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Endomycorrhizal Role for Interspecific Transfer of 
Phosphorus in a Community of Annual Plants 

Abstract. Phosphorus-32 applied to leaves of Plantago erecta in a serpentine 
annual grassland reached the shoots of about 20 percent of the close neighbors. 
Vesicular-arbuscular mycorrhizae connect the root systems of neighbors of different 
species and probably mediate nutrient transfers among them. Spatial patterns of 
transfer show that taxonomic afinity, distance from donor, and size of recipient do 
not serve as predictors of transfer and that models of transfer by simple difusion are 
not appropriate. No alternative predictor was discovered. The results underscore the 
importance of belowground interactions in explaining neighbor efects, but the 
factors controlling nutrient transfer and its consequences for community structure 
appear complex. 

Despite advances in population and of individual plants may structure 
community ecology, little is known growth relations and competitive inter- 
about the controls on production or fit- actions within a plant community. In 
ness within natural populations and com- addition, mycorrhizal plants may partici- 
munities of interacting plants. In some pate in a direct form of interaction that is 
cases, simple models of neighbor inter- not available to nonmycorrhizal plants. 
actions based on spatial pattern have 
predicted production patterns rather vre- 

In pot culture, mycorrhizal formation 
may alter the balance of competition (8). 
Furthermore, a single vesicular-arbuscu- 
lar fungal hypha can colonize two neigh- 
boring plants of the same or different 
species (9), facilitating movement of nu- 
trients from one plant to another (10, l l) .  

By understanding the dynamics of nu- 
trient transfer among plants that are 
functionally connected (11) by mycorrhi- 
zal hyphae, we may be able to predict 
some of the consequences of mycorrhi- 
zae for the structure of a plant communi- 
ty. We examined two aspects of a com- 
munity having abundant vesicular-ar- 
buscular mycorrhizae: the formation 
of interplant hyphal connections, and 
patterns of 32P transfer among plants in 
the field. We tested the observed pat- 
terns of 32P transfer against three possi- 
ble predictors of nutrient exchange. 

The community we examined is a Cali- 
fornia serpentine grassland dominated 
by small annual plants (mean density 
about 1 x lo4 m-2). Serpentine soils are 
characteristically low in most nutrients, 
including phosphorus (12). In prelirni- 
nary harvests, all species from plant fam- 
ilies that typically form mycorrhizae 
were colonized at the seedling stage by 
fungi of the genus Glomus. 

To assess whether the root systems of 
plants from this grassland may be inter- 
connected by fungal hyphae, a pot ex- 
periment was undertaken, and the buried 
slide technique was used (13). Agar-coat- 

cisely, but not all attempts to apply Him- - - -T- ---Balw- 

ple models have been so effective (1). To '' "r 10  urn 
date, interactions of root systems have 
been ignored in studies of 1-1 controls I 

on production in natural plant communi- 
ties, even though such interactions are ' 1  id$ ,, \ . 
known to affect both growth and long- / +@ 
term community dynamics (2, 3) .  We /I ;; 
report experiments performed to assess " tr' j _  the potential role of interconnections ' I t  r lU9- 

among herbaceous plants made by my- , 
corrhizae in shaping community struc- I 

ture and spatial patterns of community 
production. I 

Vesicular-arbuscular mycorrhizae are I 
symbioses formed between fungi of the 
Endogonaceae and plant roots. These 
mycorrhizae are ubiquitous, develop 
best under conditions of low soil fertility 
(particularly low phosphorus), and gen- 

tA erally enhance nutrient uptake by the . 
host plant (4), though they may be detri- 
mental to young hosts (5). Because sus- - b I ceptibility to colonization varies among 
plant and with life Fig. 1.  Roots and mycelium on buried slides. (A) Freshly harvested slides with Plantago erecta 
(295, 71, the effects of vesicular-arbuscu- (left plant on each slide) and Clarkia rubicunda (right). ( B )  At the right, a hypha branches and 
lar mycorrhizae on the nutrient economy the right branch enters a Clarkia root. The left branch enters a Plantago root in several places. 
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Fig. 2. Schematic maps of one plant neighborhood. (A) Distribution of aboveground biomass 
(dry weight). (B) Distribution of 32P. Areas of circles approximate relative biomass or counts 
per minute. P, Plantago erecta; C, Clarkia rubicunda; B, Brodiaea pulchella; H, Hemizonia 
luzulifolia; Le, Lepidium nitidum; Lt, Lotus subpinnatus; Po, Poa scabrella; and G ,  Gramineae 
species. 
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ed glass slides were buried on a slant in 
serpentine soil. At the higher end, two 
seeds were planted along with a small 
inoculum of fresh serpentine soil con- 
taining Glomus hyphae. One of the seeds 
was of Plantago erecta, the other was of 
Clarkia rubicunda or P ,  erecta. After 2 
months, the slides were removed and the 
agar-embedded roots were cleared in 10 
percent KOH and stained with 0.05 per- 
cent trypan blue in lactophenol. 

