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C. ABSTRACT

Soil treatments and VAMF inoculation Qere studied in crops of cotton, onion
and pepper. Metalaxyl treatments supp;essed Pythium-incited disease and
encouraged VAMF colonization of roots, especially in nonfumigated soil. Soil
solarization also encouragedeAMF colonization and yield. A combination of
solarization followed by VAMF inoculation has great potential for une on
nonfumigated soil. The importance of effective VAMF species, availability of
young susceptible roots for>VAMF infection, and-the proper placement of VAMF
inoculum in relation to the seed was éonfirmed; the_placemcnt studiesn were

done in fumigated and nonfumigated soil in field plots with cotton and onion.

The response of celery, meldn, onion.and pepper to VAMF and P fertilization
was investigated in field plots in a high P-sorbing loessial soil. Where VAMF
were absent, even the highest P levelgwas not sufficient for maximum yields.
Melon did not evidence potential_for benefits by VAMF augmentation as a
horticultural practice. Trénsplantcd pepper growing in a Typic Torriorthents
soil had greater total crop yield and a higher percent of that yield with
large-size fruits when VAMF inoculation and P fertilization were practiced;
fertilized P albne.was not sufficient for maximum yields.

A study was completed of the VAMF species present in avocado orchards in
Israel and California. There were significant differences in the species
present and in the soil'chemical and physical characteristics, despite the
similarities in climate in the two growing afeas. The data obtained will be

important for studies of VAMF supplementation in avocado nurseries.
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D. PROPOSAL OBJECTIVES

We proposed to continue research initiated in BARD grant no. 1-0169-80 which
was on the same general subject. In the present project the emphasis was to be
on field trials to determine whether mycorrhizal augmentation or encouragement

has a commercially-viable potential.

This objective was to be achieved by:

1. Conducting trials on vesicular-arbdscular mycorrhizal fungus (VAMF)

- supplementation in plots with and without goil treatment which reduce viable

VAMF populations in soil.

2. Investigate crops other than citrqs and pepper which were the
principle crops studied, respectively, by the California (CA) and Israel (IL)
groups in the previous BARD-supported project.

3. Testing interaction effects of VAMF with other horticultural

practices.

E. REPORT

Almost all of the research which was conducted during the period of the grant
has been submitted, accepted, or is in press or published. The manuscripts or

reprints are an integral part of this section of the report.

In CA, the effects of soil treatments and VAMF inoculation were studied in
crops of cotton, onion and pepper. Metalaxyl treatments suppressed Pythium-
incited disease and encouraged VAMF colonization of roots, especially in
nonfumigated soil’ (Afek et al., 1990). Soil solarization also encouraged VAMF

colonization and yield. A combination of solarization followed by VAMF
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inoculation has great potential for use on nonfumigated soil (Afek et al.,
1991a). The importance of effective VAMF species, availability of young
susceptible roots fo; VAMF infection, and the proper placement of VAMF |
inoculum in relation to the seed was confirmed with these crops and fbt three
VAMF species (Afek et al., 1991b); the placement studies were done in

fumigated and nonfumigated soil in field plots with cotton and onion.

In IL, the response of celery, melon, onion and pepper to VAMF and P

fertilization was investigated in field plots in a high P-sorbing loessial

- 80il (Krikun et al., 1990). Where VAMF were absent, even the highest P level

L 80il) was not sufficient for maximum

(25 mg bicarbonate-extractable P kg~
yields with celery, onion and pepper. Melon did not evidenca potential for
benefits by VAMF augmentation as a horticultural practice. Haas et al. (1991)
showed that transplanted pepper growing in a Typic Torriorthents soil type,
had greater total crop yield and a higher percent of that yield with large-'

size fruits when VAMF inoculation and P fertilization were practiced;

fertilized P alone was not sufficient for maximum yields.

Haas and Menge (1990) completed a study of the VAMF species present in avocado
orchards in IL and CA. There were significant differences in the species
present ;nd in the soil chemical and physical charabteristics, despite the
similarities in climate 1n the two groﬁing areas. The data obtained will be

important for continued studies of VAMF supplementation in avocado nurseries.

