower in the high-P plants as compared with the low-P
plants in experiment 1. Mycorrhizal colonization reach-
ed a plateau of about 10% in 30-day-old plants and was
hardly affected by light intensity. Only at the first har-
vest date, 18 days after planting, did mycorrhizal colo-
nization tend to be decreased by low light intensity
(table 4).

The number of nodules was affected by light intensity
(table 4) and did not increase between 30 and 37 days
after planting (data not shown), indicating that the
infection phase had been terminated at the end of the

vegetative growth stage. However, nodule dry weight
still increased towards flowering, and was enhanced by
high light intensity. Mycorrhizal colonization impaired
nodulation under low light conditions at the first har-
vest date (table 4), when nodules and mycorrhizal struc-
tures had not become fully established, but not at later
harvest dates (data not shown).

In experiment 3, plants were supplied with the same
level of P as in experiment 2, but nitrogen supply was
varied (16 or 100 mgNkg™'). High light intensity
(900 umol m~257') was used to provide optimal plant
growth conditions (fig. 2).

Mycorrhizal colonization was lower (5 to 10%) in this
experiment, and was not influenced by the N treatment.
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Table 4. Mycorrhizal (AM) colonization, nodule number {No.) and nodule dry weight per plant and concentrations of P and N in
shoots as influenced by mycorrhiza treatment (Glomus mosseae) in 18-day-old Pisum sativum plants inoculated with Rhizobium

leguminosarum

Treatment

AM Colonization

Nodules plant~! Shoot concentrations

— (%) — - mg g~ " dry matter
Irradiation (pmolm~—2s~") AM Inoculation No. Dry wt. (mg) (me e ! )
N
500 - 0 1522 18.72 4.70% 28.48¢
(58 (56 (0.20) (0.67)
+ 8.6 132% 18.92 4.50% 21.18°
(1.9) Gy (45 (0.50) (1.57)
250 - 0 1512 2212 4670 29078
48)  (8.4) (0.48) (1.89)
+ 6.4 922 12.3° 4.35% 22.58°
@7 (16 @) (0.25) (0.69)

Plants were grown under different light intensities and at non-limiting P supply (Expt. 2). Values represent means; standard deviations
are given in brackets. Means followed by different letters are significantly different (p < 0.05, n =4). Data were separately analyzed after

the plants had been grown under different light intensities.
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Figure 2. Shoot (above), root (middle) and nodules dry weight
(below) at six harvest dates in non-mycorrhizal (—M)} and mycor-
thizal (+M) Pisum satium plants inoculated with Rhizobium
leguminosarum. Plants were grown without (—N) or with starter
N (+N) under high light intensity (900 gmol m~2 s~ ') and under
non-limiting P supply (Expt. 3). Vertical bars indicate standard
error of means (df = 16).

No contribution of mycorrhiza to P acquisition oc-
curred, as concentrations of P in shoots and roots were
similar in mycorrhizal and non-mycorrhizal plants

(table 5). At low N supply, mycorrhizal colonization
had no effect on plant growth or N, fixation (table 5).
During the first two weeks after planting, plant growth
was similar at both N supply rates, but nodulation was
delayed in high-N plants. At the first harvest date (7 days
after planting), nodules were absent, but early AM
infection stages were visible as appressoria and hyphal
coils. Later on, the AM infection developed in distinct
infection units of approximately 0.5 cmlength. At 11 days
after planting, small nodules were observed in low-N
plants. Nitrogenase activity was detected in low-N plants
11 days after planting and in high-N plants 18 days after
planting. Shoot and root growth rates were higher in
high-N plants, but nodule numbers were markedly lower
(fig. 2). After threc weeks, with declining shoot N
concentrations (data not shown), nodulation was intense,
leading to an increase both in number and in dry weight
of nodules in high-N plants. Within one week, between
21 and 28 days after planting, approximately 200 new
nodules per plant were formed in both mycorrhizal and
non-mycorrhizal plants. While nodule dry weight of
non-mycorrhizal plants was steeply increased in this
period, it remained markedly lower in mycorrhizal plants.
As the nodule number was similar in mycorrhizal and
non-mycorrhizal plants, lower nodule dry weight in
mycorrhizal plants was due to reduced growth of individ-
ual nodules, accompanied by lower absolute and specific
nitrogenase activity in mycorrhizal plants (table 5).

At the final harvest, shoot and root growth and dinitro-
gen fixation were significantly decreased by mycorrhizal
treatment at high N supply (fig. 2, table 5). Shoot and
root N concentrations were similar in mycorrhizal and
non-mycorrhizal plants (data not shown). However,
due to reduced dry matter production in mycorrhizal
plants, N contents per plant were considerably lower
than in non-mycorrhizal plants.

