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Introduction. ¥wo acpoet-l of plant science find a
good fit in myecorrhizal research: the need to uti-
lize symbiotic plant sssocistions in more efficient,
sustainable modern agriculture, anéd ths desire for a
better understanding of a living system for its own
sake. The tripartite legume associstion includes
cooperative but also competitive interactions by
organisms from three biological kingdoms. It is
therefore a particularly challenging and cosplex
exercise in the search for basic principles which,
when fully understood, may be utilizred as manage-
sent tools in egricultural productivity.

Barly impetus in the use of vesicular-arbuscular
mycorrhizal (VAM) fung!l as legume associates stemmed
from their dramstic effect on nodule activity (1).
The synergistic growth response to the combined
effects of the VAM-fungus and Rhizobium endophytes
which is sometimes observed in the host plant has
led to 8 view of the microsymbionts as biological
substitutes for fertilizers (3). While this view
certainly holds promise in terms of sgricultural
productivity, its merits must now be reexamined in
terms of the underlying biological mechanisms. The
promise had been based largely on comparisons of
VAM and non-VAM plants grown under nutrient limita-
tion. Such comparisons have little significance in
applied or basic studies, since a non-VAM legume is
unlikely to occur or survive for long in the field,
while the stunted non-VAM control plant does not
serve as 8 meaningful comparison under experimental
conditions. Thus, the “big plant-little plant™
syndrome, which generated so msuch of the sxcitement
during the early part of the sra of enlightenment
(13) of mycorrhizal work, is bound to change in
perspective as emphasis shifts from descriptive,
natural-history oriented projects to goal-oriented,
physiological experimentation. This shift is
slready in progress and is likely to sccelerate in
the coming ysars, founded on the necessary and
growing dats base of ecological snd agro-ecological
ebservations. Of the many possible and available
areas of interest to future work we will single out
here previews of coming attractions in gas exchange
phenomena in the soybean leaf, as influenced by
endophyte-modified C,¥,P and water uptake.

The non-VAM comparison plant. The VAM growth effect
is often thought of as a P effect. This is not sur-
prising in view of the VAM-fungal contribution to
host P nutrition (4), the scarcity of availadle P in
most soils (10) and the evolutionary importance of
phosphates in biochemical transformations (16). But
is the supply of P the only, or even the major VAN-
fungal effect on the host, as the little plant-big
plant comparison would indicate? And i{s the higher
P concentration in VAM-plant tissues generally ob-
served in comparison to those of non-VAM plants of
the same size (15) a necessary expression of the
symbiotic condition per ge, or an artifact of dif-
ferences in ontogenetic development, of the timing,
kind, and quantity of P supplements for the non-VAM
comparison plant, or of the efficacy of the fungus
as a source of P and sink for C? An answer could

be learned from the "construction™ of nutrient-sup-
plemented non-VAM plants equivalent in all respects
to VAM plants. Unfortunately, such squivalence may

pot be possidle to schieve (and equally difficult,
in practice, to duplicate from time to time), since
different aspects of the host's form and function
react differently to VAN colonization or fertiliza-
tion (12). This makes the interpretation of VaM
effects problematic. If P levels in VAN-plant
tissues are higher than in non-VAM counterparts of
the same size and age, we call the effect nutri-
tional; if P levels are lower, other, little known
mechanisms need to be invoked. 1In what follows,
let us demonstrate both possibilities.

Hater uptake. Three groups of VAM and non-VAM soy-
bean plants, well watered for 21 4, were either ex-
posed to cycles of severe or moderate drought or to
no stress for a subsequent period of 28 4. The cy-
cles were repeated by rewstering at soil water po-
tentials of -1.0, -0.3 or ~0.05 MPa. Plants were
grown in & sand-scil mix severely deficient in nu-
trients and supplemented by one—quarter strength
Hoagland's solution, less P. Non-VAM plants re-
ceived P (KH2PO,) timed to coincide with 60%

VAN root colonization st 21 4, in an amount pro-
ducing growth equivalent to that of VAM plants in
the trestments under moderate stress. 4ll plants
were taken to permanent wilting at harvest, at
shich time s0il moisture content was determined
(Bethlenfalvay gt sl. unpublished dats).

