New Phytol. (1999), 144, 163-172

Characterization of two arbuscular
mycorrhizal fungi in symbiosis with Allium
porrum: colonization, plant growth and
phosphate uptake

S. DICKSON'"** S, E. SMITH"? axnp F. A. SMITH??3

'Department of Soil and Water, University of Adelaide, Waite Campus, PMB 1,
Glen Osmond, South Australia 5064, Australia
®Department of Environmental Biology, University of Adelaide, South Australia 5005,

Australia
3Centre for Plant Root Symbioses, University of Adelaide, Waite Campus, PMB 1,
Glen Osmond, South Australia 5064, Australia

Received 16 November 1998 ; accepted 1 Fune 1999

SUMMARY

T'wo arbuscular mycorrhizal fungi, Scutellospora calospora and Glomus sp. ‘City Beach’, were grown in soil
conditions suitable for colonization of Allium porrum. Effects on plant growth and phosphate uptake were
examined. Isolates of S. calospora (including the one used here) have been shown by others to vary in their
stimulation of plant growth, and appear to be inefficient in the transfer of P from the fungus to the host. Our
hypothesis was that such isolates of S. calospora may be more aggressive colonizers than other fungi, thus
preventing growth increases or producing strong growth depressions in the host plant. In fact, inoculation with
either fungus increased growth of plants in their respective soils both low in P (P,) and with added P (P,) by 42
d. The effect on growth due to mycorrhizal symbiosis (i.e. mycorrhizal growth response, % MGR) at 42 d was
higher in plants grown in P soil. Plants colonized by Glomus sp. ‘ City Beach’ had a greater 9%, MGR than plants
colonized by S. calospora. Both fungi colonized plants to high levels. The percentage of root length colonized was
higher in P, soil than in P, soil at 21 d. The internal development of S. calospora appeared less aftfected by addition
of P than Glomus sp. ¢ City Beach’ at the early harvests. Formation of arbuscules followed the same trends as total
colonization. Shoot P concentration was significantly higher in mycorrhizal plants than in non-mycorrhizal plants,
by 21 d in P, soil and by 28 d in P soil. Different percentage responses to added P based on total plant dry weight
(% PGR) were observed at 28 and 42 d between the plants colonized by the two fungi. The increased P content
due to mycorrhizal colonization (% MPR) differed with soil P. For both fungi grown in their respective soils, the
response was greater in plants grown in P soil. Although the isolate of S. calospora used is an aggressive arbuscular
mycorrhizal fungus with some hosts, it promotes a strong positive plant growth response in A. porrum after a mild
initial growth depression.
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INTRODUCTION

The benefits of arbuscular mycorrhizal (AM) col-
onization on plant growth and increased nutrient
uptake are widely known. In soils low in available
phosphate (P), there is usually a positive growth
response in the mycorrhizal plant (Smith & Read,
1997). However, mycorrhizal colonization some-
times induces growth depressions (Smith, 1980).
The situation may arise that a fungal endophyte is
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utilizing plant carbohydrates but supplying nutrients
such as P in limited amounts, if at all (Janos, 1987,
Smith & Smith, 1996; Johnson et al., 1997). Where
P supply to non-mycorrhizal plants is not growth
limiting, growth depressions may be due to the
increased carbon cost imposed by mycorrhizal
colonization. They may be promoted by low tem-
perature or low light (Hayman, 1974) or particular
fungus—plant combinations, all of which can change
the cost—benefit equation (Mosse, 1973a; Graham &
Eissenstat, 1994; Graham et al., 1997).

Smaller growth responses have been observed in
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Trifolium subterraneum colonized with isolates of
Scutellospora calospora in comparison with other
fungi (Abbott & Robson, 1985b; Thomson et al.,
1986; Jakobsen et al., 1992a), even though S.
calospora produced more external hyphae in the soil
than the other fungi investigated. Jakobsen et al.,
(1992b) suggested that limited transport of P into 7.
subterraneum by S. calospora could be caused either
by low rates of translocation in external hyphae, or
by reduced transfer across the fungus—plant interface.
With Cucumis sativus, S. calospora was shown to
accumulate large amounts of *?P in its hyphae, but
very little was transported to the host (Pearson &
Jakobsen, 1993b). These results suggest that in some
situations this fungus can depress growth to different
extents and that these effects may be modulated by
the host.

Smith et al. (1994) suggested that as S. calospora
was capable of taking up P from the soil, the
inefficiency of the fungus may have been due either
to poor development of fungal structures inside the
root or to a lower rate of transfer per unit area of
symbiotic interface (i.e. flux across the interface).
Since arbuscules are considered to be the major site
of nutrient transfer to the plant, a reduction in size or
number of these structures would result in a smaller
surface area available for P transfer. Previous studies
using S. calospora have given data on the percentage
(or fraction) of root length colonized, but have not
provided information on the occurrence, density or
activity of the wvarious mycorrhizal structures
(Abbott & Robson, 1985b; Thomson et al., 1991;
Jakobsen et al., 1992a).

