
AN ABSTRACT OF THE THESIS OF

Brenda Joan Biermann for the degree of Doctor of Philosophy

in Botany and Plant Pathology presented on February 23, 1982

Title: INOCULATION OF CONTAINER-GROWN PLANTS WITH VESICULAR-

ARBUSCULAR MYCORRHIZAE

Redacted for Privacy
Dr. ZSbeft1T'Linderman

Abstract approved:

Studies were conducted on inoculation of container-grown plants

with vesicular-arbuscular (VA) mycorrhizae.

Intraradical vesicles formed in colonized roots were found to

serve as propagules and significantly contribute to the infectivity

of these roots. A procedure was developed for separating

intraradical vesicles from roots; isolated intraradical vesicles were

able to colonize new host roots. Extraradical vesicles of Gigaspora

margarita were not infective propagules. Treatment of mycorrhizal

roots with sodium hypochlorite as a surface-sterilant reduced their

infectivity.

Pre-transplant inoculation of geranium with Glomus fasciculatum

resulted in spread of the endophyte within the root system and

greater and more uniform growth at flowering. Mycorrhizae were

sufficiently established on most seedlings at a minimum of 2 weeks

after emergence to persist after transplanting. Pre-transplant

inoculation increased geranium growth over that of controls



transplanted into heavily inoculated soil, even when growth did not

differ at the time of transplanting.

Soilless plant growth media such as peat, bark, perlite and

vermiculite inhibited formation of VA mycorrhizae and host growth

response compared to media containing soil. Peats from different

sources varied in effects on mycorrhizal growth response of

geranium. Utilization of rock phoshate or bonemeal instead of sodium

phosphate as a fertilizer P source did not improve establishment of

mycorrhizae and host growth response in various media. Addition of

5-10% Turface, bentonite, silt loam soil or clay subsoil to peat or

vermiculite resulted in increased colonization of host roots and

significant mycorrhizal growth response, but amendment with liquid

sludge inhibited mycorrhiza formation. Differential VA mycorrhiza

formation and host growth enhancement in different growth media were

attributed to differences in equilibrium solution P concentration

after media had been saturated with fertilizer.

Growth response of geranium to inoculation with G. fasciculatum

increased with increasing pre-inoculation soil heat treatment

temperatures from 45°C to 120°C. Colonization of roots of geraniums

inoculated with G. fasciculatum was not affected by soil treatment

temperature, but treatment for 30 min at 55°C or higher eliminated

colonization by indigenous mycorrhizal fungi. The shoot P

concentration of inoculated plants relative to controls increased

with increasing temperature of soil treatment.
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INOCULATION OF CONTAINER-GROWN PLANTS
WITH VESICULAR-ARBUSCULAR MYCORRHIZE

INTRODUCTION

Many economically important crops are grown in containers,

including nursery crops, bedding plants, floricultural crops and

vegetable transplants. The high per acre value of container-grown

plants compared to field-grown crops (Baker and Linderman, 1979) may

make mycorrhizal inoculation more cost-beneficial for these crops

than for others. Inoculation of container-grown plants with

vesicular-arbuscular (VA) mycorrhizal fungi has frequently resulted

in increased plant growth (Barrows and Roncadori, 1977; Crews et al.,

1978; Johnson et al., 1980; Maronek et al., 1980). VA mycorrhizae

occur on most species of vascular plants (except members of the

families Pinaceae, Betulaceae, Fagaceae, etc.) and may improve host

growth through 1) increased uptake of P, Zn, and other minerals; 2)

reduced incidence of soilborne plant diseases; and 3) increased

tolerance to drought stress (Mosse, 1973; Gerdemann, 1975; Maronek et

al., 1980). A potential use for VA mycorrhizae unique to container-

grown plants is the improvement of transplant survival and regrowth,

as has been reported by Barrows and Roncadori (1977) for poinsettia,

and by Cooper (1981) for tomatillo.

Commercial use of VA mycorrhizae on container-grown plants has

some potential barriers. Use of soilless growth media, partial

sterilization of growth media to reduce incidence of pathogens,

frequent application of high levels of soluble fertilizers, and

transplanting are common features of container plant production
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systems which are infrequent or absent from field cropping

situations.

The use of partially sterilized soil or soilless media in

containers substantially reduces or eliminates propagules of VA

mycorrhizal fungi. These propagules occur almost exclusively in soil

(Gerdemann and Trappe, 1974) and are eliminated by chemical

fumigation (Kleinschmidt and Gerdemann, 1972; Menge et al, 1978) and

heat treatment (Menge et al., 1976; Parke, 1982) of soils. Heat

treatment of soil profoundly changes biological and chemical

characteristics (Baker and Roistacher, 1957; Baker, 1970), but the

effect of soil heat treatment on establishment and performance of

subsequently added mycorrhizal inoculum has not been investigated.

Inhibitory effects of some soilless media on VA mycorrhizae have

been reported (Peuss, 1958), and high rates of soluble P

fertilization are known to suppress mycorrhizal establishment and

host growth response (Daft and Nicholson, 1969; Mosse, 1973;

Gerdemann, 1975; Menge et al., 1978b).

Roots of plants colonized by VA mycorrhizal fungi are considered

to be a useful source of inoculum, but for unknown reasons they are

not always infective (Tommerup and Abbott, 1981).

The objective of the studies reported in this thesis was to

determine how use of roots as inoculum, pre-transplant inoculation,

soilless media, soluble P fertilizer and heat treatment of soils

influence establishment and performance of VA mycorrhizae in

container plant production.
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CHAPTER 1

USE OF VESICULAR-ARBUSCULAR MYCORRHIZAL ROOTS, INTRARADICAL
VESICLES AND EXTRARADICAL VESICLES AS INOCULUM

BRENDA BIERMANN

Department of Botany and Plant Pathology
Oregon State University, Corvallis, Oregon 97331

and

R. G. LINDERMAN

U.S. Dept. of Agriculture, Agricultural Research Service,
Ornamental Plants Research Laboratory, Corvallis, Oregon 97330

ABSTRACT

The presence of intraradical vesicles increases the inoculum

potential of excised mycorrhizae. Individual intraradical vesicles

can act as propagules. Root pieces colonized by vesicular-arbuscular

(VA) mycorrhizal fungi which generally do not form intraradical

vesicles (i.e., Gigaspora margarita and Gigaspora gigantea) were not

infective. Extraradical vesicles of Gigaspora margarita were not

infective propagules. High infectivity was obtained with root pieces

colonized by VA mycorrhizal fungus species that form intraradical

vesicles (i.e., Glomus fasciculatum, Glomus mosseae, and Acaulospora

spinosa). ,A procedure was developed for separating intraradical

vesicles from roots; vesicles separated from the colonized roots

remained highly infective. Mycorrhizal fungi in root pieces treated

for short times in sodium hypochiorite were apparently killed.
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INTRODUCTION

Regrowth of hyphae from root pieces colonized by VA mycorrhizal

fungi has been observed by several researchers (Magrou, 1946; Stahl,

1949; Tolle, 1958) and is stimulated by root exudates (Tolle,

1958). Peuss (1958) and Winter and Meloh (1958) first successfully

used colonized roots as inoculum. Recent research indicates that VA

mycorrhizae may be the most important source of new infections in

many ecosystems (Abbott and Robson, 1981; Hayman and Stovold, 1979;

Kianmehr, 1981; Read et al., 1976). Plants are colonized more

rapidly when inoculated with excised VA mycorrhizae than when

inoculated with spores (Abbott and Robson, 1981; Hall, 1976; Powell,

1976). One potential disadvantage of using mycorrhizae instead of

spores as inoculum is the increased chance of introducing pathogens

(Ames and Linderman, 1978), but this need not be a problem if proper

pot culturing techniques are used.

Not all root pieces colonized by VA mycorrhizal fungi are

equally infective. We observed that subterranean clover root

segments colonized by Gigaspora margarita failed to colonize geranium

plants under conditions in which root inoculum of Glomus mosseae,

Glomus deserticola, Glomus fasciculatum and Acaulospora spinosa

resulted in colonization. We hypothesized that this difference was

due to the absence of vesicles in roots colonized by species of

Gigaspora (Gerdemann and Trappe, 1974). Vesicles were present in

those roots colonized by the other four species. Intraradical

vesicles are considered to function mainly as storage organs

(Gerdemann, 1968; Mosse, 1973). Their ability to act as propagules



5

has not been proved. However, Gerdemann and Trappe (1974) noted for

Glomus radiatus that intraradical vesicles were identical to

chlamydospores. They also noted for G. fasciculatum that "vesicles

in senescent roots often become thick-walled and converted to

chlamydospores".

The purpose of this research was to test the hypothesis that the

presence of intraradical vesicles increases the inoculum potential of

excised mycorrhizal roots, and to determine whether individual

vesicles (intraradical or extraradical) could act as propagules.

Another objective was to evaluate the viability of root inoculum

treated with sodium hypochlorite to remove potentially pathogenic

surface microorganisms.

MATERIALS AND METHODS

Inoculum preparation: Experiment 1: Geranium (Pelargonium x

hortorum L. H. V. Bailey 'Sprinter Scarlet') and subterranean clover

(Trifolium subterraneum L. 'Mt. Barker') were inoculated with spores,

mycorrhizal root pieces or extraradical vesicles of various species

of VA mycorrhizal fungi. Fresh spores and root pieces were obtained

from 3-4-month-old subterranean clover pot cultures. Approximately

50 spores of Gigaspora margarita were used per plant as inoculum, 30

of Gigaspora gigantea, and 100 of Glomus fasciculatum. Mycorrhizae

were washed free of spores, cut into 0.1-0.5 cm pieces, and applied

at the rate of 0.25 g per plant mixed into the soil. Root pieces

used were from pot cultures of Gigaspora gigantea, Gigaspora

margarita, Glomus fasciculatum, Glomus mosseae or Acaulospora spinosa

which had colonized approximately 25, 40, 70, 65 and 40% of the root
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length, respectively (Appendix). Extraradical vesicles and attached

hyphae of Gigaspora margarita were sieved from a pot culture on

subterranean clover, and approximately 100 vesicle clusters were

isolated and used to inoculate each plant. Control plants were

inoculated with the combined leachates of the various inocula passed

through a 37 um sieve.

Experiment 2: Subterranean clover plants were inoculated with

intraradical vesicles isolated from mycorrhizal roots, or with hyphae

and host cell debris from the same roots. Roots were from freshly

harvested 3-month-old subterranean clover pot cultures of Glomus

fasciculatum or Glomus mosseae, or from a 3-month-old strawberry pot

culture of Glomus fasciculatum which had been stored for 2 years at

4°C. Roots were washed free of spores and Gently macerated with a

small amount of water in a ground-glass maceration tube. The

macerate was then washed through a series of sieves. Most of the

isolated intraradical vesicles were decanted from the 63-90um

sieve. Approximately 50 intraradical vesicles, freed of host

material and hyphae (Figure la), were used to inoculate each plant.

Intraradical vesicles of G. fasciculatum ranged from thin- to thick-

walled; most had occluded hyphal attachments but some had an open

hyphal attachment through which cytoplasm extruded. Intraradical

vesicles of G. mosseae were thin-walled with open hyphal attachments

or septa. A control inoculum consisted of the hyphae and host cell

debris which remained after the vesicles had been removed from the

sieve layer; this was applied at about 1000 63-90 um fragments per

plant. Numerous hyphae were present in the roots from which
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intraradical vesicles were extracted (Figure lb); hyphae were also

abundant in the sieve layer from which the vesicles were extracted.

Experiment 3: Geranium plants were inoculated with root pieces

which had been treated with a surface-sterilant. Roots were from a

6-month-old subterranean clover pot culture of Glomus fasciculatum or

from non-mycorrhizal subterranean clover grown under the same

conditions. The roots were left untreated or were agitated for 30 or

90 sec in 0.5% sodium hypochlorite. Roots were then rinsed several

times in sterile, distilled water, cut into 0.1-0.5 cm pieces, and

applied at the rate of 0.20 g per plant mixed into the potting

medium. Ten 1.0-1.5 cm root pieces from each treatment were plated

on each of 3 plates of potato dextrose agar. The number of pieces

from which bacteria or fungi were isolated was recorded after 2 days.

Plant Culture: In all experiments, seeds were germinated on water

agar and planted in 50 ml plastic leach tubes containing the various

inocula. Inocula in Experiments 1 and 3 were mixed into the plant

growth medium, but in Experiment 2, the inocula were pipetted onto

the medium in a layer and covered with 3 cm of medium. Plants were

grown in river sand in Experiment 1, and in silt loam soil in

Experiments 2 and 3. Plant growth media were aerated steam-

pasteurized at 60°C for 30 min. In all experiments, plants were

fertilized weekly with Long Ashton nutrient solution (Hewitt, 1966)

with NaH
2
PO

4
reduced from 43 to 11 ppm P. Supplemental greenhouse

lighting of 150 uE/m2/sec was provided 16 hours daily with high

pressure sodium vapor lamps. The night temperature was maintained at

16°C, day temperature at 21°C.
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Data Collection: There were 10 single-plant replications of each

treatment in Experiments 1 and 3, and 3-6 in Experiment 2 (Table

2). Data were collected 6 weeks after planting experiments. Roots

were washed, cleared and stained (Phillips and Hayman, 1970), and

colonization by VA mycorrhizae measured as percentage of root length

that was colonized (Appendix). Shoot weight was measured in

Experiments 1 and 3 after drying at 60°C for 72 hrs.

RESULTS

Subterranean clover and geranium were colonized (Table 1) by

spores, but not by mycorrhizal root pieces, from pot cultures of

Gigaspora margarita and Gigaspora gigantea. Extraradical vesicles of

Gigaspora margarita did not colonize subterranean clover. On the

other hand, Glomus fasciculatum, Glomus mosseae, and Acaulospora

spinosa all colonized host plants when mycorrhizae pieces were used

as inoculum. Inoculation of geranium with Glomus fasciculatum spores

or mycorrhizae pieces resulted in the same levels of colonization.

However, subterranean clover was colonized more extensively by root

pieces than spores. Host growth response was generally related to

amount of root colonization, and no significant difference in host

shoot dry weight, compared to controls, was caused by any inoculum

which failed to colonize roots. In a few cases, the inoculum

colonized roots but did not promote host growth. This occurred on

geranium with spores of both Gigaspora species, on subterranean

clover with Gigaspora gigantea, and on geranium with Glomus

fasciculatum spores.
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Subterranean clover roots were colonized by Glomus mosseae

intraradical vesicles isolated from subterranean clover roots, and by

Glomus fasciculatum intraradical vesicles isolated from fresh

subterranean clover roots or cold-stored strawberry roots (Table

2). Non-inoculated plants or plants receiving hyphae and cell debris

from the same roots from which intraradical vesicles were extracted

were not colonized.

Treatment of Glomus fasciculatum mycorrhizae with 0.5% sodium

hypochlorite for 30 sec reduced the extent to which the inoculum

colonized geraniums, and treatment for 90 sec completely prevented

colonization (Table 3). With either inoculum treatment time, no host

growth response to inoculation occurred, but the untreated inoculum

resulted in significant growth enhancement. Bacteria were isolated

from fewer segments when they were treated in sodium hypochlorite,

but isolation of fungi was unaffected (Table 4).
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Figure 1.1 Intraradical vesicle isolated from strawberry roots
colonized by Glomus fasciculatum and stored 2 years at
4°C. The papi-TTTITike structure is an artifact due to
slide preparation.
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Figure 1.2 Cleared and stained strawberry root colonized by Glomus
fasciculatum.

