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Abstract The effect of clipping of the host-plant shoot
on the sources of carbon and nitrogen for the arbuscular
mycorrhizal (AM) fungus Gigaspora margarita was de-
termined by measuring 13C in spores and hyphae in co-
cultures of C; and C, plants and by differential 15N |abel-
ing. C5 and C, plants, which have different 613C values,
were grown in the same container separated by a series
of hyphal compartments. The C; and C, plants were
applied with 14N- and 15N-urea, respectively. After clip-
ping of the C; shoots, spore &3C gradually approached
that of the C, roots. Hyphal &3C paraleled that of
spores. Spore % 15N was similar to that of mineral N in
the C, plant compartment. Thus C in G. margarita com-
ing from the clipped plants decreased with time. This
demonstrates that C in AM fungi comes from living
plants, whilst the N in spores comes mostly from the
soil.

Keywords Arbuscular mycorrhizal fungi - 813C - 15N -
Clipping

Introduction

Arbuscular mycorrhizal (AM) fungi develop hyphal net-
works which are capable of transporting various materi-
as in the soil. Materia transfer via the networks varies
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in direction and quantity with the fungal species, plant—
fungus combination, and environmental conditions. The
export of assimilate from canopy to subordinate species
in plant communities may occur through hyphal net-
works (Grime et al. 1987) or, alternatively, the improved
growth of subordinate species may be attributable to re-
lease from competition via enhanced uptake of P and N
by AM (Bergelson and Crawley 1988). While much re-
search has addressed transfer of materials between
plants, there has been little discussion of the nutrition of
AM fungi. Studies of C and mineral sources for AM fun-
gi are essential for a better understanding of the AM
symbiosis and material transfer.

Spore C in the AM fungus Gigaspora margarita
comes from host plants in proportion to their proximity
(Nakano et al. 1999). Spore N comes from the soil more
than from host plants (Nakano et al. 2001). Our objective
was to examine the effects of plant death on the origins of
C and N for AM fungal spores. The C; plant afalfa (Fa-
baceae) and the C, plant bahia grass (Poaceae) were
grown in the same container separated only by several hy-
phal compartments. They were given 14N- and 15N-urea,
respectively, and inoculated with G. margarita. Following
clipping of the alfalfa, 13C and 15N was quantified in new-
ly formed spores at various distances from the two plants.

Materials and methods

Monocultures of alfalfa or bahia grass

The experiment consisted of four treatments, two species of plants
and two types of N fertilizer. There were two replicates of each
treatment.

Each polystyrene cylindrical pot (113 mm diam. x 140 mm)
was filled with 1.2 | of a mixture of equal volumes subsoil and
sand. The subsoil (from ca. 5 m depth) was collected from the
Nagoya University Farm (Red-Yellow soil, Typic Hapludult; see
Soil Survey Staff 1998) and had a pH of 4.9, total C 0.67%, total
N 0.05%, and <1 mg kg of available P (Truog 1930). The sand
was washed river sand. Both subsoil and sand were air-dried
and sieved through a 2-mm screen before mixing. The mixture
was autoclaved for 1 h at 120°C and amended with 0.4 | of soil
suspension (soil:water; 1:100, sieved through a 38-pum screen) and
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Fig. 1 PVC rectangular pot divided into 7 compartments by 26-
pm screens [HC hyphal compartment, PC; C; plant compartment
(afafa), PC, C, plant compartment (bahia grass)]

1.57 g of lime 10 days before pot preparation. The lime applica-
tion raised the pH to 6.0-6.5. The mixture (0.369 atom % 15N,
APBN) was applied with 379 mg of 0:1:3 (N:P.K) fertilizer
and 237 mg of coated urea (Meister-10, Chisso Corp., Japan, N
40%): 14N-urea (0.366 AP!N) or 15N-urea (3.07 APN). The
coated ureareleased N to the soil slowly for 100 days.

Two hundred spores of G. margarita Becker & Hall
(MAFF520054, National Grassland Research Ingtitute, Japan)
were inoculated into the middle of the pot. Surface-sterilized
(15 min in 0.5% NaClO) seeds of the C; species alfalfa (Medicago
sativa L.) and the C, species bahia grass (Paspalum notatum
Fluegge) were planted. Culture was carried out in a glasshouse
with natural lighting and temperature in the range 15-35°C for
116 days from May to September 1998. No nodules were found on
afalfaroots.

Cocultures of alfalfa and bahia grass

A total of eight coculture pots was established. Two replicate pots
were harvested at four different times following the clipping of al-
falfa shoots.