Comparisons between plants grown in soils with
different levels of P can also indicate the degree of
efficiency of P transfer of the fungus. However,
interpretation is complicated by a reduction in
colonization and arbuscule production when soil P is
increased (Smith, 1982; Amijee et al., 1989) and
hence a reduction in the mycorrhizal growth re-
sponse of the plant (Hall ez al., 1977). Increased soil
P caused reduced growth of infection units of Glomus
intraradices grown in symbiosis with C. sativus, and
numbers of arbuscules and vesicles were also lower
(Bruce et al., 1994). Scutellospora calospora has been
reported to be more sensitive than Glomus fascicu-
latum to increasing supplies of soil P, in that
percentage colonization in the root was reduced to a
greater extent (Thomson et al., 1986). If this was
correlated with reduced arbuscular development,
reduced transfer to the plant might again be
expected. A method which takes account of these
complexities is needed to compare the effects of
different fungi.

Two mycorrhizal fungi, S. calospora and Glomus
sp. ‘City Beach’, were examined to determine
whether they produce different effects on growth at
early stages of plant colonization under soil con-
ditions in which the host plants are heavily colonized.

These are not the same for the two fungi. We
examined plant growth, percentage colonization by
various structures, length of external hyphae, and P
uptake by the plant (Allium porrum) in the presence
and absence of the mycorrhizal fungi in plants grown
at two low soil P levels. Data for these parameters are
reported here. Three formulae were used to examine
similarities and differences between the two fungi
with regard to mycorrhizal growth response and P
addition. Area of symbiotic interface, inflow of P
into the plant, and flux values were also determined,
and are the subject of a separate paper (Dickson et

al., 1999).

MATERIALS AND METHODS

Experimental design

Soil and inoculation. Preliminary experiments in-
dicated that the two fungi, Scutellospora calospora
(Nicolson & Gerdemann) Walker & Sanders (WUM
12(2)) and Glomus sp. ‘ City Beach’ (WUM 16), were
very sensitive to soil pH. We were unsuccessful in
producing a soil-based mix that gave a high amount
of colonization by both fungi. As this was essential
for our experiments, soils from two sites, Mallala
and Kuitpo, South Australia, were used to take
account of the pH preferences of the two fungi. In
this way, both fungi were under the conditions in
which they have been previously shown to colonize
Allium porrum L. Soil and sand were autoclaved at
121°C for 1 h on two occasions over a 3 d period.

Soil was mixed 1:9 with sand to produce soil:sand
mixes. Inoculum of Glomus sp. ‘City Beach’ (CB)
was mixed into Mallala soil : sand mix which had pH
7.4 (1:5 soil measured in 0.01 M CaCl,) and 0.83 mg
kg™ extractable P (Colwell, 1963). Scutellospora
calospora (Sc) was inoculated into Kuitpo soil:sand
mix pH 5.3, 2.29 mg kg™' P. Both fungi were
originally obtained from the Department of Soil
Science and Plant Nutrition, University of Western
Australia, and the isolate WUM 12(2) has been used
in previous work by others with 7. subterraneum and
C. sativus (Abbott & Robson, 1985b; Jakobsen et al.,
1992a,b; Pearson & Jakobsen, 1993a,b).

Black plastic tube pots (diameter 6 cm, height 26
cm) were used containing 1 kg soil:sand mix with or
without mycorrhizal inoculum. The inoculum was
dry pot-culture material of Trifolium subterraneum
L. cv. Mt Barker colonized by the appropriate
fungus. Of these cultures, 15 9%, by wt of colonized
root fragments and soil containing spores and
external hyphae was thoroughly mixed throughout
the soil
contained the same weight of material from an

sand mixture. Non-mycorrhizal pots

uninoculated pot culture of T. subterraneum. Two
levels of P were used: no additional P (P,) and 12.4
mg P kg™ (P,), added as NaH,PO, and mixed
through the soil before potting.
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Plant material. Seeds of Allium porrum L. cv.
Musselburgh were surface sterilized in sodium
hypochlorite (4.29% w/v) and planted into pots
prepared as described. Two to three seeds were
planted in each of five holes to produce a large
enough quantity of root material for early harvests.
Seedlings were not thinned out after germination, to
avoid disruption of the developing fungal hyphal
network. The surface of the soil was covered with
plastic beads to prevent the newly planted seeds
from being washed out of the soil upon watering and
to reduce evaporation.