1
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Figure 1.3 Cleared and stained cotton root colonized by Glomus
fasciculatum.



Table 1.1 Colonization and growth response of geranium and subterranean
clover inoculated with various types of inoculum from different
species of VA mycorrizal fungi.

Species
Inoculum

We

Percentage root
length mycorrhizal
Subclover Geranium

Shoot dry wt.
(as proportion of

control)
Subclover Geranium

Control Oa Oa 1.00 1.00

Gigaspora margarita roots Oa Oa 1.25 1.01

Gigaspora gigantea roots Oa Oa 1.12 0.82

Glomus fasciculatum roots 70.5d 70.8c 1.45** 1.75**

Glomus mosseae roots 65.2c 1.69**

Acaulospora spinosa roots 41.2c 1.32*

Gigaspora margarita spores 12.8b 27.7b 1.41* 1.05

Gigaspora gigantea spores 35.2c 33.6b 1.17 .99

Glomus fasciculatum spores 39.7c 66.9c 1.30* .86

Gigaspora margarita extra-
radical

vesicles

Oa 1.06

a-d Means in a column not followed by the same letter are significantly
different (Duncan's multiple range test, 5% level).

* ** Significantly different from controls at p = 0.05 and p = 0.01,
respectively (t-test).
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Table 1.2 Colonization of subterranean clover plants
inoculated with vesicles or hyphae and cell debris
from roots colonized by Glomus mosseae or Glomus
fasciculatum.

Treatment

Percentage
root length
mycorrhizal

No. plants
colonized/

no. inoculated

Noninoculated 0.0a 0/6

Inoculum from cold-stored
strawberry roots:

Glomus fasciculatum 27.3c 5/6
vesicles

G. fasciculatum 0.0a 0/6
hyphae & cell debris

Inoculum from freshly-harvested
subterranean clover:

Glomus fasciculatum 4.5b 3/4
vesicles

G. fasciculatum 0.0a 0/6
hyphae & cell debris

Glomus mosseae 8.1b 3/3
vesicles

G. mosseae 0.0a 0/6
hyphae & cell debris

a-c Mean separation by Duncan's multiple range test, 5%
level.
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Table 1.3 Colonization and growth response of geranium
inoculated with mycorrhizal (Glomus fasciculatum)
root pieces treated with 0.5% sodium hypochlorite.

Percentage Host growth response
root length (as proportion of shoot dry

Treatment time mycorrhizal wt. of nonmycorrhizal controls)

0 sec
(untreated)

30 sec

90 sec

60.1c 221/142 = 1.56**

13.9b

0.0a

160/175 = .91

154/156 = .97

a-c Mean separation by Duncan's multiple range test, 5%
level.

**
Significantly different at p = 0.05 (t-test).
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Table 1.4 Isolation of bacteria and fungi from
mycorrhizal (Glomus fasciculatum)
root pieces triF with 0.5% sodium
hypochlorite.

Treatment Bacteria isolated Fungi isolated
time (% of pieces) (% of pieces)

*
0 sec 100c

30 sec 63b

90 sec 20a

30a

33a

40a

a-c Means within a column not followed by the
same letter are significantly different
(Duncan's multiple range test, 5% level).
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DISCUSSION

Several lines of evidence indicate that intraradical vesicles

formed in mycorrhizae act as propagules and contribute significantly

to the infectivity of these roots. Root segments colonized by

species which form only extraradical vesicles (Gigaspora spp.) were

not infective, whereas those colonized by species which form

intraradical vesicles were infective both in our experiments with

freshly-collected roots and in experiments by Crush and Pattison

(1975) with lyophilized roots. Also, roots of lily, which had mostly

arbuscules and few intraradical vesicles early in the growing season,

were not infective at that time (Ames and Linderman, unpublished

data). Moreover, the grinding of lyophilized roots reduced their

infectivity, possibly because intraradical vesicles were destroyed

(Crush and Pattison, 1975). The observation that infectivity of VA

mycorrhizae is probably related to the amount of nutrient reserves in

fungal structures in roots (Abbott and Robson, 1981; Powell, 1976)

supports the idea that intraradical vesicles contribute to inoculum

potential. Intraradical vesicles are filled with large quantities of

lipid and are thought to function as food storage organs (Gerdemann,

1968; Mosse, 1973). Direct evidence that intraradical vesicles

function as propagules was provided here in that intraradical

vesicles, separated from roots and hyphae, colonized host roots.

Tommerup and Abbott (1981) did not observe direct growth from

intraradical vesicles. This is not inconsistent with our hypothesis,

however, because nutrients stored in intraradical vesicles would

increase infectivity when translocated through the hyphal network to
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a growing point. In this way, more than one intraradical vesicle

could nourish one hypha, allowing it to traverse a greater distance

to reach a new root colonization site. Individual hyphae have been

observed to regrow (Tommerup and Abbott, 1981), but probably do not

have as great a potential for colonization when not linked to the

nutrient reserves provided by intraradical vesicles.

The thin-walled extraradical vesicles formed by Gigaspora

margarita did not function as propagules in our experiments,

supporting Gerdemann's (1975) statement that the extraradical

vesicles of Gigaspora sp. are not analagous to those in roots. They

may function as temporary storage organs preceding spore fomation,

similar to the larger vesicles of species of Acaulospora. It has

also been observed (J. Kough, personal communication) that

extraradical vesicle formation always preceeded sporulation in pot

cultures of Gigaspora margarita and Gigaspora gigantea.

Effectiveness of VA mycorrhizal fungi in increasing host growth

and P uptake has been related to inoculum potential (Abbott and

Robson, 1981; Daft and Nicolson, 1969; Sanders et al., 1977). When

used as inoculum, root fragments containing intraradical vesicles

have induced more rapid colonization and a greater host growth

response than spores of the same species (Hall, 1976; Powell, 1976;

and Warner and Mosse, 1980). We observed a similar effect with

Glomus fasciculatum. Besides this increased infectivity, mycorrhizae

containing intraradical vesicles offer other advantages over soil and

spores for large-scale inoculation of plants. We have found

intraradical vesicles to be viable after two years of cold storage,
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and others have found stored, lyophilized root pieces to be infective

(Jackson et al., 1973; Crush and Pattison, 1975). Root pieces are

also lighter, and therefore more economical to handle, than blended

pot culture material. A disadvantage of root inoculum is the

potential for introducing pathogens carried with the inoculum, but it

could be treated with a surface-sterilant to eliminate some of these

organisms. Yellow poplar mycorrhizae were infective after being

dipped in 0.5% sodium hypochlorite by Clark (1963), but a 30 sec

treatment in our experiments reduced infectivity, and a 90 sec

treatment apparently killed the fungus. It has also been observed

that a 60 sec treatment eliminated infectivity of roots colonized by

Glomus sp. (J. Parke, personal communication). A treatment time less

than 30 sec may be possible without reducing inoculum infectivity but

would not eradicate fungal pathogens. Another possibility would be

to apply techniques developed by Mertz et al. (1979) for surface-

sterilization of spores.

The apparent killing of mycorrhizal fungi in root pieces by

brief treatment in sodium hypochlorite may be due to its uptake by or

effects on exposed hyphae on the root surface or to the elimination

of root surface microorganisms necessary for hyphal regrowth.

Germination of spores of VA mycorrhizal fungi was not reduced by

treatment times of 2 min (Koske, 1981) or 3 min (Schenck et al.,

1975) in 0.5% sodium hypochlorite. Intraradical vesicles separated

from surface-sterilant-treated roots could be tested for viability to

determine whether the hypochlorite treatment affected only the

surface of the root pieces.
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We have demonstrated that intraradical vesicles separated from

VA mycorrhizae retain their infectivity. Development of techniques

such as sonification and gradient flotation to more efficiently

remove intraradical vesicles from mycorrhizae could make intraradical

vesicles a practical inoculum source for fungi which form them

abundantly (Figure lc). This would substantially reduce

contamination by pathogens, compared to using root pieces.

Our findings indicate that infectivity of root inoculum can be

increased by increasing the abundance of intraradical vesicles.

Fertilization with P at levels higher than that optimal for plant

growth eliminated intraradical vesicle formation in roots of pasture

grasses (Abbott and Robson, 1979). Intraradical vesicle frequency

has been observed to increase at the time of host flowering (Mmbaga,

in Gunze and Hennessy, 1980) and under supraoptimal N supply (Bevege

et al., 1975), and to decrease with shading or defoliation.

Further research is necessary to determine the viability of

intraradical vesicles stored in decomposing roots and in soil for

various amounts of time. Spores sieved from six peppermint field

soils were extremely abundant in the 63-90 um layer, but no

sporocarps and few spores larger than 90 um were found (Biermann and

Linderman, unpublished results). Because intraradical vesicles are

the same size and can be thick-walled like chlamydospores (Gerdemann

and Trappe, 1974; Gerdemann, 1975), it is possible that these

"spores" were actually intraradical vesicles released from decaying

roots. However, we do not know whether intraradical vesicles remain

viable after decomposition of host roots. If they do, they would
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represent a considerable source of inoculum for those species which

form them abundantly.
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CHAPTER 2
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ABSTRACT

Pre-transplant inoculation of geranium with Glomus fasciculatum

resulted in spread of the endophyte within the root system after

transplanting. By flowering time, mycorrhizal plants grown at 11 or

43 ppm P applied weekly were more uniform in growth than non-

mycorrhizal plants and had greater leaf areas and leaf weights,

increased root and shoot weights, and lower foliar Mn concentrations.

Mycorrhizae were sufficiently well established on most seedlings

at a minimum of 2 weeks after emergence to persist after

transplanting.

Pre-transplant inoculation with G. fasciculatum increased

geranium growth over that of controls transplanted into heavily

inoculated soil, even when there was growth did not differ at time of

transplanting. Post-transplant inoculation with G. fasciculatum did



26

not affect the growth of plants which were already mycorrhizal, but

increased the growth of nonmycorrhizal plants. Pre-transplant

inoculation in soil, peat, or vermiculite resulted in larger plants

than post-transplant inoculation.

INTRODUCTION

Many horticultural crops are grown in containers, including

nursery stock, bedding plants, and vegetable transplants. The high

per acre value of container-grown plants compared to field-grown

crops (Baker and Linderman, 1980) may make inoculation with

mycorrhizal fungi more cost-beneficial for these crops than for

others. Vesicular-arbuscular (VA) mycorrhizae occur on roots of many

species of horticultural plants, and may improve host plant growth

through increased uptake of P, Zn, and other minerals, reduced

incidence of soilborne plant diseases, and increased tolerance of

drought stress (Maronek et al., 1981). A potential use for VA

mycorrhizae on container-grown plants is the improvement of

transplant survival and regrowth, as has been reported by Barrows and

Roncadari (1977) for poinsettia, and by Cooper (1981) for tamarillo.

Use of soilless growth media and high levels of soluble P

fertilizer inhibits establishment of, and host growth response to, VA

mycorrhizae (Chapters 3 and 4) but is common in container plant

production. It is possible that even though no host growth benefits

are obtained when container-grown plants are inoculated under these

conditions unfavorable for mycorrhizal development, mycorrhizal

colonization may increase survival and induce more rapid regrowth
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when hosts are transplanted into soil and given less fertilizer

(Chapter 3).

Some questions not yet answered are 1) whether VA mycorrhizae

spread rapidly to new roots which grow after transplanting; 2) how

long a period is required following inoculation before mycorrhizae

are well enough established on host roots to persist after

transplanting; 3) how growth of mycorrhizal transplants is affected

by the use of soilless media and high levels of soluble P fertilizer

in container growing systems; and 4) whether pre-transplant

inoculation with VA mycorrhizae increases host growth more than post-

transplant inoculation. Our objective was to answer these questions,

using seed-propagated geranium as a test plant.

MATERIALS AND METHODS

Experiment 1. This experiment was designed to test whether VA

mycorrhizae spread to roots formed after transplanting and how pre-

transplant inoculation affects host growth. Seeds of geranium

(Pelargonium x hortorum L. H. Bailey cv. 'Sprinter Scarlet') were

surface sterilized 20 min in 0.5% sodium hypochlorite, placed in

running tap water 15 hrs, then germinated on water agar plates for 48

hrs in darkness at 21°C.

Seedlings were than planted individually in 6 cm cell packs in

medium grade vermiculite. The inoculum mixed into the medium before

planting consisted of 1.5 g/1 washed and finely chopped subterranean

clover (Trifolium subterraneum L.) roots colonized by Glomus

fasciculatum or roots of nonmycorrhizal subterranean clover plants

previously treated with G. fasciculatum spore washings which had been
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passed through a 37 um sieve. Plants were fertilized weekly with 20

ml /6 cm cell or 75 m1/10 cm pot Long Ashton nutrient solution

(Hewitt, 1966) at full strength P (43 ppm) or one quarter strength P

(11 ppm) in the form of monobasic sodium phosphate.

Throughout all experiments plants were watered daily and the

greenhouse was maintained at 16°C night, and 20-22°C day

temperatures. Supplemental lighting with an intensity of 160

uE/m2/sec was provided from 6 a.m. to 10 p.m. daily by high pressure

sodium vapor lamps.

After 6 weeks, shoot dry weights (60°C for 72 hrs) were

determined and percentage root length with mycorrhizal colonization

(Appendix) was measured for 10 plants in each treatment. Plants were

then transplanted into pasteurized (60°C/30 min) silt loam soil in 10

cm round plastic pots and grown for an additional 6 weeks, at which

time almost all were in bloom. At that time data were taken on the

number of flowering stems per plant and plant leaf area was measured

with a Li-cor model LI 3000 leaf area meter. Then leaf blades were

dried 72 hrs at 60°C to obtain leaf dry wt. Foliar nutrient

concentrations were determined by the Oregon State University

Department of Soil Science Plant Analysis Laboratory. Samples were

digested in perchloric acid. N and P concentrations were determined

colorimetrically (Anon., 1976), and other elements were analyzed with

a Perkin-Elmer Model 400 atomic absorption flame spectrophotometer.

Root samples were collected separately from both the pre-

transplant root mass in vermiculite and from the new roots which had

grown out into the soil. These were cleared and stained (Phillips
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and Hayman) and colonization was measured as percent root length with

mycorrhizal colonization (Appendix).

Data are based on 6 replications of 5 plants each, except for

foliar nutrient analysis which was on a single sample of 12 pooled

plants.

Experiment 2. The purpose of this experiment was to determine

the minimum duration of pre-transplant inoculation which would allow

mycorrhizae to persist after transplanting. Surface sterilized

geranium seeds were planted directly into pasteurized (60°C/30 min)

silt loam soil in 6 cm cell packs (2 seedlings per cell), inoculated

with Glomus fasciculatum or a control treatment and fertilized at the

low P level as described in Experiment 1. Emergence was 10 days

after seeding. At 1, 2, 3, 4, or 5 weeks after emergence, seedlings

were washed free of soil and transplanted into 10 cm round plastic

pots containing pasteurized soil. At each time of transplanting,

data were taken as in Experiment 1. Plants were harvested 9 weeks

after seedling emergence and final data taken on shoot dry weight

(60°C, 72 hrs) and percent root length with mycorrhizal colonization

(Appendix). Each treatment had 10 single-plant replications.