In all cases, the root systems of the 
two plants were readily distinguishable 
and were deeply stained because of the 
abundance of arbuscules of Glomus ten- 
uis and G .  fasciculatus. External hyphae 
were also abundant, and frequently a 
single hypha had arbuscules in both root 
systems (Fig. 1, A and B). Connections 
of roots, hyphae, and roots were ob- 
served between conspecific and inter- 
specific pairs of plants, but no root grafts 
or other direct connections between the 
adjacent root systems could be found. 

We considered three predictors of nu- 
trient transfer between plants in the nat- 
ural community that we assumed to be 
connected by hyphae: taxon (Is transfer 
more likely among closely related 
plants?); distance from donor (Does 
phosphorus movement follow a diffusion 
pattern away from the donor?); and bio- 
mass of receptor (Are larger plants more 
likely to receive nutrients from a do- 
nor?). These three factors may be impor- 
tant in determining the number of hyphal 
connections (or the extent of passive 

942 

3 2 ~  distribution - B 
10 mm 

.P 

e d P  .G OG 

diffusion, though phosphates are highly 
immobile in the soil) between plants, and 
in determining their relative sink 
strengths for a nutrient. 

To test these predictors, 32P transfer 
was mapped at five places within a 0.02- 
ha area of grassland. In each site, a 
central plant of P .  erecta was selected 
as the "donor." Developing inflores- 
cences, which might provide an impor- 
tant phosphorus sink within the donor 
plants, were removed and about 0.01 
mCi of 32P in 0.1 ml of phosphoric acid 
buffered to neutrality was applied direct- 
ly to leaf surfaces. Adjacent plants were 
held out of contact with the donor by 
toothpicks. Each entire neighborhood 
was protected from rain and dew by a 
half-cylinder of wire mesh that was open 
at the ends and covered with plastic. 
Plant neighborhoods were photographed 
from above, and maps (verified later in 
the field) were prepared from projec- 
tions. After 6 or 7 days, donor plants and 
all neighbors of all species (52 to 88 
neighbors per donor) from within 35 to 
55 mm of the donor were cut at the soil 
surface and placed directly in scintilla- 
tion vials for drying and counting. Ceren- 
kov radiation was counted with a scintil- 
lation counter and corrected for decay to 
day 1 of counting. 

All donor plants retained high amounts 
of radioactivity (3.1 x lo6 r 9.7 x lo4 
countimin), suggesting that assimilation 
through the cuticle was inefficient (14). 
Nonetheless, an average of 21 2 6 per- 

cent (range, 4 to 36 percent) of harvested 
neighbors received significant transfer- 
more than 50 countimin above back- 

G@ .P *P 

*P .PO 

.P 
.G .G *P ' Plantago *P op 

donor 
.P 

" BP, 
oG 0 P  'G *P 

ground (15)-in amounts that spanned a 
200-fold range. The recipients included 
representatives of eight of the 18 taxa 

OP 'P @ 

8 
o c  pop 

oG @ o p  @ 
% 09" op@' 

0 

(seven families) of neighbors. The re- 
maining ten taxa combined made up less 
than 5 percent of the harvested neigh- 
bors (16 individuals). Only one species, 
Lepidium nitidum (Brassicaceae), the 
only species we encountered from a fam- .P *P .p 

.P 'L* 
.C *P 

L* op .P .p ,p 

GQp P. *n .P *P 
Ll 

ily whose members rarely form mycor- 
rhizae, had a frequency of greater than 1 
percent without receiving significant 

O 0 0  

0.2-1.0 2.1-4.0 8.1-16.0 $5 51-100201-400 1601-3200 
Biomass (mg) Counts per minute above background 

transfer. Taxonomic affinity, therefore, 
does not account for transfer interac- 
tions. 

Schematic maps for one neighborhood 
based on dry biomass and on radiation 
levels (Fig. 2, A and B) show that there is 
no relation between spatial pattern (dis- 
tance from the donor) or dominance pat- 
tern (biomass of neighbors) and the 
amount of 3 2 ~  transfer. The results from 
all other neighborhoods support the con- 
clusion that transfer was not a function 
of any of our proposed predictors. For 
neighbors receiving significant transfer 
(pooled over all donors, N = 72), the 
best-fit lines from regressions of biomass 
on counts per minute and distance on 
counts per minute had slopes that are not 
significantly different from 0 (r2 = ,0006 
and ,005, respectively). Thus a diffusion 
model for transfer based on aboveground 
spatial patterns is inappropriate whether 
it assumes soil diffusion or direct transfer 
by mycorrhizal fungi (16). 