The experiment was carried out in a growth room
with a 14 h photoperiod and temperatures of 23 and
18°C in the light/dark phases, respectively. Photon
flux density was 500 pmol m™2 s™!. Pots were watered
to 12.5% w/w with deionized water three times a
week and were randomly rearranged at each water-
ing. The pots were given 10 ml of nutrient solution
minus P based on the Long Ashton recipe (Smith &
Smith, 1981) 2 wk after planting and weekly
thereafter. There were 18 pots per treatment. Plants
were harvested at 14, 21, 28 and 42 d. At the first two
harvests six pots of each treatment were used: three
pots to measure plant growth and P concentration,
and three pots to measure external fungal hyphae,
root length, mycorrhizal colonization, and deter-
mination of interface area using image analysis. For
the remaining harvests, three pots of each treatment
were used to obtain all measurements.

Plant harvest and determination of P concentration,
total root length and mycorrhizal colonization

The plants were separated into roots and shoots and
fresh weights recorded. Root material was cut into
approx. 1 cm segments. Weighed root subsamples
were taken for determination of dry weight and P
concentration, and for measurement of percentage
colonization and areas of symbiotic interface. Shoot
material and root subsamples were oven-dried at
80°C and analysed for P concentration by the
phosphovanado-molybdate method (Hanson, 1950).

Root subsamples of known weight were stained
with Trypan blue using a modification of the method
of Phillips & Hayman (1970). Percentage coloniz-
ation was determined by the method of McGonigle
et al. (1990). Briefly, root segments were mounted
on slides, and the occurrence of internal hyphae,
arbuscules and vesicles determined at the inter-
sections between roots and an ocular cross-hair at
x 160 magnification. A minimum of 150 inter-
sections per sample was used. Total root length was
determined by the grid intersect method (Tennant,
1975).

Calculation of responses to mycorrhizal colonization
and P application

Although the soils were different for the two AM

165

fungi and their respective non-mycorrhizal controls,
the following equations were used to enable us to
examine similarities and differences between the
plants in response to mycorrhizal colonization and
the addition of P to the soil.

The percentage response of plants to mycorrhizal
colonization in terms of total plant dry weight
(mycorrhizal growth response, % MGR) in P, and
P, soils was calculated using the following equation:

DW (M) —mean DW (NM)

100
mean DW (NM) %

9 MGR =

Egn 1

The percentage response in growth of plants to P
addition (phosphate growth response 9%, PGR) for
both mycorrhizal and non-mycorrhizal plants was
calculated as:

DW (P,) —mean DW (P,)

9% PGR =
e mean DW (P,)

x 100 Eqn 2

The percentage response of plants to mycorrhizal

colonization in terms of P accumulation (9%, MPR)
was calculated as:

% MPR =

P content (IM) —mean P content (NM) «100 Eqn 3

mean P content (NM)

(DW, plant dry weight (mg); M, mycorrhizal plant;
NM, non-mycorrhizal plant grown at the same level
of soil P as the mycorrhizal plant; P, no additional
P to the soil; P;, 12.4 mg P kg™ added to soil;
P content, pg P per plant).

Measuring length of external hyphae in soil

The length of external hyphae was determined at
each harvest using a method modified from Abbott &
Robson (1985b). Pots were watered immediately
before harvest. Three cores of soil (13 mm diameter)
were taken from each pot and mixed thoroughly
together. A 3 g subsample was added to 225 ml
double-distilled water containing sodium hexameta-
phosphate (35.7 g 1!) and stirred vigorously on a
magnetic stirrer for 10 min. Stirring speed was
reduced and two separate aliquots of 5 ml were taken
and filtered through an 8.0 um Millipore® filter. Soil
and hyphae retained on the filter were stained with 1
ml of a freshly prepared solution of fluorescein
diacetate (FDA) (10 pg FDA ml™! in 60 mM sodium
phosphate buffer pH 7.4; Séderstrom, 1977). Sam-
ples were observed by fluorescence microscopy to
distinguish metabolically active fungal hyphae
against a dark soil background (Sukarno, 1994). The
length of active hyphae was calculated by the grid
intersect method (Tennant, 1975) with a grid
eyepiece micrometer at X 160 magnification on a
Zeiss Standard Lab 16 microscope. Zeiss excitation
filter BP 450-490 and barrier filter LP 520 were
used. This procedure was completed within 1 h to
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avoid the Millipore filter drying out and any possible
fading of fluorescence or loss of enzymatic activity.
There was no attempt to differentiate between
hyphae of mycorrhizal fungi and fungal saprophytes
during this process. Mycorrhizal colonization was
not seen in the roots of non-mycorrhizal plants,
although hyphae of soil fungi were present in the
pots. Values for non-mycorrhizal pots were not
subtracted from those for mycorrhizal pots due to
possible competition between saprophytic and my-
corrhizal fungi (Sukarno, 1994). Results are pre-
sented for mycorrhizal pots only, and are expressed
as m hyphae per m root.