Experiment 3. The purpose of this experiment was to determine

the effect of pre-transplant growth medium and P fertilizer on

formation of mycorrhizae and host growth response after

transplanting. Effects of pre- and post-transplant inoculation were

also compared. Surface sterilized seeds were germinated and planted

in growth media containing G. fasciculatum inoculum as described in

Experiment 1. The media used were pasteurized sphagnum peat with pH
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adjusted to 6.4 with dolomitic lime, medium grade vermiculite, or

silt loam soil (pH 6.1). Plants were fertilized weekly with Long

Ashton nutrient solution at either 11 or 43 ppm P, and transplant

data taken 6 weeks after planting as in Experiment I. Plants grown

in vermiculite were transplanted into vermiculite or soil, those in

peat into peat or soil, and those in soil were transplanted into

soil. In some treatments, the soil into which they were transplanted

had been inoculated with G. fasciculatum as described above. From

transplanting until harvest 5 weeks later, plants in all treatments

were fertilized at 11 ppm P weekly. Data collection and replications

were as in Experiment 2.

RESULTS

Experiment 1. Geraniums grown in vermiculite at either

fertilizer P level and inoculated with G. fasciculatum were no larger

than controls at the time of transplanting, even though the roots had

been colonized (Table 1) although less at the high than the low P

level. After transplanting and growing in soil for 6 weeks,

mycorrhizal plants at both fertilizer P levels had greater root and

shoot weights, leaf areas and leaf dry weights. The number of flower

stems was increased by inoculation with G. fasciculatum only at the

low fertilizer P level to equal that of nonmycorrhizal plants at the

high P fertilizer level. Flowering stems at the low P level with no

mycorrhizae were significantly fewer than in the other three

treatments. Nonmycorrhizal plants were less uniform (higher

coefficient of variability) in root and shoot weight, leaf area, and

leaf weight compared to inoculated plants (Table 1).
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VA mycorrhizae spread rapidly to new roots formed after

transplanting (Table 2). Mycorrhizae were equally abundant on the

inoculated older portion of the root system and the new roots which

had grown out into the noninoculated medium. Foliar concentrations

of N, K, Ca, Mg, or Zn did not differ significantly between the

treatments, but P and Na concentrations were much lower in

nonmycorrhizal transplants grown at the low fertilizer P level. Mn

occurred at foliar concentrations 3 and 5 times higher in

nonmycorrhizal geraniums at the high and low fertilizer P levels,

respectively (Table 3).

Experiment 2. Forty percent of the seedlings had detectable

mycorrhizal infection 1 week after seedling emergence, and 90% 2

weeks after. Inoculated plants which did not become mycorrhizal had

shoot dry weights no different from nonmycorrhizal controls. At 3, 4

and 5 weeks after emergence all plants were mycorrhizal. The

proportion of geranium plants mycorrhizal after the various pre-

transplant inoculation periods was significantly correlated (slope =

1.02, r = .980, p = .01) with the proportion that were mycorrhizal at

harvest. Mycorrhizal plants were significantly larger at

transplanting only after the longest (5 weeks) inoculation period

(Figure 1). At the end of the experiment mycorrhizal plants were

significantly larger than nonmycorrhizal plants after all inoculation

period lengths. Fungal colonization of roots at transplanting

increased with length of inoculation period (Figure 2), but final

colonization levels were high regardless of inoculation period. Very
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small amounts of colonization 1 or 2 weeks after emergence resulted

in colonization of most of the root system at harvest.

Experiment 3. At the time of transplanting, geraniums showed no

growth response to G. fasciculatum in peat or vermiculite at either

high or low P or in soil at the higher fertilizer P level; host

growth response only occurred when grown in soil at the low P level

(Table 4). Roots of transplants were more heavily colonized when

they had been grown in soil (Table 5). Colonization in peat and

vermiculite was further reduced by the higher fertilizer P

treatment. Shoot dry weight at harvest had been enhanced by G.

fasciculatum on plants grown in all media and at both fertilizer P

levels if they had been transplanted into soil (Table 4).

Mycorrhizal growth response of plants grown in vermiculite was not

increased transplanting into vermiculite; however, a small but

significant increase occurred when plants grown in peat were

transplanted into peat.

Post-transplant inoculation with G. fasciculatum did not affect

growth of plants which were already mycorrhizal, but significantly

increased the growth of nonmycorrhizal plants in all growth media

(Table 4). Regardless of this growth increase, pre-transplant

inoculation in all media and at both P levels resulted in larger

plants than post-transplant inoculation.

Colonization of roots in all 3 treatments had reached relatively

high levels by the end of the experiment (Table 5). In a few cases,

pre-transplant inoculation resulted in greater fungal colonization of
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roots than post-transplant inoculations, but there was no consistent

pattern. Control plants in all experiments remained nonmycorrhizal.
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Figure 2.3 Effect of pre-transplant inoculation with Glomus
fasciculatum and fertilizer P level on gr5T
geranium. A -- non-inoculated, 11 ppm P; B --

inoculated, 11 ppm P; C -- non-inoculated, 43 ppm P; D --
inoculated, 43 ppm P. Photo taken 6 weeks after seedling
transplant.
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Figure 2.4 Effect of pre-transplant inoculation with Glomus
fasciculatum and fertilizer P level on orowth of
geranium. A -- inoculated, 43 ppm P; B -- inoculated, 11
ppm P; C non-inoculated, 43 ppm P; D -- non-
inoculated, 11 ppm P. Photo taken 4 weeks after seedling
transplant.



Table 2.1 Effect of pre-transplant inoculation with Glomus fasciculatum and
fertilizer P on growth of geranium.

At transplanting:

shoot dry wt (g)
percent root length
mycorrhizal

At flowering:

shoot fresh wt (g)
root fresh wt (g)
no. flower stqms
leaf area (cm )
leaf dry wt (g)

Coefficients of variability
(Standard deviation x 100/Mean)

shoot fresh wt
root fresh wt
leaf area
leaf dry wt

Treatment

Nonmycorrhizal Glomus fasciculatum

11 ppm P 43 ppm P 11 ppm P 43 ppm P

0.157a 0.210b 0.146a 0.206b
Oa Oa 53.2c 22.1b

4.7a 30.0b 31.6b 35.3c
3.3a 7.9b 8.0b 9.9c
0.33a 1.88b 1.90b 1.98b

48a 287b 320c 352d
0.34a 1.50b 1.70c 1.76c

49.6 17.3 8.6 13.6
36.4 20.9 17.3 20.9
43.8 22.9 11.0 17.3
49.3 20.8 9.2 11.4

a-d Means within a row not followed by the same letter are significantly
different (Duncan's multiple range test, 5% level).
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Table 2.2 Effect of time roots are formed and fertilizer P
on colonization of geranium roots by Glomus
fasciculatum measured at time of flowering.

Treatment

Glomus fasciculatum

11 ppm P 43 ppm P

Percent root length
with mycorrhizae:

Pre-transplant roots

Post-transplant roots

70.2b 50.0a

74.7b 52.0a

a,b Mean separation by Duncan's multiple range test, 5%
level.
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Table 2.3 Effect of pre-transplant inoculation with Glomus
fasciculatum and fertilizer P on foliar minera
concentration of geraniums at flowering.

Treatment
Foliar
Mineral

Concentration
Nonmycorrhizal Mycorrhizal

11 ppm P 43 ppm P 11 ppm P 43 ppm P

N (%) 2.8 2.7 2.8 2.7
P (%) .12 .21 .18 .22
K (%) 3.1 2.1 2.1 1.9
Ca (%) 1.3 1.5 1.3 1.6
Mg (%) 0.30 0.46 0.42 0.48

Zn (ppm) 32 24 24 26
Mn (ppm) 120 154 36 44
Na (ppm) 12 55 55 55



Table 2.4 Effect of pre- or post-transplant growth medium, pre-transplant fertilizer P level, and pre- or post-
transplant inoculation with Glomus fasciculatum on geranium growth.

Pre-transplant growth medium,
fertilizer P level, and
inoculation treatment

soil, 11 ppm P, nonmycorrhizal
soil, 11 ppm P, G. fasciculatum
soil, 43 ppm P, nonmycorrhizal
soil, 43 ppmP, G. fasciculatum

vermiculite, 11 ppm P, nonmycorrhizal
vermiculite, 11 ppm P, G. fasciculatum
vermiculite, 43 ppm P, nonmycorrhizal
vermiculite, 43 ppm P, G. fasciculatum

peat, 11 ppm P, nonmycorrhizal
peat, 11 ppm P, G. fasciculatum
peat, 43 ppm P, nonmycorrhizal
peat, 43 ppm P, G. fasciculatum

At
transplanting

Shoot dry wt (g)
Transplanted Transplanted
into same into uninoculated
medium soil

Transplanted into
soil inoculated with
Glomus fasciculatum

0.096a 0.17a 0.73a
0.145bc 3.48g 3.47e
0.151bc 0.43b --
0.157bc 3.52g

0.127b 1.28a 0.47b 1.14b
0.129b 1.23a 2.77f 2.67d
0.168c -- 1.31d --
0.163c 3.01fg

0.185c 1.50a 0.67c 1.67c
0.191c 2.10h 3.19fg 3.14de
0.349d -- 2.02e --
0.330d 3.57g

a-g Means within a column not followed by the same letter are significantly different (Duncan's multiple range
test, 5% level).



Table 2.5 Effect of pre- or post-transplant growth medium and pre-transplant fertilizer P level on colonization
of geranium roots inoculated with Glomus fasciculatum.

Pre-transplant growth medium,
fertilizer P level, and
inoculation treatment

At

transplanting

Final percent root length mycorrhizal
Transplanted Transplanted Transplanted into
into same into uninoculated soil inoculated with
medium soil Glomus fasciculatum

soil, 11 ppm
soil, 11 ppm
soil, 43 ppm

vermiculite,
vermiculite,
vermiculite,

peat, 11 ppm
peat, 11 ppm
peat, 43 ppm

P, nonmycorrhizal
P, G. fasciculatum
P, 1. fasciculatum

81.8e
80.2e

11 ppm P, nonmycorrhizal --
11 ppm P, G. fasciculatum 31.5c
43 ppm P, fasciculatum 0.3a

P, nonmycorrhizal
P, G. fasciculatum
P, 1. fasciculatum

54.2d

11.0b

64.- 5a

66- .4a

86.6b
85.9b

75.- 1ab

79.8ab

73- .8a

77.3ab

70.2ab
83.7c

64.6a
77.5bc

73.3ab
71.1ab

Means within a column not followed by the same letter are significantly different (Duncan's multiple range test,
5% level).
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DISCUSSION

Inoculation with VA mycorrhizal fungi at the time of seeding may

be beneficial on horticultural crops which are transplanted into

soil, even if the soil already contains abundant propagules of VA

mycorrhizal fungi. We observed that pre-transplant inoculation with

G. fasciculatum increased geranium growth over that of controls

transplanted into heavily inoculated soil, even when there was no

growth difference at the time of transplanting. In some cases the

growth differences we observed were quite dramatic, and non-

mycorrhizal plants which apparently healthy at the time of

transplanting ceased growing after transplanting (Figure 4). Barrows

and Roncadori (1977) and Cooper (1981) observed that pre-established

VA mycorrhizae increased transplant survival and speed of regrowth of

poinsettia and tamarillo, respectively. Another benefit of pre-

transplant inoculation is that pre-inoculation with mycorrhizal fungi

has reduced disease incidence from many soilborne pathogens, whereas

plants exposed to soilborne pathogens and VA mycorrhizae

simultaneously generally are not protected (Stewart and Pfleger,

1977; Schenck and Kellam, 1978). Pre-transplant inoculation may also

permit for selection and establishment of more efficient strains of

the endophyte. Plants grown in soilless media were benefitted by

pre-transplant inoculation with mycorrhizae if grown in soil later.

Post-transplant benefits may be a more important reason to inoculate

container-grown plants in soilless media than benefits during

production (Chapter 3).
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Effectiveness of VA mycorrhizae in increasing host growth and P

uptake has been related to the speed and extent of root colonization

by these fungi (Daft and Nicolson, 1969; Hall, 1976; Sanders et al.,

1977; Abbott and Robson, 1981). We have shown that new roots can be

extensively colonized by G. fasciculatum transferring from older

roots. New roots may be colonized more quickly in this manner than

from soilborne propagules. This is supported by our observation that

the growth response from pre-transplant inoculation was greater than

that from post-transplant soil inoculation. Final levels of root

colonization were similar, probably because they were near the

maximum for the system. Development of the external hyphal network,

which has also been related to host growth response (Graham et al.,

1982), may also have been more rapid when plants were already

inoculated. Further research comparing rates of spread from roots of

mycorrhizal transplants and from naturally occurring soil inoculum in

field situations would better indicate their relative ability to

colonize transplants. Confinement of roots within a pot may

facilitate spread of the endophyte within the root system.

There was a significant one-to-one relationship between the

proportion of geranium plants with detectable mycorrhizae after the

various pre-transplant inoculation periods and the proportion that

were mycorrhizal at harvest. The smallest detectable amount of

mycorrhiza, which was approximately 1 mm of colonized root, was

sufficient to spread and colonize the entire root system after

transplanting (Figure 2). The minimum pre-transplant inoculation

period which resulted in persistence of mycorrhizae on most seedlings
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was 2 weeks after emergence. This corresponds with the recommended

time for transplanting seedling geranium crops, when 2 or 3 true

leaves have developed (Randolph, 1971). Seed-flat inoculation may be

the most practical way to establish VA mycorrhizae on container-grown

plants, since less inoculum is necessary than at later stages.

The increase in crop uniformity which we observed when plants

were mycorrhizal is a benefit not previously reported. However,

Janos (1981) did find that various species of tropical tree seedlings

grew at a more even rate (compared with other species) in soil

inoculated with VA mycorrhizal fungi. Thus, mycorrhizae can increase

uniformity of growth within or between species. It should be

determined if this also applies to vegetatively propagated plants of

the same clone, which would indicate whether the effect was due to

host genetic variation or environmental factors.

A slight reduction in Mn uptake caused by inoculation with VA

mycorrhizal fungi was also observed by Chatfield et al. (1982). We

found large differences in Mn concentration, even at a fertilizer P

level where mycorrhizal and nonmycorrhizal plants were of equivalent

size. If this reduction in Mn uptake by mycorrhizal plants occurred

at higher Mn levels, it could be useful in reducing toxicity from

excess Mn which may occur in heat-treated soils but is rare in field

situations.
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CHAPTER 3

EFFECT OF GROWTH MEDIUM AND SOLUBLE PHOSPHORUS ON
ESTABLISHMENT AND HOST GROWTH RESPONSE TO

VESICULAR-ARBUSCULAR MYCORRIZAE
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Department of Botany and Plant Pathology
Oregon State University, Corvallis, Oregon 97331

and

R. G. LINDERMAN

U.S. Dept. of Agriculture, Agricultural Research Service,
Ornamental Plants Research Laboratory, Corvallis, Oregon 97330

ABSTRACT

The establishment and performance of vesicular-arbuscular

mycorrhizae (VAM) formed by Glomus fasciculatum were studied on

geranium and subterranean clover in various growth media at two P

fertility levels. Colonization by G. fasciculatum was not extensive

and shoot dry weight and P uptake were consequently not increased by

VAN in soilless media such as peat, bark, perlite, and vermiculite.

In media containing soil and fertilized at the low P level roots were

extensively colonized by G. fasciculatum, and host shoot growth and P

concentrations were increased by VAM. Host growth enhancement by VAM

was not observed at the higher P fertility level. Differences

between growth media were correlated with increased amounts of P in
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solution after media had been saturated with fertilizer and

equilibrated.

Colonization, growth response, and P uptake by geranium

inoculated with G. mosseae or Acaulospora spinosa were affected by

the growth medium and P fertilizer in the same way as plants

inoculated with G. fasciculatum.