During a six-mo study visit with D. M. Sylvia, Univ., Florida, Haas
participated in the third year of a 3-yr field experiment on the interaction
of VAMF inoculation and plant water stress in corn., He collected crop
physiology data. The results are being prepared for publication and an

abstract of some of the data has been published (Sylvia et al., 1990).
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Effect of Pythium ultimum and Metalaxyl 'I'reatments on Root Length
and Mycorrhizal Colonization of Cotton, Onion, and Pepper

U. AFEK. Postdoctoral Fellow, J. A. MENGE, Professor, and E. L.. V. JOHNSON, Stalf Research Associate,
Department of Plant Pathology, University of California, Riverside 92521

ABSTRACT

Afek, U., Menge, J. A.. and Johnson, E. L. V. 1990. The effect of Pvthium ultimum and
metalaxyl treatments on root length and mycorrhizal colonization of cotton, onion, and peppe:.

Plant Dis. 74:117-120.

Root length and mycorrhizal colonization of cotton, onion, and pepper inoculated with the
vesicular-arbuscular mvcorchizal (VAM) {ungus Glomus ntraradices were generally greater in
fumigated soil than in nonfumigated soil. Five weeks after VAM fungus inoculation, 39-42%
of roots were colonized in fumigated soil, compared to 21-26% in nonfumigated soil. VAM
colonization of roots increased to 64-717% following treatment with the fungicide metalaxyl.
Root lengths and VAM colonization of the three crops were reduced significantly in fumigated
svil following infestation with Pythium ultimum and were similar to those in nonfumigated
soil. Metataxyl did not affect root length or VAM colonization in fumigated soil. P. ultimum,
Fusarium solani. and Rhizoctonia solani were isolated from the roots of cotton. onion, and
pepper grown in nonfumigated soil. The most commonly isolated fungus was /. ultimum.

Because most agricultural crops are
grown without treating the soil with
biocides, the potential contribution of
vesicular-arbuscular mycorrhizal (VAM)
fungi to plant growth can be overlooked.
Mycorrhizal fungi increase nutrient
uptake and growth in many plants
(7.15.17). Crop growth response and per-
centage colonization of plants inoculated
with VAM are often higher in fumigated
soil than in natural soil (1,10), even
though the application of fumigants
reduces or eliminates indigenous VAM
tungi (10.13.15). Apparently, the inhibi-
tion of mycorrhizal root colonization in
natural soil reduces the effectiveness of
VAM fungi in enhancing crop growth
(9.1,

Root colonization by VAM fungi is
usually correlated with the initial timing
and rate of colonization. Thus, the first
few weeks of plant growth are critical
for establishing ddequate VAM coloni-
zation in annual crops (1.23). Pythium
paroecandrum Drechs., which was iso-
lated from alfalfa roots: and caused
preemergence damping-off, might ex-
plain the inhibition of VAM colonization
the first few wecks after planting (11).

One hypothesis to explain the reduced
root colonization by VAM fungi in some
natural soils is that pathogens compete
with VAM fungi for specific niches,
especially during the critical first few
weeks of plant growth. Many pathogens,
such as Phvtophthora. Fusarium, Rhi-
soctonia. Pvthium, and Gaeumanno-
myees spp., reduce mycorrhizal root
colonization and are extremely common

Acvepted for publication 1Y August 1989 (submitted
(or electronic processing).
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and widespread in agricultural soils
(2.8,16.22). Removing these pathogens as
competitors may improve VAM coloni-
zation in natural soils. Many fungicides
improve colonization by VAM fungi
(9,14,19), although the mechanism for
this improvement is unknown.

This study was undertaken to deter-
mine whether VAM colonization of
cotton, onion, and pepper is greater in
fumigated soil or in nonfumigated soil,
to study the effects of P. wltimum Trow
on VAM colonization and root lengths
of these crops, and to examine whether
VAM colonization and root length
could be increased by treatments with
metalaxyl.