Statistical analysis

Data were analysed using the programme GEN-
STAT 5 (Genstat 5 Committee, 1987). Multiple
linear comparisons between means were made using
Tukey’s honestly significant difference statistic (Zar,
1984). Where no interactions were present, one-way
ANOVAs were used to determine significance. In all
studies, P<0.05 was taken to be significant.

RESULTS

Plant growth

Total plant dry weight. Non-mycorrhizal (NM)
plants grown in the Mallala soil-based mix tended to
be larger than those grown in the Kuitpo soil-based
mix (Table 1), despite the lower level of available P
in the former. Differences were not always signif-
icant, but were large enough to preclude direct
comparison of CB and Sc plants. At the first three

harvests there were no significant differences be-
tween dry weights of mycorrhizal plants (CB or Sc)
and their respective NM controls in P, soil. How-
ever, there was a tendency for plants colonized by
CB to have greater dry weight than their NM
controls, while plants colonized by Sc tended to have
a lower dry weight.

Adding P to the soils (P,) increased the total dry
weight of NM plants by 21 d (controls for CB) or 28
d (controls for Sc). Mycorrhizal plants (both CB and
Sc) also responded to additional P, although signif-
icant differences in weight between plants in P, and
P, soil were not seen until 42 d. Plants colonized by
CB were larger than their NM controls at 42 d, but
plants colonized by Sc did not show a significant
positive response.

Mycorrhizal growth response. Although absolute
values for weights in the two soils cannot be directly
compared, the calculation of the percentage mycor-
rhizal growth response, % MGR (Eqn 1) gives a
basis for comparison of the relative effects of
mycorrhizal colonization on plant growth. This is
shown in Table 1. In P, soil, a small positive
response was observed at the early harvests for plants
colonized by CB, while no effect or a slight
depression in growth occurred with Sc. At 28 d the
% MGR to Sc was significantly lower than that to
CB. However, significant positive growth responses
to colonization were apparent at 42 d in both sets of
mycorrhizal plants. Values for % MGR in P, soil
were generally lower than in P soil (Table 1) and no
increased growth due to either fungus was observed
at the early harvests. Plants colonized by CB showed

Table 1. Total dry weight, roots plus shoots of non-mycorrhizal (NM) controls of Allium porrum and plants
colonized by (a) Glomus sp. ‘City Beach’ (CB) or (b) Scutellospora calospora (Sc¢) and their corresponding
percentage mycorrhizal growth response (% MGR) in 2 soil treatments (P, and P))

Soil treatment

P() Pl

Dry weight (mg)
Days NM Colonized % MGR NM Colonized % MGR
(a) Glomus sp. ‘City Beach’
14 3.6+0.1 4.0+0.4 12.4410.3 3.84+0.5 3.740.1 —2.8+1.9
21 7.94+0.8" 9.240.9 16.0+10.8 11.0+0.6" 10.5+1.9 —53+174
28 16.9+1.3" 18.34+0.8 7.9+4.6¢ 24.742.6" 22.4+4.0 —9.6+16.3
42 22.8+4.0*" 48.4+2.5*" 112.2+10.9° 68.5+9.5*" 97.7+4.2%" 42.6+6.1"
(b) Scutellospora calospora
14 3.14+0.2 2.840.3 —7.6+10.5 3.5+0.1 3.3+0.4 —3.9+12.7
21 7.94+0.9 7.6+0.6 —4.3+7.3 9.1+0.3 8.5+0.9 —6.2+10.2
28 13.1+0.7 10.2+1.2° —22.249.3¢ 19.24+2.7 20.6+2.3" 7.4+11.9
42 18.7+2.7%P 44.6+6.0*" 138.1+32.2° 56.4+7.4" 64.9+4.1° 15.1+£7.2"¢

CB and corresponding NM controls were grown in Mallala soil-based mix. Sc and corresponding NM controls were

grown in Kuitpo soil-based mix. P,

no added phosphate; P, added phosphate (12.4 mg P kg™'). Values are the

means + SE, n = 3. Significant difference by Tukey’s test (P <0.05) between ®NM and mycorrhizal plants at the same
soil P level, "P, and P, levels of soil P, and “plants colonized by CB and Sc at the same soil P level at the same harvest
% MGRs only). Two-way ANOVAs were carried out for significant interactions. Where there was no interaction, one-

way ANOVAs were used to determine significance.
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Table 2. Root length per plant of NM controls of Allium porrum and
plants colonized by (a) Glomus sp. ‘City Beach’ or (b) Scutellospora
calospora in 2 soil treatments (P, and P,)