INTRODUCTION

Soil factors are known to influence the establishment and

performance of VA mycorrhizae (Mosse, 1973; Gerdemann, 1975). Menge

et al (1981) found that growth response of Troyer citrange (X

Citroncirus webberi Ing. & Moore) to mycorrhizal colonization in

various mineral soils was inversely correlated with percent organic

matter, cation exchange capacity, and P, Cu, Mn, and Zn content. In

general, colonization by mycorrhizal fungi and host growth response

decrease as soil fertility increases, and application of available P

has often been cited as a factor reducing colonization and host

growth enhancement by VA mycorrhizae (Gerdemann, 1975).

In the last few decades, growers of containerized plants have to

a large extent replaced mineral soils in growth media by other

substances such as sphagnum peat, perlite, vermiculite, and shredded

or milled bark. Little is known about effects of these substrates on

VA mycorrhizae. Peuss (1958) found that addition of peat to soil

reduced plant colonization and growth enhancement by VA

mycorrhizae. Gaunt (1978) obtained growth enhancement of onion and

tomato by VA mycorrhizae in mineral soil and in 75% soil /25%

vermiculite (v/v) but not 50% soil /50% vermiculite.
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The experiments described here were undertaken to determine

whether VA mycorrhizae could become established and enhance plant

growth in various commercially used growing media fertilized with

soluble P, and how individual media components affected VA

mycorrhi zae.

MATERIALS AND METHODS

Seeds of geranium (Pelargonium x hortorum L.H. Bailey cv.

'Sprinter Scarlet') and subterranean clover (Trifolium subterraneum

L. 'Mt. Barker') were surface sterilized 20 min in 0.5% sodium

hypochlorite, placed under running tap water for 15 hrs, then

germinated on water agar plates for 48 hrs in darkness at 21°C.

Seedlings were then planted individually in 50 ml plastic growth

tubes. The subterranean clover seedlings were dipped in a suspension

of approximately 108 cells/ml of Rhizobium trifolii prior to

planting. The following growth media were used in factorial

treatments with two P fertility levels, with and without Glomus

fasciculatum.

Experiment 1 (subterranean clover): soil, soil/bark,

soil/peat/perlite, river sand, vermiculite, peat, bark, perlite, and

peat/vermiculite.

Experiment 2 (geranium and subterranean clover): soil, soil/bark,

soil/peat/perlite, vermiculite.
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Experiment 3 (geranium only): soil, peat, bark, 3 soil/1 peat, 1

soil/1 peat, 1 soil /3 peat.

Mixtures were of equal parts (v/v) unless otherwise specified.

Medium grade horticultural vermiculite, sphagnum peat, coarse

perlite, shredded Douglas-fir bark, silt loam soil, and river sand

were used. Soil, river sand, peat, and bark were pasteurized for 30

min at 65°C. Sodium bicarbonate extractable P (Olsen et al., 1954),

as determined by the Soil Testing Laboratory at Oregon State

University, was as follows: peat - 2 ppm, vermiculite - 2 ppm,

perlite - 2 ppm, bark - 13 ppm, soil - 13 ppm, and river sand - 4

ppm.

Powdered lime was used to adjust the pHs of all the media to 6.5-7.3

in experiment 1, and to 6.2-7.0 in experiment 2, except for the

vermiculite alone which had a pH of 8.5. The pH of the medium in

each treatment was measured again when the experiments were

terminated. Values ranged from 5.6-7.3 in experiment 1 and 5.5-6.5

in experiment 2, except for vermiculite which had a final pH of 6.6-

7.6

Inoculum mixed with the various media before planting consisted

of washed and finely chopped roots colonized by G. fasciculatum or

roots of nonmycorrhizal plants which had been treated with 37 um -

sieved G. fasciculatum spore washings. Approximately 0.2 g

peppermint (Mentha x piperita L.) roots were used per plant in
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experiment 1 and 0.1 g cotton (Gossypium hirsutum L.) roots per plant

in experiment 2.

Each plant was watered daily, and fertilized weekly with 10 ml

Long Ashton nutrient solution (Hewitt, 1966) at full strength (43

ppm) or one quarter strength (11 ppm) P in the form of monobasic

sodium phosphate.

Plants were maintained in a greenhouse at 16°C night

temperature, with day temperatures 20-22°C higher. Supplemental

lighting with an intensity of 200 uE/m2/sec at plant level was

provided from 6 a.m. to 10 p.m. daily by sodium vapor lamps. Each

treatment had ten completely randomized single plant replications.

Experiments were terminated 5 weeks after planting, when root and

shoot fresh weight and shoot dry weight (70°C for 48 hr) were

determined. Plant growth response was determined as the ratio of the

dry weight of shoots of mycorrhizal plants to that of nonmycorrhizal

plants. Root to shoot ratios were calculated from fresh weights.

Roots were cleared and stained (Phillips and Hayman, 1971) and

colonization was measured as percent root length with mycorrhiza

(Appendix). Phosphorus content of shoots was colorimetrically

determined (Anon., 1976) by the Oregon State University Department of

Soil Science Plant Analysis Laboratory, after combining all 10 plants

in each treatment.

Experiment 4 was similar to Experiments 1-3 except that geranium

plants were inoculated with 0.2 g per plant of subterranean clover

roots colonized by Gigaspora margarita, Glomus mosseae, Glomus

fasciculatum, Acaulospora spinosa, or roots of non-mycorrhizal plants
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treated with spore washings passed through a 37 um sieve. Plants

were grown in either soil, peat, vermiculite, river sand, or a

mixture of soil/peat/perlite.

To evaluate effects of media and P fertilization rate on

concentration of P in solution in the root environment, 500 ml of

each of the media used in experiments 1 and 2 was saturated with Long

Ashton nutrient solution with either 43 or 11 ppm P (only the lower

level was used for the soil/peat dilutions). The media were covered

to prevent evaporation, and allowed to equilibrate 24 hrs, after

which concentration of P remaining in the solution was determined

colorimetrically (Anon., 1976).

RESULTS

Colonization by mycorrhizal fungi was generally lower in

soilless media than in those containing mineral soil or in sand.

Application of P at the higher rate reduced or had no effect on

colonization of geranium or subterranean clover by Glomus

fasciculatum, except on subterranean clover in the peat/vermiculite

medium where colonization was low at both levels (Table 1).

Increasing fertilizer P reduced colonization of geranium to a greater

degree in the media without soil (Table 1). Development of VAM on

geranium in peat, bark, and peat/vermiculite was sparse and limited

mostly to the outer cortical cell layer. In media containing soil,

development within colonized areas was more extensive and included

the entire cortex. The control plants did not have VAM.

In all media containing soil but none of the media without soil,

G. fasciculatum increased shoot dry weight of geranium and
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subterranean clover at the low P level (Table 2). At the higher P

level, shoot dry weight was not significantly increased in any

medium. Shoot dry weight was decreased in some cases when plants

were inoculated with the endophyte, especially in soilless media

(Table 2).

The shoot P concentration of mycorrhizal plants relative to

controls was highest in media with soil and in sand, and was

generally not strongly affected by fertilizer P (Table 3).

At the low P level, the root to shoot ratio was decreased by

mycorrhizae in media containing soil, but this effect was not

observed at the high P level (Table 4). The root to shoot ratio was

not as strongly affected by VAM in soilless media, although it was

decreased on subterranean clover grown in vermiculite and perlite at

the low P level (Table 4).

Addition of peat to soil at 25, 50, or 75% did not decrease

mycorrhizal growth response of geranium at either P level (Fig. 1).

Colonization at both P levels was only reduced in 100% peat (Figure

2). The P content of mycorrhizal plants relative to controls

decreased with increasing proportion of peat at both P levels (Fig.

3). The solution P concentration of fertilized media after

equilibration increased with increasing amounts of peat (Figure 4).

Glomus mosseae and Acaulospora spinosa behaved in soilless media

in the same way as Glomus fasciculatum.

Results with subterranean clover in experiment 2 were similar to

those of experiment 1, except that colonization in the soil/bark mix

was equivalent to that in other mixes containing soil.
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The P content of fertilizer solutions equilibrated with media

containing soil or sand was lower than that of all of the soilless

media. Nutrient solutions equilibrated with vermiculite, perlite,

bark and peat contained levels of soluble phosphorus similar to that

in the original nutrient solution (Table 5).



Figure 3.1 Effect of proportion of soil in a soil/peat medium and of
fertilizer P level on growth response of geranium
inoculated with Glomus fasciculatum.

200

P*4

a.
ar.

.40
mft

=3 0
741 v...

O
50-

'LSD .05

11 PPm

43 PPm P

25 50 75 100
Percent Peat

56



Figure 3.2 Effect of proportion of soil in a soil/peat medium and of
P fertility level on colonization of geranium inoculated
with Glomus fasciculatum.
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Figure 3.3

c

Effect of proportion of soil in a soil/peat medium and of
P fertility level on shoot P concentration of geranium
inoculated with Glomus fasciculatum.
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Figure 3.4 Effect of proportion of soil in a soil/peat medium on
equilibrium solution P concentration.
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Table 3.1 Effect of growth medium and fertilizer P level on colonization of
geranium and subterranean clover roots by Glomus fasciculatum.

Percent root length with VAM
Subterranean

clover (Expt 1) Geranium (Expt 2)
Growth medium 11 ppm P 43 ppm P 11 ppm P 43 ppm P

soil 59.5de 53.8e 87.1d 80.9e

soil/bark 4.4b 1.8b 78.0c 79.4e

soil/peat/perlite 61.0e 25.3d 85.2d 69.0d

sand 55.5d 29.1d

vermiculite 6.2bc 1.4b 37.6a 7.9a

peat 7.6c 0.1a 52.4b 18.7b

bark 1.0a 0.2a 43.5a 27.8c

perlite 3.7b 0.6ab

peat/vermiculite 0.2a 18.9c 79.3c 31.8c

a-e Numbers in a column not followed by the same letter are significantly
different (Duncan's multiple range test, 5% level).



Table 3.2 Effect of growth medium and fertilizer P level on mycorrhizal growth response of
geranium and subterranean clover inoculated with Glomus fasciculatum.

Shoot Dry Weight (mg)
(proportion of non-mycorrhizal controls)

Subterranean clover (Expt. 1) Geranium (Expt 2)
Growth medium 11 ppm P 43 ppm P 11 ppm P 43 ppm P

soil 101/68 = 1.48** 110/100 =1.10 138/79 = 1.75** 172/173 = 0.99

soil/bark 61/47 = 1.29* 54/58 = 0.92 168/91 = 1.85** 158/175 = 0.90

soil/peat/perlite 84/71 = 1.18* 104/114 = 0.92 161/116 = 1.39** 193/245 = 0.79*
sand 67/62 = 1.08 88/99 = 0.89

vermiculite 61/64 = 0.96 55/63 = 0.87 94/135 = 0.69** 192/236 = 0.81*
peat 72/91 = 0.79* 95/108 = 0.88 137/151 = 0.91 195/213 = 0.92
bark 40/52 = 0.77* 44/52 = 0.84 142/156 = 0.91 147/160 = 0.92
perlite 70/73 = 0.96 70/80 = 0.87

peat/vermiculite 67/72 = 0.93 83/98 = 0.84* 112/129 = 0.87 243/239 = 1.02

* ** Significantly different from non-mycorrhizal controls at p < 0.05 or p < 0.01,
respectively (t-test).



Table 3.3 Effect of growth medium and fertilizer P level on shoot P concentration of geranium
and subterranean clover inoculated with Glomus fasciculatum

Shoot Phosphorus Concentration PO
(proportion of non-mycorrhizal controls)

Subterranean clover (Expt. 1) Geranium (Expt 2)
Growth medium 11 ppm P 43 ppm P 11 ppm P 43 ppm P

soil .20/.13 = 1.54 .39/.25 = 1.56 .19/.10 = 1.90 .18/.11 = 1.64

soil/bark .16/.4 = 1.07 .30/.31 = 0.97 .17/.11 = 1.55 .19/.11 = 1.73

soil/peat/perlite .22/.13 = 1.69 .33/.31 = 1.06 .14/.11 = 1.27 .21/.14 = 1.50

sand .20/.13 = 1.54 .29/.36 = 0.81

vermiculite .19/.21 = 0.90 .43/.43 = 1.00 .12/.12 = 1.00 .22/.22 = 1.00

peat .14/.16 = 0.88 .49/.58 = 0.85 .11/.11 = 1.00 .28/.24 = 1.17

bark .21/.22 = 0.95 .71/.64 = 1.11 .16/.14 = 1.14 .27/.25 = 1.08

perlite .17/.17 = 1.00 .30/.32 = 0.94

peat/vermiculite .13/.15 = 0.88 .50/.48 = 1.04 .11/.09 = 1.18 .20/.20 = 1.00
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Table 3.4 Effect of growth media and fertilizer P level on root
to shoot ratio of geranium and subterranean clover
inoculated with Glomus fasciculatum.

Root to Shoot ratio
(proportion of non-mycormizal controls)
Subterranean

clover (Expt. 1) Geranium (Expt 2)

11 ppm P 43 ppm P 11 ppm P 43 ppm P

soil 0.70** 1.20* 0.73** 0.77
soil/bark 0.85* 1.18 0.72** 0.92
soil/peat/perlite 0.71** 1.02 0.86 0.96
sand 0.71** 1.11 --- - --

vermiculite 0.79* 0.87 1.07 0.97
peat 1.09 1.08 1.07 1.00
bark 1.24 0.99 0.94 0.97
perlite 0.85* 1.13 --- - --

peat /vermiculite 0.95 0.87 0.94 1.04

* ** Significantly different from non-inoculated controls at p <
0.05 or p < 0.01, respectively (t-test).
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Table 3.5 Effect of growth medium and fertilizer P level on
equilibrium solution P concentration.

P Concentration (ppm)

Medium 11 ppm 43 ppm

fertilizer control 9.6 42.5

soil <0.25 <0.25

soil/bark 3.1 8.5

soil/peat/perlite 1.7 21.0

sand <0.25 10.6

peat 6.3 26.4

bark 11.0 37.5

vermiculite 6.3 32.9

perlite 8.5 40.8

peat/vermiculite 7.8 32.9
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DISCUSSION

In these experiments host growth enhancement by VAM only

occurred in media containing soil or sand, and growth enhancement was

suppressed by increasing the fertilizer P level. In soilless media,

mycorrhizal fungi did not colonize plants as extensively and did not

increase host P concentration. This phenomenon occurred with both

host species and all three fungus species used in these

experiments. Schultz et al. (1981) found that spore production

followed a similar pattern, with the greatest sporulation occurring

in media containing soil, and the least in artificial, soilless

media.

The most likely explanation is that the higher levels of

phosphate which we detected in solution in soilless media reduce host

colonization and effectiveness of VAM in P uptake. This could

account for effects observed in all soilless media used here. This

is consistent with the effects of P application observed by us and by

others (Gerdemann, 1975). It might be hypothesized that other

substrates which are capable of removing phosphorus from solution but

retain it in a form which is in equilibrium with soluble phosphate

would fill the same role as soil.

It is also possible that differences between media were due to

microbial factors. Bolton (1977) found that Pythium root rot was

more severe in soilless mixes than in those containing some soil.

This was attributed to a lack of antagonistic microorganisms. The

presence of organisms antagonistic to VA mycorrhizal fungi, or the

absence of organisms which interact with VAM to provide growth
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enhancement could cause the effects observed in soilless media.

Further experiments are being conducted to explore this possibility.

Another possibility is that the P content of some media may

inhibit VA mycorrhizal fungi.