In the sabsence of drought stress, dry weights
of non-VAM plants were significantly gresater than
those of VAM plants, while VAM plants produced sig-
nificant growth enhancement under severe stress,
even though P levels in non-VAM plants were marked-
1y higher in all three stress treatments (Table 1).
These results indicated VAN effects independent of
P nutrition, and were relsted to increases in the
extrarsdical mycelium with increasing stress.
Importantly, sll VAM plants had lower soil moisture
contents at permanent wilting, suggesting that VAM
roots may have sccess to soll water which is not
availsble to the plant alone.

Table 1. Host, endophyte and soil parameters of
VAM plants relative to non-VAM plants
under drought stress.

Parameter® Stress (MPa)
-1.0 ~0.3 ~0.05
~—-cwe—% changeV- oo
Growth response 17.5 2.5 ~15.9
P concentration -36.9 -40.0 —45.0
Soil watsr content ~10.3 -6.0 -8.1
-m/g soll
VAX hyphse in soil 10.4 8.8 1.0

SGrowth response refers to totsl plant dry

weights; P concentration to roots snd leaves; soil
water content is st permanent wilting (-1.5 MPa).
ercoent change reflects differsnce between VAM

and non-VAM paramsters referrsd to the non-VAM con-
trol; minus signs indicate larger non-VAX parameter.
All differences between VAM and non-VAN parameter

means were significant at least at the 5% level.

Water-use efficiency and ¥, fixstion. The rela-
tive importance of water uptake vs. P nutrition me-
disted by VAM fungus in determining the host growth
response to VAM colonization is controversial (2,11).
As pointed out sbove, stress, independently of P
nutrition, may influence the growth response. This
situstion is particularly complex in the legume
association, where water and P svailability affect
the activity of the ¥ source as well (4). Thus, an
entire chain of casuse-offect relationships may dbe
envisioned in which the sctivities of the C,¥, and P
sources (chloroplast, root nodule, VAR fungus) of




the tripartite symbiosis are involved, and which is
to some extent controlled by moisture conditions.
The availability of P; is » function of soil water
content (10). 1In the plant, P; plays a regulatory
role in photosynthesis (14) and is required in high
concentrations for nodule activity (4). These pro-
cesses are in turn interdependent: an increass in
the products of ons enhances the output of the
other, thus forming an autocatalytic eycle (5).
Some effects of the VAM fungus on these processes,
which appear to be independent of the reslative P
concentrations in host- or non-VAM comparison-plant
tissues, is illustrated below.

In & drought cycle sxperiment (6) similar to the
one described above, unstressed non-VAX plants re-
ceived soluble P to produce plants equal in dry
weight to non-P supplemented VAM plants. In the
absence of stress, these non-VAM plants fared better
than their VAM comparisons in root P content (1.2 vs.
1.0** mg/g), nodule dry weight (0.32 vs. 0.23%% gg)
and nodule activity (9.6 vs. 6.0% umol CoHy/h o
plant). Under stress, however, non-VAM plants fared
worse in root P content (0.8 vs. 1.2* mg/g), and
nodule wsight (0.05 vs. 0.14* mg) and activity (1.7
vs. 9.4%* umol CoHy/h ¢ plant). Leaf conduc-
tance was significantly (P < 0.05) grsater in the
VAM than in non-VAM plants during the first 3 days
of the final drought cycle, with values converging
with increasing stress (Table 2).

Table 2. Leaf conductance in VAM and non-VAX 80y~
bean plants during a 7-day drought cycle.
Treatment Time (4)
1 2 3 4 5 6 7
s/cm-
VAM 0.91* 0.71* 0.50%x 0.38 0.20 ©0.09 0.07
non-VAM 0.67 0.45 0.38 0.31 0.15 0.08 0.05

While the enhancement of nodule and leaf gas ex-
change may be ascribed hers to the higher P concen-~
trations of VAM plants under stress, another drought
stress experiment yielded contrary results. Utili-
zing the same host variety and endophyte strain un-
der similar growth conditions, the ratios of net
CO; uptake ys. transpiration (water-use efficien-
cy) were determined as a function of soil water
content (Figure 1).. Values for VAM plants were
significantly higher than for non-VAM plants
although leaf P concentrations of the former were
significantly lower (1.1 vs. 2.0%*» ng/g),