Soil treatment

P, P,

Root length per plant (cm)

Days NM NM Colonized
(a) Glomus sp. ‘City Beach’
14 7.0+0.5 7.4+0.3 7.3+0.2 8.6+1.9
21 16.4+1.5 17.6 +4.2 20.0+2.9* 10.2+1.4°
28 33.9+3.1° 38.7+2.1 56.2+7.0° 43.0+5.9
42 50.1+7.3% 101.3+9.3»" 136.4+24.4" 144.7+8.6"
(b) Scutellospora calospora
14 83+1.2 8.2+2.4 7.8+2.1 8.7+1.3
21 14.4+0.7° 19.7+4.0 22.0+1.2%0 16.6 £0.4*
28 31.6+3.4*" 15.14+3.5%P 65.84+6.0*" 35.7+4.7%"
42 56.1+12.0" 69.4+15.4 176.8 +14.6*" 83.9+7.4*

Soil conditions and statistical analysis as for Table 1.

Table 3. Percentage of root length colonized by total mycorrhizal
colonization or by arbuscules only using Trypan blue staining in Allium
porrum with plants colonized by (a) Glomus sp. ‘City Beach’ or (b)
Scutellospora calospora in 2 soil treatments (F, and P,)

Soil treatment

P, P,
Days Total Arbuscules Total Arbuscules
(a) Glomus sp. ‘City Beach’
14 6.3+5.6 2.0+1.7 13.0+4.2" 2.6+1.5°
21 62.34+9.5 51.3+7.0* 32.6+9.6 18.4+10.6*
28 72.4+6.1 58.0+5.2 70.0+6.3 53.3+9.5
42 81.0+6.2 68.4+8.1 71.3+3.2" 48.7+4.6°
(b) Scutellospora calospora
14 49.1+7.5° 1.2+1.4° 51.6+2.0" 0.8+0.3"
21 81.5+6.0" 48.34+2.5" 72.0+2.8" 49.34+7.1°
28 82.3+5.5" 51.7+5.6" 85.0+5.7" 59.8+5.6"
42 89.6+1.3" 57.2+8.5*" 70.6+14.9° 27.7+8.0*"

Soil conditions as for Table 1. Values are the means+SE, n =

3. Significant

difference by Tukey’s test (P <0.05) between *P and P, levels of soil P and "total
and arbuscular colonization within the root at the same harvest. T'wo-way
ANOVAs were carried out for significant interactions. Where there was no
interaction one-way ANOVAs were used to determine significance.

a positive MGR at 42 d whereas for plants colonized
by Sc the MGRs were not significantly different
from zero.

Root length and root:shoot ratios. Mycorrhizal in-
oculation produced similar trends in root length per
plant to those of total plant dry weight (Table 2).
Root length of plants increased over time in all
treatments. In P, soil, plants colonized by CB had
significantly longer root length than NM controls by
42 d (Table 2a). Root length of NM and mycorrhizal
plants (CB) grown in Mallala P, soil did not differ
significantly except at the 21 d harvest.

Plants in P soil colonized by Sc had greater root
length than their NM controls except at 28 d when

NM roots were much longer (Table 2b). In P, soil,
plants colonized by Sc had shorter roots than their
NM controls at 21 d and later.

There was also a trend for mycorrhizal plants (CB
and Sc) to have lower root:shoot ratios (R:S) than
their NM controls in P soil (results not shown). R: S
ratios for mycorrhizal plants were lower than for
NM controls after the first harvest. Ratios were
further reduced when P was added to the soil (results
not shown).

Mycorrhizal colonization

Total fungal colonization. Results of total fungal
colonization (colonization by all fungal structures:
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Table 4. Shoot phosphate concentration of NM controls of Allium porrum
and plants colonized by (a) Glomus sp. ‘City Beach’ or (b) Scutellospora
calospora in 2 soil treatments (F, and P,)

Soil treatment

P, P,

Shoot P concentration (ug mg™?)
Days NM Colonized NM Colonized
(a) Glomus sp. ‘City Beach’
14 52+0.3 5.0+0.4 5.6+0.6 5.6+0.2
21 2.54+0.2" 2.740.3° 3.3+0.2° 3.6+0.2°
28 1.3+0.1>° 2.1+£0.1%° 2.6+0.1*" 4.140.3*"
42 1.0+0.1>° 1.3+0.1>" 2.240.1%P 2.9+0.1*"
(b) Scutellospora calospora
14 6.2+0.5 6.0+0.3 6.3+0.2 6.0+0.3
21 2.940.4 2.7+0.0° 3.3+0.0 3.94+0.4"
28 1.6+0.1>° 2.5+0.1%P 2.5+0.0%" 3.6+0.1*"
42 1.0+0.0*" 1.6+0.1>" 1.8+0.1*" 3.2+0.2%

Soil conditions as for Table 1. Values are the means+ SE, n = 3. Significant
difference by Tukey’s test (P <0.05) between *NM and mycorrhizal plants at the
same level of soil P, "P; and P, levels of soil P at the same harvest. T'wo-way
ANOVAs were carried out for significant interactions. Where there was no
interaction, one-way ANOVAs were used to determine significance.