Our results support the conclusion of Gaunt (1978) that dilution

effects alone were responsible for suppression of mycorrhizal

dependency when vermiculite was added to soil. However, we found no

evidence that soluble substances in peat inhibit the establishment

and functioning of VAM, as observed by Peuss (1958). Different

sources of peat may vary, however, and should be tested. In our

experiments the effect of peat on VAM appeared to be due to a lack of

some property found in soil.

Although soilless media were not as favorable to development of

VA mycorrhizae as those with soil, it may still be beneficial to

inoculate plants grown in these media if they are to be transplanted

into soil later. Also, when plants are grown for longer periods than

the 5 weeks we used here, mycorrhizae may be more useful in soilless

media, although they still probably wouldn't give as much host growth

response as in soil (Chapter 2). It may be possible to improve

establishment of VA mycorrhizae and host growth response in soilless

media by 1) using less soluble or slow-release forms of P fertilizer;

2) incorporating substances into the medium which remove P from

solution; or 3) using only very low levels of soluble P fertilizer.

Host growth response to mycorrhizae and amount of colonization

were generally related in these experiments, even though growth

enhancement of subterranean clover occurred when as little as 4.4% of
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the root length was colonized in soil/bark (Tables 1 and 2). Shoot

growth increases by VAM were frequently associated with decreased

root to shoot ratios. Likewise, adverse effects of VAM on shoot

growth in some cases could be partially explained by slight increases

in the root to shoot ratio.
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ABSTRACT

Peat mosses from different sources varied considerably in their

effects on mycorrhiza formation and growth response of geranium grown

in peat diluted with different amounts of soil and inoculated with

Glomus fasciculatum. This appeared to be related to the equilibrium

solution P concentration of the fertilized peats.

Utilization of rock phosphate or bonemeal instead of NaH2PO4 as

a fertilizer P source did not improve the establishment of VA

mycorrhizae and host growth response in soil, peat or vermiculite.

Addition of 5-10% Turface, bentonite, silt loam soil, or clay subsoil

to peat or vermiculite resulted in increased colonization of host

roots and significant mycorrhizal growth response, but amendment with

liquid sludge inhibited mycorrhiza formation.
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INTRODUCTION

Vesicular-arbuscular (VA) mycorrhizal fungi have potential for

commercial use on container-grown plants since these they can

increase host plant uptake of water and mineral nutrients (Maronek et

al., 1981), reduce disease caused by soilborne pathogens (Schenck and

Kellam, 1979; Maronek et al., 1981), and increase transplant survival

and growth (Barrows and Roncadori, 1977; Cooper, 1981). However,

growth media used in containers are frequently composed of soilless

components such as peat, perlite, bark and vermiculite. These

components inhibit formation of VA mycorrhizae (VAM) and reduce host

plant growth response compared to that in soil or sand (Chapter 3).

The higher levels of phosphate in solution after fertilization of

soilless media may account for the reduced colonization of host roots

and decreased host plant growth response (Chapter 3). Fertilization

with high levels of available P has a similar effect on VAM (Maronek

et al., 1981; Chapter 3).

Potential methods for improving formation of VAM and host plant

growth response are 1) to select the least inhibitory soilless

components, 2) to use slowly-available fertilizer P sources or very

low levels of soluble fertilizer, and 3) to add some component to the

medium which will remove P from solution.

One objective of this study was to determine whether peats from

different sources varied in their effect on development of VAM and

host plant response; and if they did, to find out what properties of

the peat were related to inhibitory effects on mycorrhizae. Another

was to test different fertilizer P sources and levels for their
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effect on VAM on plants growing in various media. The final purpose

of these experiments was to study the effects of adding various

amendments to peat or vermiculite on formation of VAM and plant

growth response to inoculation.

MATERIALS AND METHODS

Seeds of geranium (Pelargonium x hortorum L. H. Bailey cv.

'Sprinter Scarlet') were surface sterilized 20 min in 0.5% sodium

hypochlorite, placed under running tap water 15 hrs, then germinated

on water agar plated for 48 hrs in darkness at 21°C.

Seedlings were then planted individually in 50 ml plastic growth

tubes. Growth media and fertilizer treatments were as follows:

Experiment 1. The effect of type of peat on formation of VAM,

host growth response, and equilibrium solution P concentration was

determined. Four sphagnum peats from different sources and one

hypnum peat were each diluted with 0, 10, 25, or 50% (v/v) silt loam

soil, or plants were grown in 100% soil. Plants were fertilized

weekly with 10 ml per plant Long Ashton nutrient solution (Hewitt,

1966) at full strength (43 ppm) P or one-quarter strength (11 ppm) P

in the form of monobasic sodium phosphate.

Experiment 2. The effect of P fertilizer source on formation of

VAM, host growth response, and equilibrium solution P concentration

was determined. Plants were grown in silt loam soil, sphagnum peat,

or medium grade vermiculite and fertilized weekly with 10 ml per

plant Long Ashton nutrient solution at 1, 11, or 43 ppm P. In other

fertilization treatments, bonemeal was mixed with each medium at 20

or 80 g/l, or C-grade rock phosphate was incorporated at 12, 50, or
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200 g/l. Plants in these treatments were fertilized with nutrient

solution as for the soluble P fertilizer treatments, except that the

P was omitted from the solution.

Experiment 3. The effect of media amendments on formation of

VAM, host growth response and equilibrium solution P concentration

was determined. Sphagnum peat or medium grade vermiculite were

unamended or amended with 10, 25, or 50% (v/v) baked montmorillonite

clay (Turface0); 10, 25, or 50% silt loam soil; 10, 25, or 50% clay

subsoil; 5 or 10% dry granular bentonite clay; 25 or 50% digested

liquid sewage sludge (2.7% w/v solids); 20 or 80 g/1 (104 or 416

meq/1) Bio-Rad Analytical grade cation exchange resin; or 30 or 120

g/1 (105 or 415 meq/1) Bio-Rad analytical grade anion exchange

resin. Plants in all growth media were fertilized weekly with 10 ml

per plant Long Ashton nutrient solution at one-quarter strength (11

ppm) P.

Peat and soil used in all experiments were pasteurized with

aerated steam for 30 min at 60°C. Powdered lime was used to adjust

media pH's to 5.7-6.2 in Experiment 1, 6.0-6.5 in Experiment 2, and

5.6-6.2 in Experiment 3, except for vermiculite which had a pH of

7.6. The pH's measured again when experiments were terminated were

within a similar range of the beginning pH's.

Inoculum mixed with the various media before planting consisted

of 0.15 g per plant washed and finely chopped subterranean clover

roots colonized by Glomus fasciculatum or roots of nonmycorrhizal

subterranean clover plants which had been treated with G.

fasciculatum spore washings that had passed through a 37 um sieve.
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Plants were watered daily and maintained in a greenhouse at 16°C

night and with 20-22°C day temperatures. Supplemental lighting with

an intensity of 160 micro Einsteins/m2/sec was provided 6 a.m. to 10

p.m. daily by high pressure sodium vapor lamps.

Each treatment had 10 single-plant replications. Experiments

were terminated 6 weeks after planting, at which time shoot dry

weight (60°C, 72 hrs) was determined. Roots were cleared and stained

(Phillips and Hayman, 1970) and colonization by G. fasciculatum was

measured as percent root length with mycorrhizal colonization

(Appendix). After combining all 10 plants in each treatment, shoots

were dry-ashed in a muffle furnace at 550°C and shoot P concentration

was determined colorimetrically by the Oregon State University

Department of Soil Science Plant Analysis Laboratory (Anon., 1975).

The effects of media and P fertilizers on P concentration in the

soil solution were evaluated for each of the plants and the soil used

in Experiment 1, and for all the media and fertilizer combinations

used in the other two experiments. The same fertilizer P levels (0,

11, or 43 ppm) which had been used to fertilize experimental plants

in each medium were used, and 500 ml of each medium was saturated

with Long Ashton nutrient solution. The media were covered to

prevent evaporation and allowed to equilibrate for 48 hours, after

which the solutions were decanted and the concentration of P

remaining in the solution was determined colorimetrically as

described for shoot P concentration. The sodium bicarbonate-

extractable P content of the peats used in Experiment 1 was
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determined by the Oregon State University Department of Soil Science

Soil Testing Laboratory (Olsen et al., 1954).

RESULTS

Experiment 1. The type of peat had very little effect on the

amount of colonization of geranium roots by G. fasciculatum when 10,

25, or 50% soil had been added (Table 1). With no added soil at the

lower fertilizer P level, the amount of colonization was higher in

the hypnum peat than in the 4 sphagnums. For all peats and soil/peat

dilutions, the application of fertilizer P at the higher level

significantly reduced formation of VAM. All peats tested had an

inhibitory effect on development of VAM compared to soil, since

colonization of roots increased with increasing proportion of soil.

Shoot growth significantly increased due to inoculation with G.

fasciculatum only at the lower P fertility level where mycorrhizal

growth response was positively correlated with addition of soil to

all types of peat (Table 2). Significant mycorrhizal enhancement of

host plant growth occurred in the hypnum peat when only 10% soil was

added; in sphagnum D with only 25% added; in sphagnum C only when 50%

was added; and did not occur in sphagnums A or B at any soil dilution

level tested.

The shoot P concentration was generally increased by G.

fasciculatum when plants were grown at the low P fertility (p <

0.01), but was unaffected by inoculation when plants were grown at

the high P fertility level (Table 3). Increasing the proportion of

soil generally increased the shoot P of mycorrhizal plants relative
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to control plants at both fertilizer P levels (r = 0.912, p < 0.01 at

11 ppm P; r = 0.960, p < 0.01 at 43 ppm P).

The extractable P concentration of the various peats (Table 4)

was not related to the average mycorrhizal growth enhancement in peat

over the various soil dilutions (r = -0.808, N.S.). However, the

equilibrium solution P concentration of peats after fertilizing with

either 11 or 43 ppm P (Table 4) was negatively correlated with host

growth enhancement in peat (r = -0.992, p < 0.01 for equilibrium

solution P concentration after fertilizing with 11 ppm P; r = -0.977,

p < 0.01 for 43 ppm P).

Experiment 2. No growth enhancement from VAM occurred in

treatments in peat or vermiculite regardless of P source or level,

but host growth depression occurred with some fertilizer treatments

in vermiculite (Table 5). Significant host growth enhancement

occurred in soil in treatments with no fertilizer, NaH2PO4 at the

lower level, or rock phosphate at the lowest level. Data is not

reported for plants in vermiculite fertilized with bonemeal at the

higher level since these plants died.

Percent root length with VAM was highest in unfertilized soil

and peat, media fertilized with the lower level of P in nutrient

solution, or media fertilized with rock phosphate at the two lower

levels. Colonization of roots followed a similar pattern in

vermiculite, except that there was very little colonization when no

fertilizer P was added. The increase in P concentration in shoots of

plants with VAM was greater in plants grown in soil (p < 0.01), but a
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significant increase (p < 0.01) also occurred in plants grown in

peat.

Host plant growth response to inoculation with G. fasciculatum

decreased with increasing shoot dry weight of nonmycorrhizal plants

grown in soil or peat and fertilized with the various P treatments (r

= -0.883, p < 0.01 for soil; r = -0.799, p < 0.01 for peat). Host

growth response to G. fasciculatum in soil was positively correlated

with formation of mycorrhizae (r = 0.827, p < 0.01); in peat there

was no correlation (r = 0.105); and a negative correlation existed

for plants grown in vermiculite (r = -0.911). Host plant growth

response in soil was negatively correlated with shoot P concentration

of mycorrhizal plants (r = -0.768, p < 0.01) and positively

correlated with the P concentration of mycorrhizal plants relative to

nonmycorrhizal controls (r = 0.545, p < 0.05). These two variables

were not related to host growth response when plants were grown in

peat or vermiculite (p < 0.05).

Equilibrium solution P concentrations were uniformly low in

soil, and in vermiculite when bonemeal or rock phosphate was used

(Table 6), and thus could not be tested for correlation with host

growth response. When soluble P was applied, appreciable amounts

were in solution in peat and vermiculite at equilibrium. Smaller

amounts were found in solution in peat when rock phosphate was used

as a P source, but fertilization with bonemeal resulted in the

highest solution P concentrations. There was no significant

correlation between host plant growth enhancement in peat treated
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with the various P fertilizers and equilibrium solution P

concentration (r = 0.115).

Experiment 3. Colonization of geranium roots by G. fasciculatum

was increased when Turface, silt loam soil, bentonite clay or anion

exchange resin was added to either peat or vermiculite at all levels

tested (Table 7). The addition of clay subsoil at 10, 25, or 50%

increased formation of VAM on plants grown in peat, but only

increased formation of VAM on those grown in vermiculite when used at

the lowest level (10%). Adding cation exchange resin or liquid

sludge reduced fungal colonization of host roots (Table 7).

Turface, silt loam soil, clay subsoil, bentonite clay, and

liquid sludge all resulted in a significant mycorrhizal growth

response of plants grown in either peat or vermiculite amended with

these substances at nearly all levels tested. Host growth was not

affected by inoculation with G. fasciculatum in either medium

unamended or amended with cation exchange or anion exchange resins.

No data is reported for plants grown in peat amended with cation

exchange resin at 80 g/1 because these plants died. Increase in

shoot P concentration in plants with VAM was not significantly

correlated with host plant growth response to VAM in this experiment

(r = 0.405 for peat treatments, r = -0.150 for vermiculite

treatments).

The equilibrium solution P concentration of either peat or

vermiculite was reduced when Turface, silt loam soil, clay subsoil or

anion exchange resin was added (Table 8). Cation exchange resin did

not strongly affect the solution P concentration, but liquid sludge
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increased it. The effect of bentonite clay was not determined

because colloidal clay in the solution made it too thick to test.



Table 4.1 Effect of type of peat, proportion of soil in the medium, and fertilizer P level
on colonization of geranium roots by Glomus fasciculatum.

Type of peat and
fertilizer P level

Amendment with soil

Percent root length mycorrhizal
0% soil 10% soil 25% soil 50%soil

Hypnum - 11 ppm P 55.8d 65.0c 73.7e 71.0c

Sphagnum A - 11 ppm P 18.9bc 62.5c 65.7de 73.6c

Sphagnum B - 11 ppm P 15.3b 61.0c 61.5d 74.2c

Sphagnum C - 11 ppm P 26.2c 61.5c 68.6de 74.8c

Sphagnum D - 11 ppm P 17.1b 60.8c 62.6d 73.0c

Hypnum - 43 ppm P 2.2a 13.4a 23.9ab 40.7a

Sphagnum A - 43 ppm P 2.0a 25.4b 37.2c 58.4b

Sphagnum B - 43 ppm P 2.2a 14.6a 30.4b 37.2a

Sphagnum C - 43 ppm P 3.6a 15.0a 24.6ab 61.4b

Sphagnum D - 43 ppm P 3.0a 13.9a 22.3a 46.2a

Correlation between
mycorrhizal development
and proportion of soil

r = .770, p < .01

r = .783, p < .01

r = .801, p < .01

r = .817, p < .01

r = .796, p < .01

r = .994, p < .01

r = .990, p < .01

r = .946, p < .01

r = .988, p < .01

r = .995, p < .01

a-e Means within a column not followed by the same letter are significantly different

(Duncan's multiple range test, 5% level).



Table 4.2 Effect of type of peat, proportion of soil in the medium, and fertilizer P level on growth response of
geranium inoculated with Glomus fasciculatum.