MATERIALS AND METHODS

Plant material. In all experiments,
seeds of cotton (Gossypium hirsutum 1.,
*SJ-2", onion (Allium cepa 1., ‘Burpee
Yellow Globe'), and pepper (Capsicum
Srutescens 1. ‘California Wonder') were
surface-sterilized with 20% sodium
hypochlorite for 1 min and planted in
autoclaved clay pots (volume 500 cm')
with a sandy toam soil. These crops were
chosen because they are annuals and
respond positively to VAM.

The sandy loam soil was characterized
as follows: saturation percentage 279,
pH 2.7, electroconductivity 4.0dS/m, Ca
215 meq/l., Mg 3.8 meq/l., Na 119
meq/L.. sodium adsorption ratio 3R,
exchangeable sodium percentage 4.277,
N 632 ppm. P 9.5 ppm, K 142 ppmn, Zn
12.8 ppm. Mn R.6 ppm, I'e 6.5 ppm, Cu
1.7 ppm, organic matter 0.80%, clay
8.3%, silt 28.6%,, and sand 63.175. This
soil, which was either not fumigated or
was fumigated with methyl bromide
(98¢ methyl bromide + 200
chloropicrin), equivalent to 500 kg/ha,

had heen used for field trials with
vegetable crops the previous 4 yr and was
taken from a typical agricultural site in
the Citrus Fxperiment Station, Univer-
sity of California, Riverside.

Root lengths were measured using the
line intercept method (201 4 or § wk altes
planting.

Inoculation, Plants were inoculated
with the mycorrhiral fungus Glomus
inmtraradices Schenck and Smith, The
inoculum used was infected roots of
greenhouse-grown  Sudan  grass
(Sorghum vulgare Pers.) and spores and
soil nssociated  with the roots,
Approximately 10 g of inoculum was
placed § cm bhelow the seeds in pots.
Plants were grown in a greenhouse at
24 1 2 C. Fluorescent lights were used
to supplement natusal light (14-hr light
period).

Percentage colonization by VAM
fungi was mensured alter roots were
stained in lactophenol trypan biue. One
hundred root sites were counted in each
sample. Percentage colonization was
calculated ns the number of colonized
sites per 100 sites (24).

Experiment 1: lsolation of micro-
organisms from roots, Cotton, onion,
nnd pepper seeds were planted and inocu-
lated with (5. intraradices in fumigated
and nonfumigated soil in 30 pots for each
crop. len days alter planting, roots were
washed carefully with tap water to
remove il and were immersed for 20
secin .57 sodium hypochlorite. Sodium
hypochlotite residues were rinsed off in
sterilized water. Roots were cut into 1-
cm picces and placed on thiee types of
medin in plastic petri plates 9 cm in
diameter. Ten plates, each containing
five 1-cm root segments, were used for
cach crop and ench medium, for a total
0f 90 plates. The media used were potato-
dextrose agar (PDA), water agar, and
pimaricin - vancomycin - pentachloronitro-
henzence (25). The plates were incubated
in the datk at 28 C for 48 hr. Micro-
OTRANINMS prowing from root pieces were
then isolated and identitied hy R. M.
Endo and 1. A. Menge (University of
Californin, Riverside).

Experiment 2: Infestation with
Pythium ultimum. Vhe isolate of P. ulti-
mum (1'-10) was otiginally obtained from
cotton plants grown at the Citrus
Experiment Station, Univeisity of Cal-
ifornin, Riverside, in October H9R7. Sail
was either fumigated or not fumigated

Ptant Diseass/Fabruary 1880 117
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and cither infested or not infested with
P wlumum (four treatments). Soil was
infested by adding approximately 20 g
ot inoculum of P. ultimum to each pot
A% hr before planting. Inoculum was
prepared by hlending a PDA plate
containing a I-wk-old culture of P
wltintum in 50 ml of sterilized deionized
water. Ten replicate pots of cach crop

either infected with G. intraradices or not
infected (nonmycorrhiral) were used for
cach of the tour soil treatments, for a
total of 240 pots. Plants were maintained
in the greenhouse at 24 + 2 C. Percentage
VAM colonization and root lengths were
measured 4 wk after planting.
F.xperiment 3: Metalaxyl application.
Seeds of cotton, onion, and pepper were

Table 1. The etfect of inlection by Pyvihium ultimum on colonization by Glomus intraradices
n roots of cotton, onion, and pepper

Root colonization by G. intraradices (%)*

Ireatment Cotton Onion Pepper
Fumigated soil .