Table 5. Changes in plants in response to added phosphate (%, PGR) of
non-mycorrhizal (NM) controls of Allium porrum and plants colonized
by Glomus sp. ‘City Beach’ (CB) or Scutellospora calospora (Sc)

Mallala soil Kuitpo soil

Days NM CB NM Sc

14 5.7+15.0 —8.6+1.8 13.0+3.3 17.5+15.6
21 39.6+7.8" 14.0+21.0 15.44+3.2" 13.1+12.2
28 46.12+15.3 22.5+22.1¢ 46.0+20.4 101.4+22.4¢
42 200.3 +41.6* 101.8 +8.6*¢ 201.1+39.28 45.6+9.1~¢

Soil conditions as for Table 1. Values are the means+ SE, n = 3. Significant
difference by Tukey’s test (P<0.05) between *NM and mycorrhizal plants,
"NM control plants for CB and Sc, and “plants colonized by CB and SC at the
same harvest. T'wo-way ANOVAs were carried out for significant interactions.
Where there was no interaction one-way ANOVAs were used to determine

significance.

hyphae, arbuscules and vesicles) are shown in Table
3. Colonization of plant roots by CB was very low
(6%) at 14 d, but had significantly increased by 21 d,
and remained high throughout the experiment. In P,
soil, total percentage colonization by CB at 14 d was
similar to that in P, soil, but subsequent colonization
was slower to develop.

Plants were highly colonized by Sc at 14 d, and at
this time intercellular hyphae predominated within
the root (Table 3b). Levels of colonization by Sc
significantly increased after 14 d and remained high
in the later harvests. Spread of Sc within the root
was as extensive in P; as in P, soil, and at 21 d Sc
appeared less sensitive than CB to P addition.

Formation of arbuscules. In P soil the percentage of
root containing arbuscules of CB followed the same
trends as total colonization (Table 3a). The per-

centage of arbuscular root length was not signif-
icantly different from that of total percentage
colonization. Addition of P to the soil significantly
reduced the percentage of arbuscules at 21 d.

The percentage of arbuscular root length formed
by Sc was significantly lower than total colonization
at all harvests in both P, and P, soil (Table 3b).
Arbuscules of Sc appeared less affected by P addition
than those of CB at the beginning of the experiment,
but the percentage was greatly reduced at 42 d.

Uptake of P

Concentration of P in plants. At 14 d in P soil, there
was a high concentration of P in shoots of all NM
plants and mycorrhizal plants colonized by CB
(Table 4a). Shoot P concentration decreased
throughout the experiment in both treatments, but



Characterization of two arbuscular mycorrhizal fungi 1

169

Table 6. Phosphate response to mycorrhizal colonization in terms of total
phosphate content (% MPR) with Allium porrum plants colonized by
Glomus sp. ‘City Beach’ (CB) or Scutellospora calospora (Sc) in 2 soil

treatments (P, and P,)

CB Sc

Soil treatment
Days P, P, P, P,
14 7.84+6.6" 0.9+3.0 —8.04+2.1° —8.3+9.8
21 37.8+7.9" 2.9+14.2 3.0+13.1° 36.7+7.2
28 96.8+14.2 50.7+33.5 52.8+15.4 82.2+21.4
42 247.8+31.7* 88.6+11.0*" 323.3+56.8* 134.94+3.7%"

Soil conditions as for Table 1. Values are the means+ SE, n = 3. Significant
difference by Tukey’s test (P<0.05) between *P, and P, levels of soil P and
"plants colonized by CB and Sc at the same level of soil P at the same harvest.
Two-way ANOVAs were carried out for significant interactions. Where there
was no interaction, one-way ANOVAS were used to determine significance.

by 28 d mycorrhizal plants had significantly higher
shoot P concentrations than equivalent NM controls.
Phosphate concentrations in roots (results not
shown) showed similar trends to those in shoots. In
P, soil the results were similar for both NM and CB
plants at 14 d. By 21 d, all plants had significantly
higher concentration of P in shoots than the P,
plants. The decline of P concentration in shoots over
time was slower in P, than in P, plants. Phosphate
concentrations of roots (results not shown) showed
Shoot P con-
centration in NM plants and mycorrhizal plants

colonized by Sc followed the same trends ('T'able 4b).

similar trends to those of shoots.