Type of peat and
fertilizer P level

Mycorrhizal Growth Response
[proportion of nonmycorrhizal control shoot dry wt (mg)]

0% soil 10% soil 25% soil 50% soil

Correlation between
mycorrhizal growth response

and proportion of soil

Hypnum - 11 ppm P 195/193 = 1.01 237/145 = 1.63** 244/161 = 1.52
**

290/181 = 1.60**
Sphagnum A 11 ppm P 387/370 = 1.04 320/362 = 0.88 276/321 = 0.86 324/283 = 1.14

*
Sphagnum B - 11 ppm P 262/320 = 0.80 264/297 = 0.89 242/289 = 0.84 182/175 = 1.04

Sphagnum C - 11 ppm P 398/397 = 1.00 335/359 = 0.93 321/303 = 1.06 308/231 = 1.33**

Sphagnum D - 11 ppm P 316/306 = 1.03 331/400 = 0.83 368/291 =
*

1.26 369/282 = 1.31**

Hypnum - 43 ppm P 305/308 = 0.99 410/375 = 1.09 413/357 = 1.16 377/430 = 0.88

Sphagnum A - 43 ppm P 409/361 = 1.13 405/472 = 0.86 401/473 = 0.85 359/471 = 0.76

Sphagnum B - 43 ppm P 314/299 = 1.05 329/338 = 0.97 382/411 = 0.93 277/304 = 0.91

Sphagnum C - 43 ppm P 487/415 = 1.10 407/504 = 0.81 383/432 = 0.89 378/383 = 0.99

Sphagnum D 43 ppm P 392/400 = 0.98 390/501 = 0.89 508/446 = 1.14 435/502 = 0.87

r = .628, p <

r = .459, p <

r = .881, p <

r = .920, p <

r = .772, p <

.01

.05

.01

.01

.01

r = -.459, p < .05

r = -.830, p < .01

r = -.885, p < .01

r = -.084, N.S.

r = -.031, N.S.

* ** Significantly different from controls at p = 0.05 and p = 0.01, respectively (t-test).



Table 4.3 Effect of type of peat, proportion of soil in the medium and fertilizer P level
on shoot P concentration of geranium inoculated with Glomus fasciculatum.

Type of peat and

Shoot P concentration (%)
(proportion of nonmycorrhizal control)

fertilizer P level 0% soil 10% soil 25% soil 50%soil

Hypnum - 11 ppm P .11/.08 = 1.38 .10/.10 = 1.00 .11/.10 = 1.10 .12/.10 = 1.20

Sphagnum A - 11 ppm P .14/.13 = 1.08 .15/.14 = 1.07 .18/.15 = 1.20 .22/.16 = 1.38

Sphagnum B - 11 ppm P .11/.11 = 1.00 .11/.11 = 1.00 .13/.11 = 1.18 .14/.12 = 1.17

Sphagnum C - 11 ppm P .11/.09 = 1.22 .10/.09 = 1.11 .11/.11 = 1.00 .15/.11 = 1.36

Sphagnum D - 11 ppm P .09/.09 = 1.00 .14/.11 = 1.27 .15/.11 = 1.36 .17/.12 = 1.42

Hypnum - 43 ppm P .31/.30 = 1.03 .20/.19 = 1.05 .18/.20 = 0.90 .19/.18 = 1.06

Sphagnum A - 43 ppm P .28/.31 = 0.90 .28/.31 = 0.90 .26/.31 = 0.84 .25/.27 = 0.93

Sphagnum B - 43 ppm P .26/.30 = 0.87 .24/.26 = 0.92 .22/.22 = 1.00 .20/.21 = 0.95

Sphagnum C - 43 ppm P .29/.26 = 1.12 .21/.21 = 1.00 .21/.18 = 1.17 .21/.20 = 1.05

Sphagnum D - 43 ppm P .27/.28 = 0.96 .24/.24 = 1.00 .22/.21 = 1.05 .24/.20 = 1.20
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Table 4.4 Extractable P concentration of unfertilized peats
and equilibrium solution P concentration of peats
fertilized at two soluble P concentrations.

Type of Peat

Extractable
P concentration

(ppm)

Equilibrium solution
P concentration (ppm)
11 ppm P 43 ppm P

Hypnum 3 0.97 11.7

Sphagnum A 17 6.34 26.4

Sphagnum B 34 8.14 33.6

Sphagnum C 32 5.63 23.2

Sphagnum D 16 5.60 21.9



Table 4.5 Effect of growth medium and fertilizer P source and level on establishment of mycorrhizae, growth response and shoot P concentration
of geranium inoculated with Glomus fasciculatum.

Fertilizer
P source

Mycorrhizal Growth Response
[proportion of nonmycorrhizal control

shoot dry wt (mg)]

Percent Root Length
Mycorrhizal Shoot P Concentration

(proportion of nonmycorrhizal
(%)

controls)

soil peat
vermi-
culitesoil peat vermiculite soil peat vermiculite

No P added 190/88 = 2.16**
**

68/60 = 1.13 43/41 = 1.04 82.8c 51.0f 0.8a .11/.08 = 1.38 .08/.07 = 1.14 .07/.06 = 1.17NaH
2
PO

4 220/148 = 1.49 309/282 = 1.10 154/170 = 0.90 78.9c 32.8e 10.5b .14/.09 = 1.55 .08/.09 = 0.89 .10/.12 = 0.83- il ppm
NaH

2
PO

4
294/260 = 1.13 422/447 = 0.88 213/225 = 0.95 53.0b 5.2b 0.3a .12/.11 = 1.09 .18/.20 = 0.90 .24/.34 = 0.70- 43 ppm

bonemeal 263/337 = 0.78 332/348 = 0.95 173/199 = 0.87 42.2ab 1.1a 1.4a .37/.30 = 1.23 .46/.32 = 1.43 .32/.40 = 0.80- 20 g/1

bonemeal 179/236 = 0.76 119/86 = 1.38 26.9a 0.4a .27/.28 = 0.96 .58/.47 1.23
- 80 g/1

rock phosphate 222/153 = 1.45 418/393 = 1.06 90/127 = 0.71* 79.6c 20.3d 36.9d .16/.10 = 1.60 .17/.15 = 1.13 .10/.08 = 1.25- 12 g/1
rock phosphate 270/237 = 1.14 407/394 = 1.03 178/255 0.70* 73.4c 14.0cd 30.7d .19/.13 = 1.46 .24/.20 = 1.20 .18/.21 = 0.86- 50 g/1

rock phosphate 314/307 = 1.02 412/399 = 1.03 252/310 = 0.81 58.0b 9.2bc 20.2c .19/.14 = 1.36 .26/.23 = 1.13 .23/.29 = 0.79- 200 g/1

* **
Significantly different from controls at p < 0.05 or p < 0.01, respectively (t-test)

a-f Means within a column not followed by the same letter are significantly different (Duncan's multiple range test, 5% level).
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Table 4.6 Effect of growth medium and fertilizer P
source and level on equilibrium solution P
concentration of medium.

Fertilizer P source
and level

Equilibrium solution P
concentration (ppm)

soil peat
vermi-
culite

No P fertilizer <0.28 <0.28 <0.28

NaH2PO4 - 11 ppm <0.28 5.22 6.28

NaH2PO4 - 43 ppm <0.28 21.9 32.0

bonemeal - 20 g/1 <0.28 22.5 <0.28

bonemeal - 80 g/1 <0.28 26.7 <0.28

rock phosphate - 12 g/1 <0.28 0.63 <0.28

rock phosphate 50 g/1 <0.28 3.8 <0.28

rock phosphate - 200 g/1 <0.28 2.4 <0.28



Table 4.7 Effect of various amendments added to peat or vermiculite on establishment of mycorrhizae, growth response and shoot Pconcentration of geranium inoculated with Glomus fasciculatum.

Amendment

Percent Root
Length

Mycorrhizal
Mycorrhizal Growth Response
[proportion of nonmycorrhizal
control shoot dry wt (mg)]

Mycorrhizal Increase in
Shoot P Concentration (%)

(proportion of
nonmycorrhizal controls)

Peat
Vermi-
culite Peat Vermiculite Peat Vermiculite

Turface - 100% 41.1cde 62.7fg 280/296 = 0.95 185/115 = 1.61** .10/.09 = 1.11 .12/.09 = 1.33Turface - 25% 58.7def 55.9def 337/187 = 1.80** 198/99 = 2.00** .12/.09 = 1.33 .10/.09 = 1.11Turface - 50% 58.3de 63.Sfg 275/122 = 2.25** 142/71 = 2.00** .12/.12 = 1.00 .16/.08 = 2.00Silt loam soil - 10% 61.7ef 58.7ef 327/295 = 1.11 168/145 = 1.16* .09/.10 = 0.90 .12/.09 = 1.33Silt loam soil - 25% 62.9ef 63.8fg 314/200 = 1.57** 239/133 - 1.80** .11/.09 = 1.22 .11/.09 = 1.22Silt loam soil - 50% 64.9ef 73.3g 294/195 = 1.51** 273/127 = 2.15** .10/.09 = 1.11 .09/.10 = 0.90Clay subsoil - 10% 68.4f 51.4cdef 173/78 = 2.22** 75/46 = 1.63** .11/.09 = 1.22 .10/.06 = 1.67Clay subsoil - 25% 61.4def 33.4b 110/62 = 1.77** 52/44 = 1.18 .07/.06 = 1.17 .11/.05 = 2.20Clay subsoil - 50% 44.7cde 39.4bc 70/40 = 1.75** 41/43 = 0.95 .10/.07 = 1.43 .08/.05 = 1.60Bentonite clay - 5% 62.0ef 70.1g 221/132 = 1.67** 212/169 = 1.25* .07/.07 = 1.00 .10/.11 = 0.91Bentonite clay - 10% 67.0ef 53.1def 214/101 = 2.12** 200/224 = 0.89 .07/.05 = 1.40 .09/.04 = 2.25Cation exchange resin - 209/1 9.4b 6.7a 339/340 = 1.00 40/46 = 0.87 .10/.08 = 1.25 .09/.07 = 1.00Cation exchange resin - 80g/1 -- 0.0a 47/52 = 0.90 --- .07/.07 = 1.00Anion exchange resin - 30g/1 54.0de 47.4cde 287/334 = 0.86 103/112 = 0.92 .08/.08 = 1.00 .12/.07 = 1.71Anion exchange resin - 120g/1 60.6def 50.3cdef 235/266 = 0.88 105/122 = 0.86 .07/.08 = 0.88 .11/.06 = 1.83Liquid sludge - 25% 1.1a 1.2a 548/410 = 1.34* 430/327 = 1.31* .31/.23 = 1.35 .23/.25 = 0.92Liquid sludge - 50% 1.2a 1.1a 418/290 = 1.44* 542/523 = 1.04 .48/.48 = 1.00 .33/.31 = 1.06Unamended control 33.2c 29.5b 251/265 = 0.91 147/156 = 0.94 .09/.08 = 1.13 .10/.12 = 0.83

* ** Significantly different from non-mycorrhizal controls at p < 0.05 or p < 0.01, respectively (t-test).
a-g Means within a column not followed by the same letter are significantly different (Duncan's multiple range test, 5% level)
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Table 4.8 Effect of various amendments to peat or
vermiculite on equilibrium solution P
concentration after saturation of media with
fertilizer solution containing 11 ppm P.

Amendment

Equilibrium solution
P concentration (ppm)

Peat Vermiculite

Turface - 10% 2.93 4.16

Turface - 25% 1.55 2.05

Turface - 50% 1.21 1.34

silt loam soil - 10% 2.05 2.05

silt loam soil - 25% 1.34 <0.28

silt loam soil - 50% <0.28 <0.28

clay subsoil - 10% <0.28 <0.28

clay subsoil - 25% <0.28 <0.28

clay subsoil - 50% <0.28 <0.28

cation exchange resin - 20 g/1 7.34

cation exchange resin - 80 g/1 8.91

anion exchange resin 30 g/1 4.16 2.05

anion exchange resin - 120 g/1 2.05 1.34

liquid sludge - 25% 52.2 21.1

liquid sludge - 50% 127 28.1

unamended control 5.22 6.28
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DISCUSSION

Zak and Parkinson (1981) found that the addition of sphagnum

peat to mine spoils increased formation of VAM on slender

wheatgrass. This was attributed to the presence of propagules of

mycorrhizal fungi in the peat, rather than to the conduciveness of

peat as a medium for VAM formation. None of the peats tested by us

was as favorable a medium as silt loam soil for development of VAM

and host plant growth response. However, the degree of plant growth

enhancement by mycorrhizae varied considerably between different

peats diluted with soil, and this appeared to be related to the

equilibrium solution P concentration of the fertilized peats. This

parameter could be used to predict the extent of inhibition of VAM by

any given peat in formulating growth media or soil amendments for

production of mycorrhizal plants.

Utilization of rock phosphate or bonemeal instead of NaH2PO4 did

not improve establishment of VA mycorrhizal fungi and host growth

response in any medium. Our results using various forms of

fertilizer P support the conclusion of Pairunan et al. (1980) that VA

mycorrhizae increase host growth and P content of shoots at low or

intermediate rates of P application, regardless of the solubility of

the P source. Thus, host plant growth response to inoculation of

soil with G. fasciculatum decreased when phosphate was apparently

more available to nonmycorrhizal plants, as reflected in their higher

shoot dry weight and P concentration. Even at relatively low

fertilizer P levels, with correspondingly reduced solution P

levels, growth enhancement by G. fasciculatum in peat or vermiculite
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was not significant; growth enhancement occurred only in soil.

Although the P concentration of the ambient solution strongly affects

the development of VA mycorrhizae and host growth response

(Bethlenfalvay and Yoder, 1981; Chapter 3 ), other properties of the

medium must also be involved. Although it has not yet been

identified, it is possible that a non-soluble form of P exists

(Mosse, 1973; Gerdemann, 1975; Pairunan et al., 1980), that is more

abundant in soil than in peat or vermiculite and which is more

available to mycorrhizae than to non-mycorrhizal roots. Other

factors such as matric effects on diffusion rates and microbial

activity affecting P uptake may also be involved in differences

between the various media. The growth depression of plants grown in

vermiculite caused by inoculation with G. fasciculatum was highly

correlated with the level of colonization and may be due to

utilization of host carbohydrate by the endophyte without an

accompanying increase in P uptake.

The increase in colonization of roots and host growth response

to G. fasciculatum obtained by adding Turface, bentonite, silt loam

soil, and clay subsoil to peat or vermiculite could make these

amendments practical for container-grown VA mycorrhizal plants.

Small amounts (5-10%) of these amendments were effective. Turface

was first found to be an effective medium for fungal colonization of

roots and spore production by VA fungi by Furlan and Fortin (1981).

Substances which favored mycorrhiza development (Turface, bentonite,

clay subsoil, silt loam soil) decreased the solution P level when

added to fertilized peat or vermiculite, except bentonite which could
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not be tested. This may have been why their incorporation encouraged

VA mycorrhizae, but other factors could also have been involved. The

mycorrhizal growth enhancement with relatively sterile substances

(Turface and bentonite) indicates that the effect was due to physical

or chemical rather than biological properties of the amendments. The

clay minerals in all of these amendments may have favored development

of VA mycorrhizae and host growth response by reduction of inhibitory

solution P levels due to adsorption, or through impedance of

diffusion of P in solution by clay particles. The net result would

be more efficient uptake of P by the fungal hyphal network than by

host roots. Another possibility is that clay-bound phosphate may be

more availble to mycorrhizal than to nonmycorrhizal roots.