(. itraradices 42a 4)a WRa

. intraradices plus P. ultimum 2Bb 27b 25b

Control’ 0 -0 0
Nontumigated soil’ )

(;. intraradices 26b

(5. intraradices plus P. ultimum - 4b

P ulumum - M

Control f0¢

*Fach number is an average of 10 replicates. Means within ench column (ollowed by the sume
letter are not significantly different by Duncan’s muitiple range test { P = 0.08),
Neither (1. intraradices nor P. ultimum inoculum. Values were excluded from oanalysis of
sartance because all replicates were ().
" Percentage colonization of onion roots in numummaled soil lmludes indigenous colonization.
\ dash indicates that more than 70¢% of plants died and statistical analysis could not he
dunc.

Fable 2. lhe etlect of Pythium ultimum infection on root length of cotton, onion, and pepper
plants inoculated or not inaculated with Glomus iniraradices

Root length (em)*

Trestment Cotton Onlon Pepper
tumigated soil
G. imraradices 49a 250 45 a
. intraradices plus P. ultimum 27b 15 de 18h
P ultimum 14b 14ef 9¢
Control® M ab 20 be S2a
Nonlumigated soil’ .
G. intraradices - 18 cd -
t;. imtraradices plus P. ultimum - 1l {g
L. wlumum - 9g
Control® - 0g

* Each number is an average of 10 replicates. Means within each column lollowed by the same
letter are not significantly different by Duncan’s multiple range test (£ = 0.08).

* Neither . intraradices nor P. ultimum inoculum.

A dash indicales that more than 70% of plants died and statistical analysis could not he
done.

Table 3. Colonization by Glomus intraradices in roots of cotton, . and pepper plant
treated or not treated with metalaxyl in fumigated or nonfumigated field soil.

Mycorrhizal colonization (%)

Treatment Cotton Onion Pepper
Fumigated soil
. imraradices 40b 42b wh
(5. intraradices plus metalaxyl Sib 4a0b Wh
Control*? 0 0 0
Control plus metalaxyl’ 0 0 0
Nontumigated soil’
. intraradices 2 ¢ A4c doc
(5. tmiraradices plus metalaxyl Ma Ma 6d a
Control® 6d 44 Ye
Control plus metataxyl 9d 7d " d

*Fach number is an average of 10 replicates. Mcans within each column lollowed by the same
letter are not-significantly different by Duncan’s multiple range test ( P = 0.09).

*No (s, imraradices inoculum,
Vialues were excliuded trom analysis of variance because all replicates were 0.

" Percentage colonization of roots in nontumigated soil includes indigenous colonization,
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planted in pots of fumigated and non-
tumigated soil. With each type of soil,
10 rephcates were used for each of four
treatments tor each crop, for a total of
240 pots. Trentments were as follows:
control (the sceds were planted without
VAM tungus inoculum), VAM (the secds
were inoculated as before with .
intraradices), control plus metalaxyl, and
VAM plus metalaxyl. Application of
metalaxyl consisted of ndding 100 mi of
100 ub/1. liquid metalaxyl (25% active
ingredient) per pot 10 min alter planting.
This amount is equwnlenl to 8 mg of
active mgreducnt per | m°. Plants were
maintained in the greenhouse at a
temperature of 24 + 2 C, Percentage
VAM colonization and coot lengths were
measured § wk atter planting.

Experiments 2 and } had a completely
randomized design, and each experiment
was repeated three times.

RESULTS

Isolation of microorganisms from
roots, Lhree species of fungi—P. wlti-
mum, F. solani, and R. solani—were
isolated from the roots of cotton, onion,
and pepper grown in nonfumigated soil,
P. wultimum was most prevalent, appear-
ing in S of 90 plates; F. solani appeared
in 13 plates and R. solani in 4. Other
microoiganisms, especially bacteria,
were isolated from both fumigated and
nonfumigated soil. However, these three
fungi were the only microorganisms
present on roots in nonfumigated soil but
not in fumigated soil.