Responses to added P. Percentage responses to added
P based on 9%, PGR were calculated from Eqn 2, and
give a basis for comparison between the two soils
used (Table 5). Non-mycorrhizal controls for CB
and Sc responded similarly to P except at 21 d, when
the controls for Sc showed a smaller response. Plants
colonized by CB showed smaller responses to added
P than their NM controls. Plants colonized by Sc
showed varying response values compared with NIM
controls, greater at 28 d but showing a smaller
response at 42 d.

Mycorrhizal P response. The percentage mycorrhizal
responses in terms of %, MPR, calculated using Eqn
3, are shown in Table 6. Both sets of plants showed
progressive increases in 9% MPR in both P, and P,
soils. In P, soil, responses produced by Sc were
significantly lower at the first two harvests than those
produced by CB, but were similar at the third and
fourth harvests. In other words, the 9% MPR
response appeared to be delayed in plants colonized
by Sc. Responses to CB in P, soil were smaller than
those in P, soil and significant at 42 d. The 9% MPR
responses to Sc were greater in P, soil than those in
P, soil at the first three harvests, but significantly
lower by 42 d. In P, soil, responses to Sc were
significantly greater than those to CB at 21 and 42 d.

Table 7. Length of metabolically active external
hyphae from pots colonized by (a) Glomus sp. ‘City
Beach’ or (b) Scutellospora calospora in 2 soil
treatments (F, and P))

Soil treatment
P, P,
Length of hyphae (m m™ total

Days root length)

(a) Glomus sp. ‘City Beach’

14 1375+ 345 11354260
21 645+110 1210+ 555
28 195+105 154420
42 105420 50425
(b) Scutellospora calospora

14 7554435 425+170
21 290+105 400+ 100
28 470+ 115 160+20*
42 100+45 60+5

Soil conditions as for Table 1. Values are the means + SE,
n = 3. Significant difference by Tukey’s test (P<0.05)
between *P, and P, levels of soil P at the same harvest.
Two-way ANOVAs were carried out for significant
interactions. Where there was no interaction, one-way
ANOVAs were used to determine significance.

Length of external hyphae

The length of metabolically active external hyphae
produced by CB (measured as m g™! f. wt soil) did not
change significantly over the period of the ex-
periment, and values ranged from 0.97+0.39 to
1.54+0.38. The length of metabolically active
external hyphae, calculated as m m™ total root
length, decreased throughout the experiment for CB
and both soil P levels as length of roots increased
(Table 7a). Significant differences in hyphal length
between P levels were seen only at 42 d.
Scutellospora calospora also did not show any
significant change in the length of metabolically
active external hyphae over the experiment, with
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hyphae ranging from 0.414+0.19t0 0.75+0.13 m g™*
f. wt soil. The length of metabolically active external
hyphae (m m™ root) decreased over time and with P
addition (Table 7b). Differences between P levels
were observed in hyphal lengths only at 28 d.

DISCUSSION

Comparisons of the effectiveness of different AM
fungi in terms of colonization, growth response and
mineral nutrition inevitably involve compromise.
Because different fungi show preferences for soils
with different properties (e.g. pH and texture), some
may be ineffective in colonizing their hosts when a
single soil type is used (Abbott & Robson, 1985a;
Abbott et al., 1987). This may result in misleading
conclusions about the potential effectiveness of an
AM fungus if it were to be grown under more
suitable soil conditions. An alternative strategy,
adopted here, is to use a growth medium based on
apparently optimal soil types, amended as appro-
priate, in this case with sand and a common nutrient
supply. As can be seen from the slight differences in
weights of NM plants in the two soil mixes, we did
not completely succeed in obtaining properly
‘matched’ soil mixes and hence could not properly
compare plants colonized by CB with those colonized
by Sc. Nevertheless, responses of NM plants in the
two soils to added P (9% PGR) were similar (Table
5), suggesting that plants colonized by CB and Sc
should also have had similar access to additional P,
other factors being equal. The results as a whole, and
the use of Eqns 1-3, give a good basis for characteriz-
ation of the two AM fungi under conditions in which
they were both able to establish effective symbiosis
with 4. porrum. Both of the AM fungi grown in their
respective soils were, after a delay and depending on
the level of soil P, able to increase growth of A.
porrum and increase plant P uptake compared to
their NM controls (Tables 1, 4, 6). These effects
were associated with extensive colonization that
included formation of intra-radical hyphae and
arbuscules and external hyphae (Tables 3, 7). There
were some quantitative differences in the devel-
opment of the two fungi, as discussed below. In their
respective P, soils, neither CB nor Sc produced a
growth response until the 42-d harvest, although the
mycorrhizal symbiosis, including growth of hyphae
and formation of arbuscules, was established much
earlier and had resulted in an increased P content by
21 d (compare Tables 1 and 6). Increases in shoot P
concentration also occurred earlier, by 28 d. The use
of the different soil mixes precludes direct com-
parison between the fungi, but these results indicate
that regardless of a growth response, both fungal
symbionts were still effective in terms of P transfer to
A. porrum when grown in their respective P, soils.
Addition of P to the soils produced different effects
on the responses of the two fungi. In P, soil, CB