The increased colonization of roots and P uptake by plants

inoculated with G. fasciculatum in vermiculite amended with anion

exchange resin supports the hypothesis that removal of P from

solution favors mycorrhization. Positively charged loci in soil may

have an effect similar to the anion exchange resin. Cation exchange

resin did not have the same effect when added to growth media.

The virtual absence of mycorrhizae on plants grown in media

amended with liquid sewage sludge agrees with the lack of VAM in

sludge-amended mine spoils observed by Zak and Parkinson (1981), and

with the lack of growth enhancement by VAM when sludge was added to a

soil/peat/sand medium (Lambert, 1981). The high equilibrium solution

P level in sludge-amended media and high P level in shoots of plants

grown in media containing sludge explains the low colonization

level. We cannot, however, explain the growth enhancement from
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mycorrhizal inoculation which we observed in sludge-amended media in

the absence of root colonization.
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ABSTRACT

Growth response of geranium to inoculation with Glomus

fasciculatum increased with increasing pre-inoculation soil heat

treatment temperatures of 45°C to 120°C. Growth of nonmycorrhizal

plants decreased with increasing soil heat treatment temperatures.

Colonization of geranium roots inoculated with G. fasciculatum was

not affected pre-inoculation by soil treatment temperatures, but

treatment at 55°C or higher eliminated colonization of roots by

indigenous mycorrhizal fungi. The shoot P concentration of

inoculated plants relative to controls increased with increasing soil

treatment temperature.
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Increasing the amount of fertilizer P from 11 ppm to 43 ppm

weekly decreased colonization of roots, growth response and relative

P concentration of inoculated plants in soil treated at all

temperatures tested. Addition of 5% soil treated at various

temperatures to autoclaved soil affected colonization of roots,

growth response and relative P uptake by inoculated plants similarly

to treatment of the entire soil at those temperatures, indicating a

biological effect.

Heat treatment did not affect extractable P or Mn. Numbers of

fungi isolated decreased most between 45°C and 55°C; numbers of

bacteria isolated decreased most between 55°C and 85°C. The

decreasing numbers of bacteria and fungi isolated from soil with

increasing temperature treatment supports the hypothesis that

microbiological factors were involved in the host response to

inoculation with VA mycorrhizae.

INTRODUCTION

Treatment of soils with aerated steam at temperatures of 45 -

65 °C selectively changes the microbial population, depending upon the

temperature used (Baker and Roistacher, 1957; Olsen and Baker, 1968;

Baker, 1970), but does not radically change physical and chemical

soil properties (Dawson et al., 1965; Baker, 1970). Heat treatment

of soil at temperatures greater than 65°C frequently causes stunting

of plants; in some cases this is due to toxic organic compounds which

can be leached out or deactivated by some species of saprophytic soil

fungi and bacteria (Rovira and Bowen, 1966). In other cases this

stunting has been attributed to phytotoxic levels of soluble Mn
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(Warcup, 1957; Dawson et al., 1965) and nitrite (Dawson et al.,

1965).

Soils used in container plant growth media are commonly heat-

treated with aerated steam or live steam to eliminate plant

pathogens. No information is available on how pre-inoculation heat

treatment of soils affects vesicular-arbuscular (VA) mycorrhizal

fungi. Inoculation with these fungi can improve growth of container

plants (Maronek et al., 1980; Chapters 3 and 4).

The purpose of this study was to determine what effect heat

treatment of soil at various temperatures has on subsequent formation

of VA mycorrhizae (VAM) and host growth response of inoculated

plants. Another objective was to ascertain whether inoculation with

mycorrhizal fungi could overcome apparent phytotoxic effects of high

temperature treatment of soil.

MATERIALS AND METHODS

Seeds of geranium (Pelargonium x hortorum L. H. Bailey cv.

'Sprinter Scarlet') were germinated on water agar and then

individually planted in 50 ml plastic growth tubes containing silt

loam soil. The soil was untreated, autoclaved (120°C) for 1 hr or

heated with aerated steam for 30 min at 45°C, 55°C, 65°C, or 85°C.

In some treatments, 50 m1/1 (5%) untreated soil or soil steamed at

the various temperatures was mixed with autoclaved soil.

Inoculum was mixed with the soil in each treatment before

planting, and consisted of 0.15 g/plant finely chopped Trifolium

subterraneum roots colonized by Glomus fasciculatum or roots from a

non-mycorrhizal T. subterraneum plant which had been treated with G.



96

fasciculatum spore washings passed through a 37 um sieve. Both types

of inocula were treated for 30 sec in 0.5% Na0C1 to remove some of

the contaminating root surface microorganisms (Chapter 1).

Plants were watered daily and fertilized weekly with Long Ashton

nutrient solution (Hewitt, 1966) at full strength (43 ppm) or one

quarter strength (11 ppm) P in the form of monobasic sodium

phosphate.

Plants were maintained in a greenhouse at 16°C night and 20-22°C

day temperatures. Supplemental lighting with an intensity of 160

uE/m2/sec was provided 6 a.m. to 10 p.m. daily by high pressure

sodium vapor lamps.

Each treatment had 10 single-plant replications. The experiment

was terminated after 6 weeks, at which time shoot dry weight (60°C,

72 hrs) was determined. Roots were cleared and stained (Phillips and

Hayman, 1971) and fungal colonization was measured as percent root

length mycorrhizal (Appendix). Shoot P concentration was determined

after combining plants in each treatment; shoots were dry-ashed at

550°C and P concentration determined colorimetrically (Anon., 1976)

by the Oregon State University Department of Soil Science Plant

Analysis Laboratory.

Soil in each heat treatment was analyzed for sodium bicarbonate

extractable P (Olsen et al., 1954) and water soluble and exchangeable

Mn (sodium acetate solvent, pH 7.0) by the Oregon State University

Department of Soil Science Soil testing Laboratory.

Three soil samples from each heat treatment were analyzed for

microbial numbers by diluting at 10-1 , 10
-2

, 10
-3

, 10
-4

, and 10
-5
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(w/v) and spreading 0.2 ml/plate on plate count agar and antibiotic

potato dextrose agar to estimate relative numbers of bacteria and

fungi, respectively. Colonies were counted after 3 days.

RESULTS

Growth response of geranium to inoculation with G. fasciculatum

increased with increasing soil heat treatment temperature from 45°C

to 120°C (Table 1). Growth of nonmycorrhizal plants decreased with

increasing soil treatment temperature (r = -0.928, p < 0.01 at 11 ppm

P, r = -0.996, p < 0.01 at 43 ppm P). Colonization of roots of

plants inoculated with G. fasciculatum was not consistently affected

by soil treatment temperature (Table 2). Shoot P concentration of

inoculated plants relative to controls increased with increasing

temperature of soil treatment (Table 3).

Increasing the amount of fertilizer P decreased colonization of

roots, growth response and relative P concentration of inoculated

plants in soil treated at all temperatures tested (Tables 1, 2, 3).

Addition of 5% soil treated at various temperatures to autoclaved

soil affected colonization of roots, growth response and relative P

uptake by inoculated plants similarly to treatment of the entire soil

at those temperatures (Tables 1, 2, 3).

Uninoculated plants were not colonized by VA mycorrhizal fungi

when soil was treated at temperatures of 55°C or higher.

Colonization of uninoculated plants in other treatments is shown in

Table 4. Three of the 10 plants grown in a mixture containing 95%

120°C-treated soil plus 5% treated at 45°C at each fertilizer P level

remained nonmycorrhizal, presumably due to dilution of propagules;
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their shoot dry weights were not different from those of the

mycorrhizal plants in those treatments (p < .05).

The number of fungal colonies per dilution plate was reduced

most between soil treatment temperatures of 45°C and 65°C (Table

5). No fungi were found at any dilution of soil treated at 85°C or

120°C. Bacterial numbers were reduced most at treatment temperatures

between 55°C and 85°C; no bacteria were isolated from soil treated at

120°C.

Heat treatment of soil did not significantly affect the

extractable P or Mn content (Table 6).
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Table 5.1 Effect of fertilizer P and temperature of heat
treatment of soil on mycorrhizal growth response of
geranium inoculated with Glomus fasciculatum.

Temperature of
heat treatment

Mycorrhizal growth response
(shoot dry wt in mg as proportion

of uninoculated control)

11 ppm P 43 ppm P

Untreated 139/145 = 0.96 244/264 = 0.92
45°C 171/185 = 0.92 283/286 = 0.99
55°C 174/147 = 1.18** 275/272 = 1.01
65°C 168/127 = 1.31** 252/263 = 0.96
85°C 172/112 = 1.54** 266/233 = 1.14*

120°C (autoclaved) 160/92 = 1.74 233/178 = 1.31

95% 120°C + 5% untreated 97/123 = 0.79* 206/226 = 0.91
95% 120°C + 5% 45°C 127/130 = 0.98 238/264 = 0.90
95% 120°C + 5% 55°C 150/134 = 1.12** 254/240 = 1.06
95% 120°C + 5% 65°C 149/98 = 1.52** 242/214 = 1.13
95% 120°C + 5% 85°C 195/108 = 1.81 276/257 = 1.07

* ** Significantly different from uninoculated control at p <
0.05 or p < 0.01, respectively (t-test).
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Table 5.2 Effect of fertilizer P and temperature of
heat treatment of soil on colonization of
geranium roots by Glomus fasciculatum.

Temperature of
heat treatment 11 ppm P 43 ppm P

Percent root length
mycorrhizal

untreated 52.9a 41.6a
45°C 45.7a 40.2a
55°C 75.8c 57.6b
65°C 47.4a 44.3ab
85°C 71.0c 59.4b

120°C (autoclaved) 64.1bc 53.5ab

95% 120°C + 5% untreated 48.1a 41.7a
95% 120°C + 5% 45°C 58.5ab 50.6ab
95% 120°C + 5% 55°C 58.3ab 53.2ab
95% 120°C + 5% 65°C 57.4ab 46.7ab
95% 120°C + 5% 85°C 64.2bc 57.9b

a-c Means within a column not followed by the same
letter are significantly different (Duncan's
multiple range test, 5% level).
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Table 5.3 Effect of fertilizer P and temperature of heat
treatment of soil on shoot P concentration of
geranium inoculated with Glomus fasciculatum.

Temperature of
heat treatment

Shoot P conc. (%) as
proportion of

uninoculated controls

11 ppm P 43 ppm P

untreated .09/.10 = 0.90 .11/.12 = 0.92
45°C .07/.10 = 0.70 .10/.10 = 1.00
55°C .09/.08 = 1.13 .10/.11 = 0.91
65°C .09/.08 = 1.13 .09/.11 = 0.82
85°C .12/.08 = 1.50 .09/.11 = 0.82

120°C (autoclaved) .13/.08 = 1.63 .10/.10 = 1.00

95% 120°C + 5% untreated .11/.13 = 0.85 .10/.11 = 0.91
95% 120°C + 5% 45°C .11/.10 = 1.00 .11/.09 = 1.22
95% 120°C + 5% 55°C .11/.08 = 1.38 .09/.10 = 0.90
95% 120°C + 5% 65°C .12/.08 = 1.50 .09/.09 = 1.00
95% 120°C + 5% 85°C .13/.08 = 1.63 .10/.09 = 1.11
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Table 5.4 Effect of fertilizer P and temperature of
heat treatment of soil on colonization of
geranium roots by indigenous fungi.

Temperature of
heat treatment 11 ppm P 43 ppm P

Percent root length
colonized

untreated 39.7d 24.9c

45°C 33.8d 12.4a

95% 120°C + 5% untreated 32.8d 21.5bc

95% 120°C + 5% 45°C 26.3c 17.2ab

a-d Mean separation by Duncan's multiple range test,

5% level.
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Table 5.5 Effect of temperature of heat treatment of
soil on numbers of bacteria and fungi
isolated.

Temperature of
heat treatment

No. fungal No. bacterial
cplonies cplonies

(10' dilution) (10' dilution)

untreated 20c 200d

45°C 18c 220d

55°C 5b 210d

65°C la 26c

85°C Oa 3b

120°C la Oa
(autoclaved)

a-d Means within a column not followed by the same
letter are significantly different (Duncan's
multiple range test, 5% level).
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Table 5.6 Effect of temperature of heat
treatment of soil on
extractable P and Mn
concentrations.

Temperature of
heat treatment P (ppm) Mn (ppm)

untreated 5 6.0

45°C 4 6.6

55°C 5 6.2

65°C 5 6.9

85°C 5 8.0

120°C 5 9.2
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DISCUSSION

Indigenous mycorrhizal fungi in soil treated at 55°C or higher

were apparently killed and thus failed to colonize plant roots.

Treatment at 45°C apparently reduced propagule numbers, because

dilution of soil treated at this temperature resulted in some non-

mycorrhizal plants, but this did not occur in the untreated soil.

Menge et al. (1976) found that inoculum consisting of soil, roots,

and spores of Glomus fasciculatum was killed between 51.5°C and

52.5°C when treated with hot water. This is in contrast with the

results of Parke (1982) who showed that propagules of mycorrhizal

fungi in forest soils survive treatment with aerated steam for 30 min

at 55°C. Differences may be due to variation in soil properties or

predominant species of mycorrhizal fungi. Pullman et al. (1981)

found that colonization of cotton by mycorrhizal fungi and by

soilborne pathogenic fungi were reduced to about the same extent by

solar heating of fields. This indicated that both have similar

thermal death points.

The increase in growth response and relative P concentration of

mycorrhizae-inoculated plants with increasing temperature of heat

treatment is probably mediated through soil microbiological

factors. That adding a small amount of treated soil to autoclaved

soil had an effect similar to treatment of the entire soil indicates

that the effect was not physical or chemical. The lower soil

temperature treatments used here (45°C - 65°C) do not cause large

changes in soil physical or chemical properties (Dawson et al., 1965;

Baker, 1970), but did affect host response to inoculation with G.
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fasciculatum. Heat treatment failed to affect NaH
2
CO

3
-extractable P

or Mn availability at temperatures which affected response to

inoculation, so these factors cannot account for observed

differences. However, it is still possible that nutrient deficiency

occurred on nonmycorrhizal plants grown in soiil treated at high

temperatures. Formation of mycorrhizae may have corrected this

nutrient deficiency to cause the observed growth enhancement.

The decreasing numbers of bacteria and fungi isolated from soil

with increasing treatment temperature further suggests that soil

microbiological factors were involved in the host response to

inoculation with VA mycorrhizae. Microbiological factors could act

in different ways to affect growth response and relative P

concentration of plants inoculated with G. fasciculatum. Competition

between soil microorganisms and mycorrhizae for P or other nutrients

could account for failure of G. fasciculatum to enhance host growth

in soil treated at temperatures that left abundant microorganisms.

Indigenous mycorrhizal fungi or other microorganisms might fulfill

the same role as the introduced fungus in promoting host growth and P

uptake. However, the equivalent growth of nonmycorrhizal plants to

those colonized by indigenous fungi indicates that these fungi were

not effective in promoting host growth. Failure of indigenous

mycorrhizal fungi to promote host growth as effectively as introduced

fungi has been reported by others (Mosse and Hayman, 1971; Abbott and

Robson, 1981). Another explanation is that contaminating organisms

recolonizing soils heated at the higher temperatures favored activity

of VA mycorrhizae more than the undisturbed microbial population.
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The results which we obtained could also be interpreted as being due

to detoxification of phytotoxic organic compounds in heat-treated

soil by saprophytic soil microorganisms, as described by Rovira and

Bowen (1966). In this case, introduced mycorrhizal fungi might have

had the same detoxifying effect as the native soil organisms which

were eliminated at higher temperatures.