Eftect of P. ultimum on VAM colo-
nization and root length. In fumigated
soil, mycorrhizal colonization of cotton,
onion, and pepper 4 wk after inoculation
was 1.5-fold greater than in fumigated
soil infested with P. ultimum. However,
the percentage of VAM colonization in
onion in nonfumigated soil was similar
to that in tumigated soil infested with
P. wltimum ( Fable 1). Many of the cotton
and pepper plants in the nonfumigated

soil died before mycorrhizal colonization
could be determined (Tables | and 2),

apparently as a result of P. wltimum,
which was present at J8.3 propagules per

- gram of soil.

The length of onion, cotton, and pep-
per roots was more than 30% lower in
fumigated soil infested with P. wltimum
(Table ). P wltimum was present in
these soils at Y1.5 propagules per gram
of soil. In nonlumignted soil, root lengths
of onion not inoculated with VAM fungi
were similar whether or not the soil was
intested with P. wltinam (Table 2),

Fffect of metalaxyl on mycorchizal
colonization and root length, The
percentage VAM colonization of cotton,
onion, and pepper in nonfumigated soil
infected with (5. intraradices and treated
with metalaxyl was 2.4 1.4 times greater

than that in plants not treated with the'

fungicide (Table 3). About 407 of the
roots of these crops were colonized in

&

L

~
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fumigated soil, whether treated with
metalaxvl or not (Table 3). Root lengths
were similar in metalaxyl-treated and
untreated fumigated soil and in
metalaxvi-treated nonfumigated soil but
were up to 50% lower in nonfumigated
soil not treated with metalaxyl (Table 4).

No Prvthium spp. were isolated from
roots grown in fumigated soil. Simitar
results were found when experiments
were repeated.

DISCUSSION

When pathogens were not controlled
using metalaxyl, root length and percent-
age colonization of cotton, onion, and
pepper were greater in fumigated soil
than in nonfumigated soil (Tables 1 and 3).
In our field soil. this appears to be a
result of the presence of P. uitimum, a
common pathogenic fungus that was
isolated from roots of all three crops.
Pvthium spp. are ubiquitous and are
well-known as damping-off organisms
associated with root tips during the first
few wecks of plant growth, when col-
onization by mycorchizae is most impor-
tant. Pvthium spp. may interfere with
VAM colonization by reducing root
growth, damaging roots, and altering
root exudation (21) or by competing with
VAM fungi during the first few weeks
of plant growth when initial mycorrhizal
colonization occurs,

Hwang (1) reported that the poor
growth of affalfa seedlings with “alfalla
sickness” is caused by P. paroecandrum
and P svivaticum W, A, Campbell &
J. W. Hendrix. The addition of VAM
fungi partially alleviated the problem,
and a combination of metalaxyl and
VAM fungus inoculation resulted in the
production of healthy alfalfa scedlings
in “alfalfa sickness™ soil (11). The
research reported here further suggests
that metalaxyl, a systemic fungicide, can
be used hoth to control root rot caused
by oomvcetes and to increase VAM
colonization and root length of cotton,
onion, and pepper in nonfumigated soil
(Tables 3 and 4).'Similarly, Jabaji-Hare
and Kendrick (12) reported that the
systemic fungicide fosetyl-Al increased

VAM colonization of leek roots, and
Groth and Martinson (9) reported that
soil incorporation of metalaxyl increased
VAM colonization of maize and sovbean
roots. These results may explain why
fungicides increase VAM colonization in
some soils (14.19),

The percentage of VAM colonization
of onion in nontumigated soil was similar
to that in fumigated soil infested with
P. ultimum, probably because the popu-
lations of P. wltimum in the soils were
similar (38.3 and 33.5 propagules per
gram of soil, respectively). Furthermore,
VAM colonization in nonfumigated soil
was not influenced greatly by infestation
with P. ultimum (Table 1). This result
is to be expected because P. ultimum is
already prevalent in this nonfumigated
soil, and the additional inoculum did not
affect VAM colonization any more than
the endemic populations.