Each PV C rectangular pot (188x126x150 mm) was separated
into seven compartments by screens of stainless steel mesh
(26 pm): the C; plant compartment (PC,), the C, plant compart-
ment (PC,), and five central AM hyphal compartments (HC1-5)
(Fig. 1). The fungal hyphae could pass freely through the screens
(Nakano et a. 1999), but the plant roots were restricted to their re-
spective plant compartments. The pots were filled with 3 | of the
same subsoil-sand mixture used in monocultures. The mixture was
autoclaved for 1 h at 120°C and amended with 1 | of soil suspen-
sion and 3.93 g of lime as described above. The soil in the
respective plant compartments was fertilized as for the monocul-
ture pots, except that 1*N- and 15N-urea were applied to the PCy
and the PC, compartments, respectively.

Three hundred spores of G. margarita were inoculated into the
middle of the central compartment (HC3). Surface-sterilized seeds

of afalfa and bahia grass were planted in the PC; and the PC,
compartments, respectively. Culture was carried out in a glass-
house with natural lighting and temperature in the range 10-35°C
from May 1998. All alfalfa shoots were clipped 116 days after
planting. Culture was continued for O (two replicate pots, A1 and
A2), 14 (pots B1 and B2), 42 (pots C1 and C2), or 70 (pots D1
and D2) days after clipping. Sprouts arising from alfafa roots
were clipped. No nodules were found on alfalfaroots.

Sample preparation and analysis

After the respective culture periods, water was withheld from the
plants. Soil and plant samples were then taken from each cylindri-
cal pot (monocultures) or from each compartment (cocultures).

Hyphae and spores of G. margarita were separated from each
soil samples by wet sieving through a 106-um screen. Thick-
walled hyphae of >10 pm diameter (Nicolson 1959) and newly
produced white spores (Nakano et al. 1999) were collected from
the filtrate under a microscope. Yellow spores or those including
large oil droplets were considered old (Becker and Hall 1976) and
were excluded from analysis. Hyphae and spores were cleaned at
least 10 times with tap water and then three times with deionized
water before analysis. Hyphae or individual spores were placed
into a tin capsule (5 mm diam. x 8 mm) for 13C analysis and ca.
30 spores were used for 15N analysis. The capsules were then
closed.

Each plant sample was divided into shoot and root. A part
of the root sample was kept for analysis of AM colonization
(Kormanik and McGraw 1982). Shoot and root samples were
cleaned separately under running water, dried for 48 h at 70°C,
and pulverized in a vibrating sample mill (TI-100, Heiko Se-
isakusho Ltd., Japan). About 0.1 mg of the pulverized sample was
put into a tin capsule for 13C analysis. Approximately 0.5 and
1.5 mg diquots of the pulverized samples of afafa and bahia
grass, respectively, were put into tin capsules for 15N analysis. The
capsules were then closed.

Mineral N in each soil sample from the PC, compartment was
extracted by 2 M KClI, diffused by addition of Devarda alloy and
MgO (Keeney and Nelson 1982), and trapped on a glass filter with
KHSO, (Jensen 1991). Each filter was put into a tin capsule,
which was then closed.

A3C and APSN values were determined using an isotope ratio
mass spectrometer (DeltaPlus, Finnigan MAT GmbH, Bremen,
Germany) coupled with an elemental analyzer (NC 2500, Thermo-
Quest Italia S.p.A., Milan, Italy) by an interface (ConFlo II,
Finnigan MAT GmbH, Bremen, Germany).

AM colonization of root systems was determined using
the gridline-intersect method after staining with trypan blue
(Giovannetti and Mosse 1980) according to the following equation:

Colonization (%) = (intersections with colonized root) + (total in-
tersections with root)x100

Dry weight of colonized root was calculated by multiplying
the percentage of root colonization by the dry weight of root
(Rajapakse and Miller 1994).

Table1l 3C (%o) and atom %

15N (APISN) of plant shoots Plant species N treatment  J13C APISN
and roots and Gigaspora mar-
garita spores and hyphae in Plant Fungus Plant Fungus
i 14N -
Eﬁngrcg;ttugﬁgls\gﬁn N-or Shoot  Root Spore  Hyphae Shoot  Root Spore
C; Alfafa 14N -304 291 311 294 0.370 0.368 0.369
15N -30.8 295 315 -299 2.45 251 2.25
C,Bahiagrass 1“N -133 -133 155 -17.0 0.372 0370 0.369
15N -134 -133 159 180 2.42 2.47 231
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Fig. 2 Mean 33C +SD (bars)
of Gigaspora margarita spores

289

() and hyphae (x) and plant
roots (2) in different compart-
ments of coculture pots. The
cultures were continued for O
(A1, A2), 14 (B1, B2), 42 (C1,
C2) or 70 (D1, D2) days after
clipping afalfa
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Results
Monocultures of alfalfa or bahia grass

O3C of roots of alfalfaand bahia grass were clearly dif-
ferent, averaging —29.3+0.3 for alfalfa and —13.3+0.1
for bahia grass (Table 1). Differences were found be-
tween A13C of roots (-30.6+0.1) and shoots (—29.3+0.1)
for alfalfa (P<0.01) but not for bahia grass.