Our experiments confirm Gerdemann's (1968) hypothesis that

results obtained from mycorrhizal fungus inoculation of soil treated

at high temperatures may not be the same as in native soils. This

suggests that original soil microorganisms should be re-introduced

to soils treated at high temperatures in inoculation experiments if

results are to be applied to plants in unheated soils. The use of VA

mycorrhizae in overcoming inhibitory effects of soil heat treatment

may have practical applications for container-grown plants.
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DISCUSSION AND CONCLUSIONS

Progress has been made toward incorporation of VA mycorrhizae

into production systems for container-grown plants.

Inoculation with VA mycorrhizal fungi has several advantages in

both production of container plants and in their growth after

outplanting. VA mycorrhizae may reduce Mn uptake, prevent plant

growth inhibition in heat-treated soils and increase crop

uniformity. Additional benefits described by others are protection

from soilborne plant pathogens (Schenck and Kellam, 1979), increased

resistance to water stress (Safir et al., 1971; Safir et al., 1972;

Levy and Krikun, 1980), increased salt tolerance (Hirrel and

Gerdemann, 1980), and increased transplant survival and regrowth

(Barrows and Roncadori, 1977; Cooper, 1981). VA mycorrhizae increase

host plant uptake of P, Cu, and Zn (Masse, 1973; Gerdemann, 1975),

but fertilizer containing these elements costs very little in

relation to total costs of producing container plants. Thus, the

reduced use of these fertilizers during container crop production may

not be a major reason for inoculation with VA mycorrhizae. However,

the increased nutrient uptake would probably be important after

transplanting into a situation of reduced nutrient availability.

Pre-transplant inoculation with VA mycorrhizal fungi increased

transplant survival and regrowth of poinsettia (Barrows and

Roncadori, 1977) and tomatillo (Cooper, 1981). However, information

has been lacking on relative benefits of pre- versus post-transplant

inoculation and on development of the endophyte after transplant.
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Inoculation of container-grown plants with VA mycorrhizae

results in the spread of the endophyte within the root system after

transplanting. Pre-transplant inoculation with VA myocrrhizae can

increase host plant growth after transplanting into soil, even when

mycorrhizae have no effect on host growth before transplanting and

propagules of mycorrhizal fungi are abundant in the soil.

Inoculation of container crops with VA mycorrhizae by Barrows

and Roncadori (1977), Chatfield et al. (1981), Johnson et al. (1980),

Maronek et al. (1980) and Martin and Roncadori (1980) has not given

as dramatic host growth response as inoculation of plants in

fumigated fields (Mosse, 1973; Gerdemann, 1975). Application of high

levels of fertilizer P is common for container plants, and has been

recognized to inhibit formation of VA mycorrhizae and host growth

response (Mosse, 1973; Gerdemann, 1975). Use of soilless growth

media is another common feature of container plant production. Peat

inhibited formation of VA mycorrhizae and host growth response in

experiments by Peuss (1958), and Gaunt (1978) noted that dilution of

soil with vermiculite reduced response of plants to inoculation.

It is now known that soilless plant growth media such as peat,

perlite, vermiculite, and bark inhibit the formation of VA

mycorrhizae and host growth response compared to that in media

containing soil. This may be related to the higher solution P

concentration when these media are fertilized with soluble P.

Reducing the amount of fertilizer P and adding a small amount of

various clay-containing substances to the medium overcomes this
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inhibitory effect, and thus these practices might become part of a

container plant production system utilizing VA mycorrhizae.

The absence of efficient inoculation methods has also limited

the use of VA mycorrhizae on container and field crops (Mosse, 1973;

Gerdemann, 1975). Mycorrhizae appear to be the most effective

inoculum form (Crush and Pattison, 1975; Hall, 1976; Powell, 1976)

but for unknown reasons results using colonized roots have been

inconsistent (Crush and Pattison, 1975; Abbott and Robson, 1981b;

Tommerup and Abbott, 1981).

Mycorrhizae containing intraradical vesicles or intraradical

vesicles separated from mycorrhizae are effective inoculum of certain

species of mycorrhizal fungi. A technique was developed for

separating intraradical vesicles from mycorrhizae. Intraradical

vesicles could probably be readily freed of contaminating micro-

organisms using techniques developed by Mertz et al. (1979) and Mosse

(1963) for surface sterilization of spores. Intraradical vesicles

treated in this way might be a practical inoculum for mass

inoculation of plants, since they could be readily obtained from

field-grown plants.

This research suggests that the following practices are

important in using VA mycorrhizae on container plants: 1) Rapid

inoculation of plants in seed flats using intraradical vesicles or

mycorrhizal roots containing vesicles as inoculum; 2) reduced

application of P fertilizer; and 3) addition of clay-containing

substances to growth media.
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APPENDIX

SUMMARY

A standard method for the quantification of root colonization by

vesicular-arbuscular (VA) mycorrhizal fungi is needed. From the

examination of roots from three different host species, the

estimation of the percentage of the length of root segments

containing VA mycorrhizal fungal structures was found to be more

accurate than the determination of the percentage of root segments

with VA mycorrhizal fungal structures. It was no more time

consuming, and was not influenced by segment size. Examination of a

minimum of seven samples, each with 25 randomly selected 0.5 to 1.0

cm root segments, was needed for confidence limits to be within 10%

of the mean. It is proposed that, for the sake of comparability

between studies, this procedure be adopted as a standard method.
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APPENDIX

INTRODUCTION

Mycorrhizal fungi are normal root symbiotic inhabitants which

aid plants primarily in uptake fo water and mineral nutrients. The

degree of exchange between the cortical cells of the host root and

the fungal endophyte apparently depends largely on the amount of

exchange surface and on the inherent efficiency of the endophyte in

acquiring water and nutrients, especially phosphorus and zinc. It is

important, therefore, to be able to quantify simply and accurately

the amount of fungal endophyte in a root system.

Various methods have been used to quantify VA endophytes in host

roots. Becker and Gerdemann (1977) developed a colorimetric method

to measure the yellow pigmentation of mycorrhizal roots, and Hepper

(1976) used a colorimetric assay to measure conversion of fungal

chitin to glucosamine.

The percentage colonization by mycorrhizal fungi has been

estimated by other researchers, using the presence or absence of

fungal structures in roots, in 1 cm segments (Nicholson, 1955; Read,

Koucheki and Hodgson, 1976), 150 um microscope fields (Furlan and

Fortin, 1973), 1 mm grid sections (Davis, Menge and Erwin, 1979),

root length increments (Sutton, 1973), and grid intersection points

(Ambler and Young, 1977). Methods of measurement have also used

estimates of the proportional colonization of root segments (Hayman,

1970) and of entire root systems (Ames and Linderman, 1977).

Techniques used to measure colonization by VA fungi have recently

been summarized by Giovannetti and Mosse (1980).
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Some of these methods have a limited application because they

only work with certain plant species; others do not accurately assess

the percentage of the root length with mycorrhizae, are extremely

time consuming, or do not specify the sample size necessary for

acceptable precision. Hence, a fast and reasonably accurate method

for quantifying endophyte colonization in VA mycorrhizae is needed;

such a method is described here. It is recommended that this or some

other standard method of measuring infection be accepted so that

comparisons can be made between the results of researchers working in

different geographical areas or with different plant species.

APPENDIX

MATERIALS AND METHODS

Colonization of roots by VA mycorrhizal fungi was assessed on

individual plants of Easter lily (Lilium longiflorum Thunb.), timothy

(Phleum pratense L.), and peppermint (Mentha x piperita L.).

Total root systems of individual plants were cut into 0.5 to 1.0

cm segments and cleared and stained with trypan blue according to the

method of Pillips and Hayman (1970). A randomly selected aliquot of

stained root segments suspended in lactoglycerin was spread in a

Petri dish marked with a 1 cm grid to facilitate scanning, and viewed

under a stereomicroscope at 12 to 50 x. The proportion of the length

of each root segment which contained vesicles, arbuscules, or hyphae

of the endophyte was estimated to the nearest 10%. Data were

recorded as frequency distributions from samples containing 25, 50 or

100 root segments. The percentage of the root length with

mycorrhizal endophytes in the sample was then calculated from the
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frequency distribution, as shown in Table 1. Colonization was also

measured as the proportion of the total number of root segments with

vesicles, arbuscules, or hyphae, by use of the same root segments as

in the previous measurements.

The percentage of the root length with mycorrhizal fungus

structures and the percentge of root segments with mycorrhizal fungus

structures of each plant and associated confidence intervals were

calculated for increasing numbers of samples of root segments.

APPENDIX

RESULTS

For all host plants tested, the results obtained by quantifying

colonization by the percentge root length with mycorrhizal fungus

structures were different from those obtained by counting the

percentage of root segments that were mycorrhizal (Table 2). On the

heavily colonized Easter lily plant, few root segments without

mycorrhizae were found, but many were not mycorrhizal over their

entire length. Colonization as indicated by the percentage of the

root length with mycorrhizae differed between peppermint plants

collected at three different field locations and one greenhouse-

inoculated plant; some of these differences were not detected by

measuring the percentage of root segments with mycorrhizae. The

plant collected at Harrisburg, Oregon had a lower percentage of the

root length with mycorrhizae than the plant collected at

Independence, Oregon. However, the percentage of the root segments

with mycorrhizae of the two plants did not differ significantly

(Table 3).
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With a sample size of 25 or 50 peppermint-root segments, seven

samples per plant were sufficient for 95% confidence limits to be

within 10% of the mean. With 100 segments per sample, five samples

were sufficient for this degree of precision (Table 4). With Easter

lily and timothy, eight samples of 25 segments each were sufficient

to approximate this degree of confidence (Table 2).
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Table A.1 Calculation of the percentage of the root length
with mycorrhizal colonization in a sample of 50
root segments (0.5 to 1.0 cm) from a frequency
distribution of the percentage of segment lengths
with mycorrhizal colonization.

Percentage of
segment lengths

colonized Frequency
Frequency

x percentage

Calculated
percentage of
root length
colonized

0 8 0

10 3 30
20 2 40
30 2 60
40 1 40
50 3 150 3180/50
60 1 60
70 3 210
80 2 160
90 7 630

100 18 1800

50 3180 63.6%



Table A.2 Estimation of mycorrhizal colonization of individual plants of Easter lily, peppermint and
timothy using the percentage of the root length colonized compared to the percentage of the
number of root segments colonized.

Percentage colonization

No. of samples
per plant*

Peppermint Easter lily Timothy
Root length Root segments Root length Root segments Root length Root segments

2 64.8 ± 35.4t 84.0 ± 50.7 67.0 ± 67.0 100.0 (±0) 37.2 ± 62.8 68.0 ± 68.0

3 61.5 + 15.9 85.3 + 11.6 69.1 ± 24.0 100.0 (±0) 33.6 ± 13.8 70.6 ± 23.0

4 62.9 ± 9.5 87.0 ± 8.0 72.3 + 16.2 100.0 ( ±0) 34.1 ± 7.4 69.0 ± 13.1

5 63.4 + 6.5 85.6 ± 6.7 71.8 ± 11.1 100.0 ( ±0) 33.6 ± 5.1 66.4 ± 11.4

6 62.8 ± 5.1 85.3 ± 5.1 73.5 + 9.5 100.0 ( ±0) 32.5 ± 4.7 66.0 ± 8.6

7 62.3 + 4.3 84.0 + 5.2 73.1 + 7.7 99.4 + 1.4 31.9 + 4.1 64.6 + 7.8

8 62.5 + 3.6 83.5 ± 4.5 73.1 + 6.4 99.0 ± 1.6 32.6 ± 3.7 65.0 + 6.6

* Samples contained 25 segments, 0.5 to 1.0 cm in length.
t Confidence limits (P = 0.05).
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Table A.3 Estimations of mycorrhizal colonization of
individual peppermint plants from various Oregon
locations, that compare the percentage of the root
length with mycorrhizae and the percentage of the
number of root segments with mycorrhizae.

Plant location

Colonization (%)

Root length Root segments

Harrisburg, field-grown 24.4 ± 3.6*t 75.0 ± 7.5

Independence, field-grown 54.2 ± 3.9 72.5 ± 4.2

Corvallis, greenhouse-grown 62.0 ± 3.2 87.0 ± 5.6

Cheshire, field-grown 62.5 ± 3.6 83.5 ± 4.5

* Figures represent the means of eight samples containing 25
segments, 0.5 to 1.0 cm in length.

t Confidence limits (P = 0.05).
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Table A.4 Estimations of mycorrhizal colonization of a
peppermint plant by the mean percentage of the root
length with mycorrhizae, as influenced by sample
size and number.

No. of
samples per

plant

Number of segments per sample

25 50 100

2 66.2 + 22.7* 58.2 + 58.2 58.7 + 54.6

3 63.1 + 14.2 54.3 + 21.4 58.1 + 10.9

4 63.0 + 7.4 55.5 + 11.8 57.2 + 6.4

5 60.2 + 8.6 55.5 + 7.9 57.2 + 4.4

6 59.7 + 7.0 55.3 + 6.1 56.8 + 3.4

7 59.1 + 5.9 56.1 + 5.2 56.3 + 3.1

8 58.9 + 4.9 55.8 + 4.4 56.5 + 2.6

* Confidence limits (P = 0.05).
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APPENDIX

DISCUSSION

The methods most commonly used to assess VA mycorrhizal fungus

colonization are based on the determination of the percentage of

variously sized root segments which contain VA mycorrhizal fungus

structures. However, the percentage of root segments containing

mycorrhizal fungus structures overestimates the extent of

colonization, because a segment which is counted as positive may not

be mycorrhizal for its entire length, whereas those which are counted

as nonmycorrhizal are completely nonmycorrhizal. This inaccuracy is

magnified as segment size increases, because with larger segments

there will probably be a decrease in the proportion of the length of

the segment which is colonized.

Determination of the extent of VA mycorrhiza colonization by

estimation of the percentage of the length of each segment which is

colonized does not have the inherent inaccuracy discussed above. It

takes no more time than to determine the percentage of segments with

colonization. Moreover, it is probably applicable to most vascular

plant species because it was used successfully on graminoid, fleshy,

and fibrous root systems. At very high or low levels of infection it

may be a more sensitive measurement of infection than the percentage

of root segments with mycorrhizae, because almost all or almost none

of the root segments are colonized. In addition, this method can be

used to compare samples of root segments of dissimilar size and

shape, because it estimates the mean extent of colonization. With

the three species tested here, eight samples of 25 segments each were
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sufficient for 95% confidence limits to be within approximately 10%

of the mean.

For these reasons, the percentage of the root length with

mycorrhizal colonization is recomended as a standard measurement of

VA colonization. Use of this as a standard measurement of

colonization should appeal to most researchers faced with choosing a

method most appropriate to their needs (Giovannetti and Mosse, 1980)

and would facilitate a comparison of the results of researchers

working at different localities or with different plant species.

While we recommend the standardized use of the method described

here, we still recognize its shortcomings in relation to the activity

of the mycorrhizal fungi being assessed. Such a method subjectively

describes the extent of colonization in a two-dimensional plane

rather than on a more appropriate volume basis which would be much

more difficult to estimate (Strzemska, 1975). Furthermore the assay

does not take into account the hyphae external to the root that

extend into the soil matrix and which are conceivably even more

important than the endophytic structures. Possibly the greatest

limitation, however, is the problem of using morphological features

as an indication of fungal activity rather than employing a more

direct measure such as phosphate uptake. Further work is needed to

determine how well correlated morphological indicators are to

mycorrizal fungal activity.
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