showed increased concentration of P in the plant at
28 d and a growth response at 42 d. Scutellospora
calospora produced a significant increase in P
concentration from 21 d onwards (Table 4). How-
ever, this was not translated into an increased growth
response, at least during the period of the ex-
periment.

Despite this lack of a growth response, the plants
grown with Sc developed extensive mycorrhizal
colonization, including functional arbuscules. Thus
it seems that absence of an eventual positive growth
response by A. porrum was not due to lack or
limitation of P transfer from Sc to the host. This is
shown most clearly by the P responses to colonization

% MPR) which by 42 d were as large for Sc as for
CB in their respective P, soils, and in the P, soils
were larger for Sc (Table 6). Absence of a positive
growth response at early harvests (and a tendency
towards growth depression) after fungal growth had
become well established may have been due to an
increased C drain induced by the mycorrhizal fungi.
Growth depressions caused by mycorrhizal fungi
have been shown to occur in small-seeded plants at
early growth stages due to limited C reserves
(Jakobsen, 1995).

Most of the previous work with S. calospora has
used T. subterraneum and C. sativus as host plants.
However, there were early studies with Allium cepa
in which S. calospora caused large growth increases
after initial lags or depression (Furlan & Fortin,
1973, 1977). Thus the tendency to produce a growth
depression in the host may relate to the species of
host plant used and the P supply relative to C cost.
Confirmation will require direct comparison of
different plant species in the same experiment.

The characteristics of arbuscular mycorrhizal
colonization are dependent upon the species of fungi
as well as the host plant. Different patterns of hyphal
development within and outside the root have been
proposed (Abbott et al., 1992), and differences in
colonization within the root by the two species
investigated have been shown (Brundrett et al.,
1994, 1996). In this experiment patterns of coloniz-
ation by the two fungi differed in detail, with more
rapid formation of intraradical fungal hyphae, but
not arbuscules, by Sc (see Table 3).

Addition of P has been shown to reduce the
average rate of growth of infection units, reduce
arbuscule numbers within roots of C. sativus (Bruce
et al., 1994), and cause arbuscules to be smaller and
fewer in A. cepa (Mosse, 1973b). These findings are
important, as the arbuscule is considered the major
site of nutrient transfer to the plant. Limitations in
size, number or function of arbuscules will influence
the rate of nutrient transfer into the plant. Reports of
failure by S. calospora to translocate P and Zn to host
plants (Jakobsen et al., 1992b; Burkert & Robson,
1994) might demonstrate a relation to arbuscule
formation or function, and deserve further study.
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Both fungi used in this experiment have previously
been shown to produce large quantities of external
hyphae which increased as the plants aged (Abbott &
Robson, 1985b; Sukarno, 1994). Previous estimates
using Trypan blue stain range from 80 to 1422 m m™*
root length for harvests up to 54 d (Sanders &
Tinker, 1973 ; Abbott & Robson, 1985b; Jakobsen et
al., 1992a). Using a vital stain (FDA) we have shown
that lengths of metabolically active external hyphae
are similar to the highest estimates at the first harvest
and, importantly, that values decline with plant age.
We found few significant differences between the
length of external hyphae in P, or P, soils.

In summary, the results presented here dem-
onstrate that both Sc and CB, when grown in their
respective soils, form functional mycorrhizas with
A. porrum, resulting in transport of P to the host.
However, growth responses were different in detail.
These responses may be influenced by soil type, P
availability or fungal colonization. In P, (Kuitpo)
soil there was a delayed but eventually large growth
response to Sc. In P, (Kuitpo) soil there was no
growth response to Sc. Some previous studies may
not have been carried out over sufficient time to
positive growth responses. Thus,
whether or not Sc promotes increased growth may
depend on duration, growth conditions, host species,
and possibly which isolate of Sc is used. However,
isolate WUM 12(2) is known to be relatively effective
in other hosts (see Introduction).

The data collected allow calculations of P inflow
into the plant, area of arbuscular and hyphal
interfaces, and P fluxes across these interfaces. Hence
the efficiency of the two fungi in terms of P transfer
can be studied in more detail, and this work is
reported in a separate paper (Dickson et al., 1999).

demonstrate
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