O3C of individual spores of G. margarita associated
with afalfa and bahia grass were —31.3+0.5 and —15.7+
0.4, respectively, and were thus lower than those of host
roots (P<0.001 for both plants, Table 1). Differences in
O3C between spores and the roots of afafa and bahia
grass were similar (2.0 and 2.4, respectively).

A3C of hyphae of G. margarita associated with alfal-
fa was —29.7£0.5 and was thus similar to that of host
roots (Table 1). &3C for hyphae of G. margarita associ-
ated with bahia grass was —17.5+0.8 and was thus lower
than that of host roots (P<0.001, Table 1). Difference in
O'3C between hyphae and roots was less (P<0.001) for
afalfa (0.4) than for bahia grass (4.3).

APIN of roots in soil applied with 14N- and 15N-urea
were clearly different (P<0.001), averaging 0.369+0.002
for roots with 14N-urea and 2.49+0.04 for roots with

12345

PC
3 HC

15N-urea (Table 1). No differences were found in APSN
between roots and shoots.

APLN of G. margarita spores in soil applied with
14N- and 15N-urea were clearly different (P<0.001), aver-
aging 0.370+0.001 for spores with 14N-urea and
2.28+0.12 for spores with 15N-urea (Table 1). Differ-
ences were found in APN between spores and roots
applied with 15N-urea (P<0.05) but not with 14N-urea.

Cocultures of afalfa and bahia grass

O3C of individual spores of G. margarita varied between
those of roots of alfalfa and bahia grass (Fig. 2). When
culture was finished at the same time as afalfa clipping,
spore J13C increased linearly from the PC; to the PC,
compartment (pots A1 and A2 in Fig. 2 and Table 2).
When culture was continued for 14 days after clipping al-
falfa, spore &3C in the PC; compartment and the next
compartment (HC1) was —28.4+1.9 and was thus similar
to that of alfalfa roots (-30.2). In contrast, spore &3C in
the other compartments was —16.6+0.8 and thus similar
to that of bahia grass roots (—13.2) (pots B1 and B2 in
Fig. 2). When culture was continued for 42 or more days
after clipping afalfa, spore &3C in all compartments was
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Fig. 3 Mean atom % 15N
(APN) of G. margarita spores
() and plant roots (0) in dif-
ferent compartments and min-
eral N () in the PC, compart-
ment of coculture pots

Table 2 Mean &3C +SD of G.
margarita spores in cocultures
of afalfaand bahiagrass

Table 3 Mean 33C +SD of
G. margarita hyphae in cocul-
tures of alfalfaand bahia grass