The results of this study show thm
metalaxyl enhances VAM colonization
of cotton, onion, and pepper significantly
more in nonfumigated soil than in
fumigated soil (Table ). Soil lumigation
kills most living soil organisms, including
some benelicial microorganisms such s
bacteria and actinomycetes, which may
improve VAM colonization (3 6,18) ax
well as pathogenic microorganisms such
as P. ultimium, which may inhibit VAM
colonization. Because metalaxyl ncts
against 2. ultimum and not against bene-
ficial microorpganisms, VAM colonlza.
tion is greater in soils treated with the
fungicide. Furthermore, the native
mycorrhizal inoculum in nonfumigated
soil combined with the added VAM
inoculum results in a higher mycorrhiznl
inoculum potential and thus more VAM
cotonization when the competition from
Pyvthium spp. is reduced.
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Simulation of the Date of Maturity of Plasmopara viticola Qospores
to Predict the Severity of Primary Infections in Grapevine

CECILE TRAN MANH SUNG, Institut National de 1a Recherche Agronomique (INRA), Centre de Recherches
de Bordeaux, Station de Pathologie Végétale, BP 81, 33883 Villenave d'Ornon, France; S. STRIZYK, Société
de'Etudes des Systémes et de Modélisation Avancée (SESMA), 75012 Paris, France: and M. CLERJEAU, INRA.
Centre de Recherches de Bordeaux, Station de Pathologie Végétale, BP 81, 33883 Villenave d'Ornon, France

ABSTRACT ‘

Tran Manh Sung, C., Strizyk, S., and Clerjeau, M. 1990. Simulation of the date of maturity
of Plasmopara viticola oospores to predict the severity of primary infections in grapevine.
Plant Dis. 74:120-124.

A study of the dynamics of Plasmopara viticola oospore maturation during 3 yr in the Bordeaux
area of France showed significant differences among years. The date of oospore maturity anid
subsequent discase severity in spring appeared to be associated with the amount of raintall
after oospore formation. For example, heavy rainfall from September to February was generally
associated with early oospore maturity and severe disease in May or June. To predicl the
date when most oospares are mature (DOM), a climate-based model called “Prediction of
Oospore Maturity” (POM) was developed. The POM model, hased on daily rainfall beginning
in September, permits calculation of DOM as early as the end of January. POM calculations
based on climatic data recorded since 1977 confirmed that the earlier the DOM, the more
severe disense was in the spring. Four levels of predictable risk are proposed based on the
time required for cospore maturation. Although the POM model needs validation, it already

shows promise in grape discase management.

Additional keywords: downy mildew, epidemiology, risk modeling

Oospores constitute the primary
means of winter survival of Plasmopara
viticola (Berk. & Curt.) Berl. & de Toni
and are the initial inoculum for grapevine
downy mildew. Previous studies of this
organism have focused on the prediction
of primary infection dates in spring and
have not allowed precise determination

of the relationship between the evolution -

of oospore maturtion and the severity
of subsequent infections. However, simu-
lations of discase risk made with the “EP1
model™ developed by Strizyk (11.12)
showed that winter climatic data must
be incorporated to give accurate predic-
tions (6,8). As early as the end of March,
the model provides an indication of
primary infection risk by using climatic
data starting from October. According
to simulations conducted for a 12-yr
period (1977-1988), risk is highest when
rain is abundant during the oospore
maturation period.

Using a technique for assessing the
dynamics of oospore maturation and
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germination (9), we tried to better
understand the role of oospores in an
epidemic. We studied the maturation of
oospores and the initial development of
downy mildew in the Bordeaux area of
France over 3 yr and developed a model
for predicting the dates of oospore
maturity. The a posteriori validation of
this model over several years demon-
strates its ability to predict disease
severity in spring (May-June).’