Butrient-use efficiency. These spparent incon-
sistencies raise the question of VAN effects
independent of those of mineral nutrition.
Harley's concept of opposing effects (P gain vs. C
loss, B) on the host due to mycorrhizal coloniza-
tion has been confirmed and expanded by Paul and
coworkers (9) in s sequence of nutrient-bslance
experiments showing enhanced photosynthetic rates
in symbiotic plants in response to increased sink
demand. The roles of the three symbionts of the
legume association as interdependent and inter-
reacting sources and sinks is well sstedlished
(4). The question is therefore not whether our
current, nutritional concept of the VAM effect is
correct, but rather if it is not too restrictive.
Our present data suggest a modification to the
concept (7). We used four sets of plants: nodu-
lated + VAM, VAM, nodulated, or non-symdbiotic,
grown with N and/or P supplements in the sbsence of
one or both microsymbionts so as to produce the
same dry weights (P > 0.05) in all four sets. The I
elimination of size and developmental differencas
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Figure 1. Water-use efficiency as a function of
s0il water content in VAM and non-VAM
soybeans.

bstween treatments revealed that sysbiotic plants
had higher rates of photosynthesis than non-sym—
biotic plants (as expected) but st significantly
lower N and/or P concentrations (Table 3).

Table 3. Photosynthetic N~ and P-use efficiency
in VAM and/or nodulated (¥od) soybeans.
Parameterl Treatment?
VAM + Nod VAM + N  Nod + P ¥+ P
Photosynthesis 18.4a 17.8ab 16.2bc 15.3¢c
¥ concentration 29.2a 32.9> 30.7a 40.6c
P concentration 1.3s l.4a 2.0b 1.9

lrhotosynthesis in umole COy/s o u?, con-
centrations in mg/g leaf dry weight.

2mumbers not followsd by the same letter are
significantly different at the SY level.

Concentrations of P in the leaf (Fig. 2) which
are relsvant here may be summarirzed in five steps:
1. Overall influx of P; into the leaf is modified
by the VAM fungus, 2. The vacuole serves as a sink
for excess Pi{ in the cytosol, 3. Uptske of Py by
the chloroplast and output of fixed C as triose-
phosphate (TP) are controlled stoichiometrically by
the phosphate translocator, 4. Recycling of organic
P within the chloroplast to starch and Pi{ keeps .
Py availsble to photophosphorylstion, and 5. Re-
cycling of organic P in the cytosol as a result of
sucrose export due to sink demand makes P; svaila-
ble for re-entry into the chloroplast. Thus, VAM
fungi are crucial in the regulation of €O, fixa-
tion by Pg (14) in step 1, and share a role with
Ehizobium in step S through their effects on sink
formation and activity throughout the symbiotic
assoclation. The other three steps provide some
dagree of stadbility to Pj concentrations in



stroms snd cytosol (10,14) especially under condi-
vsons of P deficiency. In the prssent case, leaf
P concentrations in VAM plants were subcritical
(:L while in non-VAM plants they were low to suf-
ficient. The same conditions held also fer the
relstionship between nodulation snd ¥ concentra-
tions. One Bmay sssume that under eritical P
deficiency the phosphate translocator determines
the rate of COp fixation, since the efflux of
triose phosphate (TP) from the chloroplast is
jimited by an equal influx of Py. Nonethsless,
our eritically pP-deficient VAM plants fixed more
¢o; than their P-sufficient non-VAK counterparts.
The problem may be resolved, if CO; is assumed to
be the primary limiting factor. Better leaf conduc-
tance (through microsymbiont-mediated changes in
water status, organic osmotica, ion fluxes and
phytohormone levels) may provide the leaf
sdditional access to COp.
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Fig. 2. Phosphorus fluxes in leaf cells.

Conclusions: The concept of cost-benefit relstion-
ships in plant symbioses recognizes the influence

of changing conditions, such as nutrient or water
availability, on the balance of supply and demand
between the symbionts. Such changes may bring about
temporary shifts in the symbiotic condition, causing
it to alternate between the mutualistic and parasi-
tic modes. The expression of these modes may be
subtle and difficult to document due to their tran-
sience. The prevailing mode will be determined by
environmental stimulation or inhibition of the con-
tributions or requirements of each symbiont. The
carbon-nitrogen-phosphorus supply/demand relation-
ship in the tripartite legume association is a fun-
damental expression of the three symbionts® activi~
ties as sources or sinks for each other's products.
We suggest that source-sink relationships may not

be the only means by which the symbiotic partners
interact. Examples are the stimulation of COp

and ¥, fixation and the improvement of water-use
and nutrient-use efficiency through a modification
of plant water status and leaf gas exchange.
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