APLSN value (%)
3 rrrrri LI
Pot Al IR IR Pot A2 I
254 EEREE R
2 - | S N O B B | [ I T I B B |
I a RN o
1.54 Pear [ B I O .
LI S I B B | L U I B B |
1 . LI S I I B} [ I B | l.l 1
05 @ lejalslels mlele
3 R S
POtBl LI T B B B | POt B2 | I N B N A |
2.5 NN O NN o
- NN [ B
25 o e
. REERR s EEREE
CREEY aieitier ¢
0.5+ ™ [ B [ L1t
3 LI L LI
Porct il Poac2 il
2'5_ LI I B S O | LI I I B B
2 - L T I | 0O [ T B ]
1s [ AR .
2™ L I B B B |
1 - [ Ler
IR 8 TR a
0.5 ™ 1919,9,%,9; [l 1910,910,0,
3 LELELEL L LI B D DL L
Pot D1 EEEEN Pot D2 SRR
2'5_ LI I B S S | L I I R B |
? AR o
5+ 1
L] AR HEEEE
'] RS .
: L] 1910,¢,%,%, L 1910 00,9
12345 12345
PC PC PC PC
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Pot  Samples d13C SD Coefficient Regression slope  Correlation P
(%o) of variation  (%o/mm) coefficient
Al 35 —24.2 7.3 30.2 0.26 0.79 <0.001
A2 30 —22.2 6.2 217 0.17 0.61 <0.001
Bl 30 -20.5 6.3 30.7 021 0.75 <0.001
B2 29 —20.2 5.8 28.7 0.20 0.76 <0.001
C1 35 -18.2 4.7 26.0 0.06 0.29 0.09
Cc2 28 -15.8 0.5 31 0.00 0.11 0.59
D1 34 -19.9 2.7 13.4 0.01 0.11 0.53
D2 34 -16.2 28 17.6 0.04 0.33 0.06
Pot  Samples d13C SD Coefficient Regression slope  Correlation P
(%o) of variation  (%o/mm) coefficient
Al 14 —21.7 4.0 18.6 0.17 0.96 <0.001
A2 14 221 38 17.3 0.14 0.87 <0.001
B1 12 —22.3 4.0 18.0 0.14 0.84 <0.001
B2 13 —22.7 4.0 175 0.16 0.93 <0.001
C1 14 -21.0 31 14.7 0.13 0.94 <0.001
C2 14 -18.2 15 8.3 0.06 0.93 <0.001
D1 20 -21.4 37 17.2 0.13 0.76 <0.001
D2 21 -19.1 32 17.0 0.13 0.90 <0.001
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Fig. 4 Changesin dry weight (dwt) of (a) total roots and (b) colo-
nized roots of afafa(0) and bahia grass ([1) after clipping afafa
in coculture pots

—22.4 to —15.4 and approached that of bahia grass roots
(-13.6+0.2) (pots C1, C2, D1, and D2 in Fig. 2). Coeffi-
cients of variation in these pots were lower than those in
the pots harvested earlier (Table 2). Furthermore, com-
pared with the early-harvested pots, spore &3C in the late
harvest pots did not vary with distance from the PC,
compartment.

O3C of hyphae of G. margarita varied between those
of the roots of alfalfa and bahia grass, similarly to that of
spores (Fig. 2). Hyphal d'3C increased linearly from the
PC; to the PC, compartment in al eight pots (Table 3).
After clipping afalfa, hyphal &3C gradually approached
that of bahia grassroots, in parallel to that of spores.

APBN of G. margarita spores varied between those
of the roots of afalfa and bahia grass, but the pattern
differed from that of &3C (Fig. 3). Spore AP5N in the
PC; compartment was 0.390+0.009 and was thus similar
to those of untreated soil, 14N-urea, and alfalfa roots
(0.373+£0.004). Spore APISN in the hyphal compart-
ments (HC1-5) increased slightly from the PC; to the
PC, compartment in the range 0.388-0.984. Spore
APIN in the PC, compartment initially approached
those of 15N-urea and bahia grass roots (2.30). After
clipping alfalfa, root APISN did not change in the PC,4
compartment but decreased in the PC, compartment
(P<0.01). API5N of mineral N decreased in the PC,
compartment with time (P<0.01). Spore AP®N did not
change in the PC; compartment but decreased in the
PC, compartment with time (P=0.16). Spore AP5N de-
creased in the hyphal compartments (HC1-5) with time
(P<0.01) but was higher at 14 days (0.731+0.154) than
just after clipping alfalfa (0.514+0.113) (P<0.01).

For afalfa, both total and colonized root dry weights
decreased after clipping afalfain coculture pots (P<0.05
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for total and P=0.07 for colonized) (Fig. 4). For bahia
grass, colonized root dry weight did not change, while
total root dry weight increased (P<0.01).

Discussion

In monocultures of alfalfa or bahia grass, &3C of indi-
vidual spores of G. margarita was lower than those of
host roots. The differences in &3C between spores and
host roots did not vary significantly with plant species.
These results are in accordance with the previous find-
ing (Nakano et al. 1999), although the &3C differences
between spores and host roots were somewhat smaller
than those found previously (ca. 3.5). 8'3C of G. marga-
rita hyphae also tended to be lower than those of host
roots. The differences in d'3C between hyphae and host
roots, however, varied with plant species. This may be
due to variation in content and composition of lipids in
hyphae. &3C for the lipid fraction is lower than for the
whole organism and other major constituents, such as
proteins and carbohydrates, due to isotopic fractionation
in the lipid synthetic pathway (DeNiro and Epstein
1977). The amount of phospholipids and neutral lipids
in microorganisms appears to be related to biomass and
storage materials, respectively (Tunlid and White 1992).
Olsson et al. (1995) suggested that the ratio of fatty acid
16:1w5 in the neutral lipid fraction to that in the phos-
pholipid fraction may be used as an index of the physio-
logical status of AM fungi.