Sucrose concentrations in the roots (data not presented)
were low, and were not affected by N treatment or
mycorrhizal colonization.
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Table 5. Acetylene reduction activity (umol C,H, h~! plant™"), specific activity (pmol C,H,h™! g‘.‘ nodule dry wt.), nodule number
per plant, concentrations of P in shoots and roots, and plant N content, as influenced by mycorrhiza treatment (Glomus mosseae) in
28-day-old Pisum sativum plants inoculated with Rhizobium leguminosarum

Treatment ARA (pmolh~!) Nodules (plant~1) P-concentration N-content
(mg g~! dry matter) (mg plant™!)
N-fertilization AM Inoculation (plant~1) (specific) -
Shoot Root
-N — 5.44° 51.32 4632 3.35° 5.92¢ 40.7%
+ 6.542 57.9° 4532 3.482 5.98* 48.52
+N - 5.57* 45.22 307° 3.522 4.33° 69.5°
+ 2.36° 31.6° 272° 3.44* 4.44° 54.42

Plants were grown without or with starter N and at non-limiting P supply. Light intensity was 900 umol m—2s~! (Expt. 3). Means
followed by different letters are significantly different (p < 0.05, n=35).

Discussion

Enhancement of plant growth by AM infection is a well
known response under conditions of limited P sup-
ply®'3. Phosphorus was a growth-limiting factor in ex-
periment 1, where low P concentrations in the tissues of
non-mycorrhizal plants limited N,-fixation. The contri-
bution of mycorrhiza to P acquisition enhanced shoot
and root P concentrations and thus nodule growth and
function. The beneficial effect on plant dry matter pro-
duction resulted from both improved P and improved N
nutritional status.

Plants grown with a higher P supply in experiment 2
showed no growth response to mycorrhization. En-
hanced P fertilization resulted in higher P concentra-
tions and a reduced degree of mycorrhizal colonization
compared with plants in experiment 1. As a rule, with
increasing P availability mycorrhizal colonization de-
creases” . Reasons suggested for this decrease are re-
stricted carbon supply to the fungus, indicated by lower
carbohydrate concentrations in root extracts’ or
changes in the anatomy of cortical cells limiting the
number of entry points’. In experiment 3, with high P
supply, expression of appressoria occurred early, but
extension of distinct infection units was limited. This
may be explained by restriction in the formation of
secondary appressoria.

In plants grown under conditions of low P supply,
mycorrhizal colonization was reduced at low light inten-
sity. Plants high in P were hardly influenced by low light
intensity, but infected root length was much lower.
There are conflicting reports on the influence of light
intensity on mycorrhizal colonization. Colonization re-
mained unaffected in experiments with onions and G.
mosseae® 3, In contrast, the data of our first experi-
ment (table 2), showing reduced AM-colonization un-
der low light intensity, are supported by previous
findings in alfalfa and G. mosseae’, soybean and G.
Jasciculatum* and in clover and G. mosseae™. Despite a
similar percentage of colonization under low light inten-
sity, arbuscule development may be delayed in onion
and G. mosseae®*, while lower arbuscule numbers were

found in onion and G. fasciculatum'?. In conclusion, the
response to reduced light intensities can be confounded
by several other factors, 1.e. plant species, AM isolate
and environmental conditions. This may be responsible
for the divergence between our results and some previ-
ous findings.

In dual-infected plants, rhizobia and AM consume car-
bohydrates for growth and maintenance, but the host
plants are able to a certain degree to control the energy
consumption of their microsymbionts by restricting
both AM formation and nodulation (experiment 1, 2
and low N plants in experiment 3). Sink competition for
carbohydrates between, host and symbionts, however,
might have impaired nodule and shoot growth in myec-
orrhizal plants fertilized with starter-N. With high P
supply and starter-N, combined with high light
intensity, growth rates were enhanced but nodulation
delayed.

After the starter-N had been utilized up by the plants,
N concentration decreased, intensive nodulation began
and the nodule number increased steeply. At this stage,
the simultaneous occurrence of high growth rates of
both nodules and host plants impaired parameters of
N,-fixation (ARA, table 5) and subsequently plant
growth (fig. 2). A similar effect has been described
previously?” for a growth depression at the flowering
stage in the Pisum-Rhizobium-Glomus symbiosis, when
with a non-limiting P supply the formation of pods
intensified competition for carbohydrates between aerial
and below-ground parts of the plants.

The absence of starch and the low sucrose concentra-
tions in the roots suggests that the symbionts rely on a
continuous photosynthate supply via the phloem. In
mycorrhizal pea plants, rapid nodule development con-
stitutes a considerable sink activity, which may exceed
the energy supply provided by the shoot, and thus impair
root growth and consequently shoot growth as well.
The present data suggest that the interactions observed
result from sink competition more than from direct
effects on the development of microsymbionts. When
both organisms are inoculated at the same time, nodula-
tion and AM colonization proceed simultaneously, indi-
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cating that the endophytes do not compete for infection
sites or depress each other. Even when nodule formation
was delayed (experiment 3), the subsequently produced
nodule number was not influenced by previous AM
colonization.

These results indicate that under many, but not all,
environmental conditions the host is able effectively to
restrict the access of AM to carbohydrates and thus to
prevent severe impairment of Rhizobium symbiosis.
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