Our results show that 3 2 ~  moves 
among neighbors and that hyphae form 
linkages between root systems, but tax- 
on, aboveground distance, and relative 
size of the plants are not predictors of 
the amount of transfer. Although net 
flow of phosphorus has not yet been 
measured (because equal amounts of un- 
labeled phosphorus could have moved in 
the opposite direction), we expect ap- 
proximate equilibrium in movement of 
isotopes after 6 days. If this expectation 
is reasonable, the high variance in 32P 
retained by neighbors after that time is 
indirect evidence that the observed dis- 
tribution of 3 2 ~  does reflect net flow (17). 

The apparent randomness of transfer 
may in part be due to the time scale of 
connections. Because fine root branches 
senesce within weeks and are replaced in 
function by younger root branches, the 
a at tern of functional connections within 
a plant neighborhood is likely to change 
many times during the growth cycle of 
even ephemeral annual plants. 

Vesicular-arbuscular mycorrhizal con- 
nections appear to form a network by 
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which phosphorus (and probably other 
nutrients) are transferred among higher 
plants. Although the mechanisms and 
dynamics of transfer are not yet known, 
this phenomenon has serious implica- 
tions for studies of plant microhabitats, 
interplant competition, comparative de- 
mography and phenology, and ecosys- 
tem nutrient cycling. Because nutrient 
exchange potentially contributes to the 
differential success of individuals, at- 
tempts to relate plant success only to 
aboveground neighborhood structure or 
spatial pattern ( I )  may prove ultimately 
unsuccessful. 
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Calcium Ionophore A23187 Stimulates Cytokinin-Like 
Mitosis in Funaria 

Abstract. The plant hormone cytokinin stimulates asymmetrical division in target 
cells of the protonema of the moss Funaria hygrometrica, leading to bud formation. 
The initial division can be induced in the absence of cytokinin by the calcium 
ionophore A23187 in medium containing calcium. These findings suggest that 
increases in the concentration of intracellular calcium are essential to bud initiation. 
Therefore mitotic regulation by cytokinin may be due, at least in part, to the 
modulation of intracellular calcium ion concentration. 

The plant hormone cytokinin evokes a 
wide spectrum of responses in higher 
plants, including the induction of cell 
division (I). In the filamentous protone- 
ma of Funaria hygrometrica Hedw., ex- 
ogenous cytokinin induces an asymmet- 
rical division at the distal ends of elon- 
gate target cells (caulonema cells and the 
basal cell of side branches) to form a 
small initial cell (2). This initial cell con- 
tinues to divide in three planes, leading 
to bud formation and the leafy gameto- 
phyte. Using the fluorescent ca2+  che- 
late probe chlorotetracycline (CTC), we 
previously found an increase in mem- 
brane-associated calcium at the pre- 
sumptive bud site in the target cell after 
cytokinin treatment (3). The CTC fluo- 
rescence remained bright in the dividing 
cells of the bud, suggesting that the hor- 
mone achieves at least part of its stimula- 
tory effect through a localized modula- 
tion of the concentration of intracellular 
Ca2+. In addition, bud formation is in- 
hibited in Ca2+-free medium and by the 
Ca2+ transport inhibitors ~ a ~ + ,  D 600, 
and verapamil, indicating that cytokinin 
is dependent on external Ca2+ (4). We 
have tested our hypothesis linking cyto- 
kinin and Ca2+ further, and report that 
artificially generated increases in intra- 
cellular Ca2+ caused by the divalent ion- 
ophore A23187 (5) induce bud initiation 

in the absence of exogenous cytokinin. 
Sterile protonemata were grown from 

single spores on nutrient agar for 8 to 10 
days (6). Production of the target caulon- 
emata (which are characterized by small 
chloroplasts and oblique end walls) is 
enhanced by transfer to liquid medium 
for 4 days. Two protonemata (mean 
fresh weight, 14 mg) were transferred to 
15 ml of fresh medium containing 0.3 mM 
Ca2+ and 0.1 mM ~ g ~ +  (pH 6.4), and 1 
to 60 p,1 of A23 187 stock solution (15 mM 
dissolved in 100 percent methanol) (7) 
was pipetted over the tissue and quickly 
stirred. Much of the ionophore was visi- 
ble as a milky precipitate (8). Control 
media included one with equivalent 
amounts of methanol, one with no addi- 
tives, and one treated with 1 p,M benzyl- 
adenine, a synthetic cytokinin. Bud pro- 
duction was monitored for several days 
(9). 

Filamentous tip growth and side 
branch formation continued in both the 
methanol-treated and no-additive media 
(Fig. IA). In protonemata grown in liq- 
uid culture initiation of side branches 
occurred at the seventh or eighth cell 
from the tip, whereas on agar initiation 
took place at the third cell. Two succes- 
sive transfers to fresh media ensured that 
naturally formed cytokinins did not build 
up in the medium to cause bud forma- 
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