In cocultures of alfalfa and bahia grass, 33C of indi-
vidual spores of G. margarita varied between those of
the roots of alfalfa and bahia grass, and increased lin-
early from alfalfa to the proximity of bahia grass at the
time of afalfa clipping. This confirms the previous
finding that C in G. margarita spores comes from host
plants in inverse proportion to the distance from the
plants (Nakano et al. 1999). It seems unlikely that the
changes in spore 3C were caused by C uptake from
plant exudates, as recent observations indicate that C
uptake into AM fungi occurs through intraradical and
not extraradical mycelium (Shachar-Hill et al. 1995;
Pfeffer et al. 1999). After clipping alfalfa, spore &3C
approached that of bahia grass roots, which suggests
that, in these circumstances, C in G. margarita spores
comes from living bahia grass plants rather than from
dying alfalfa

At the time of afalfa clipping, &3C of hyphae of G.
margarita varied in space and time, similarly to that of
spores. This suggests that the C origins of G. margarita
hyphe and spores were the same. After clipping alfalfa,
O3C of hyphae and spores changed in parallel. Hyphal
production is considered to take place throughout the
culture period, while spore production occurs at the end
(Smith and Read 1997). The results of a preliminary ex-
periment suggested that more spores of G. margarita are
produced after soil drying and plant wilting than after
well-watered culture (data not shown). Hence, in this
study, water was withheld from the plants after their re-
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spective culture periods. It seems reasonable to suppose
that hyphal &3C reflected successive contributions of
respective plants to fungal C and that spore 3'3C re-
flected late contributions.

While some researchers have studied the effects of
AM on C transfer between plants (Hirrel and Gerdemann
1979; Francis and Read 1984), there is no evidence that
transferred C is released to plant tissues even in plants
stressed by shading or clipping. Although Waters and
Borowicz (1994) suggested that net C flow was away
from clipped plants toward unclipped plants, they did not
detect significant 14C in the shoots of unclipped plants
72 h after the onset of labeling. Fitter et al. (1998) point-
ed out that for linked C; and C, plants the differencesin
013C between roots and shoots were not significant after
clipping of all plants. Our results, however, indicate that
decreasing amounts of C for spore and hyphal formation
in G. margarita came from the clipped plants.

In cocultures of afalfa and bahia grass, the changes
in API5N of G. margarita spores differed from those in
O13C. In the PC; compartment, spore APSN was slight-
ly higher than in monocultures of alfalfa given 14N-urea
(P<0.05) and did not vary with time (r=0.30, P=0.29)
or API5N of alfalfa roots (r=0.29, P=0.49). In the PC,
compartment, on the other hand, spore AP15N was low-
er than in monocultures of bahia grass given 1°N-urea
(P<0.05) and decreased with time. The pattern differed
from that of bahia grass roots (r=0.21, P=0.61) but was
similar to that of mineral N (r=0.69, P=0.06). Thus
spore APN changed with time in parallel to soil min-
eral N but not to roots. This confirms the previous find-
ing that N in G. margarita spores comes mostly from
the soil, possibly in mineral forms (Nakano et a. 2001)
and suggests that little of the N in G. margarita spores
comes from host plants, whether living or dying. It
seems reasonable to suppose that the decreases in
APIN of roots, mineral N, and spores in the PC, com-
partment were caused by N depletion in the soil, be-
cause most of the N in the coated urea was released to
the soil for 100 days, before clipping alfalfa.

N transfer has been shown between plants colonized
by AM fungi (van Kessel et al. 1985). However, net
transfer of N between living plants is considered to be
insignificant (Johansen and Jensen 1996). Some re-
searchers have examined the effects of AM on N trans-
fer from dying donor plants to living receiver plants by
applying 1N to the donor plants and monitoring in-
creases in N and 15N in the receiver plants. Eissenstat
(1990) detected a significant increase in N but a less
significant increase in 15N in the receiver plants, sug-
gesting a shift in competition between plants rather than
nutrient transfer. Ikram et al. (1994) detected similar 15N
contents in AM and non-AM plants and suggested that
the transfer occurred indirectly via root exudation and
mineralization of nutrients. These studies, however, did
not clarify the change in N source for AM fungi by clip-
ping one of the host plants. Our results indicate that N
in G. margarita spores came less from the clipped than
the unclipped plants.

In conclusion, the results obtained in this study indi-
cate that dying plants do not significantly contributeto C
or N within AM fungal spores. Furthermore, they con-
firm that spore C in AM fungi comes from living plants
and spore N mostly from the soil.
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