MATERIALS AND METHODS
Dynamics of oospore maturation.
Infected leaves containing oospores of P.
viticola were collected on 24 October
1984, 22 October 1985, and 20 October
1987 from an experimental vineyard
belonging to the INRA Research Center
in Bordeaux. Under a binocular micto-
scope, leaf disks 6 mm in diameter con-
taining oospores (more than 1,000/cm’)
were punched out with a cork-horer and
stored in plaster modeling tubes (40 mm
long, inner diameter 12 mm, outer
diameter 30 mm) (9). Tubes containing
leaf disks were huried under § cm of soil
and cxposed to natural vineyard
conditions. Disks were subsampled from
the tubes every 15 davs bheginning in
January. Two hundred oospores per

sample were dissected from the leaf disks
and placed on 19 water agar in petri
dishes. The percentage of oospores
capable of germinating at 20 C in a
lighted incubator (l.e., the percentage of
mature onspores) was assessed daily with
a micsoscope (9).

Climatie records. Climatic conditions
were tecorded by the Regional Service
of the Natlonal Meteorological Institute.
They consisted of daily rainfall in
millimeters (Rd) from 21 September
1977 to 31 March 1988 and monthly
average rainfall (RAf) calculated from
1946 to 1987,

Assessment of the intensity of primary
infections. Disease severity of downy
mildew was rated annually from 1977 to
1988 on a scale of 1-4 from the obser-
vations published by Plant Protection
Services in forecasting bulletins (8).
Disease ratings were hased on the
severity ol early downy mildew on leaves
and bunches (gray rot symptoms) untit
end of hloom. Ratings were made in the
Rordeaux production area (100,000 ha)
on susceptible cultivars. The disease
ratings, followed by the vears given each
rating from 1977 to 1988, are as follows:
1 = disense absent or minimal, with no
economic incidence before véraison
(1984, 1986, 1987); 2 = disecase present
in a few vineyards, inducing moderate
but not severe damage (1978, 1979, 1981);
) = disense present in most vineyasds
in the aren, sometimes very severe and
leading to significant economic losses
(1980, 1982, 19RY), nnd 4 = disense
present in almost all vineyards, inducing
very severe damage (100™ crop loss in
vineyards not properly treated with
fungicides) (1977, 1988, 19RR),

RESULTS

Rlological banis for the model.
Dynamnes of oospore maturation in
1985, 1984, and 1988. Our study of the
development of mature oospores in 1985,
1986, and 198R showed that the matu-
intion period can he subdivided into
three phases (Fig. 1). In the first phase,



Interaction among mycorrhizae, soil solarization, metalaxyl, and plants in the fileld
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ABSTRACT

Afek, U, Menge, J. A., and Johnson, E. L. V. 1990. Interaction of mycorrhizal fungus, soi)
solarization and metalaxyl, and the effect of it on plants in the field. Plant Disease 74 .

In an attempt to increase growth response, yield and VAM colonization of cotton, onion and pepper, in
natural soil, field trials were conducted in the summers of 1988 and 1989. In thase trials,
treatments such as soil solarization, soil solarization plus 2-wk tarp coverage after planting and
metalaxyl were applied to VAM-inoculated and noninoculated plants and in fumigated and nonfumigated
soil. Greatest cotton fresh wt, 1022, 1230 and 1150 g/plant, as well as, boll number, 66, 80 and
78/plant were achieved 1n VAM-inoculated nonfumigated soi) following soi) solarization, soil
solarization plus 2-wk tarp covered and metalaxyl treatments, respactively. Greatest {resh wt of
onion was achieved in VAM inoculated nonfumigated, solarized soil, with and without 2-wk tarp coverage
after planting. In pepper, VAM inoculated plants fresh wt and fruit wt in non-fumigated soil were 1.5
to 2.0 and 1.3 to 2.0-fold greater than in fumigated soil respectively. In bhoth fumtigated and
nonfumigated soil, best results of pepper fresh wt and fruit wt were achieved after soil solarization

" and soil solarization plus 2-wk tarp coverad treatmonts. Significant correlations were found among

VAM percent colonization at the fifth wk after planting and fresh wt and yield of the three crops.
Maximum VAM colonization, 65% of the total roots, occurred in VAM inoculated cotton plants five wk
after planting in nonfumigated, solarized soil plus 2-wk tarp coverage. With onion the best
colonization occurred in VAM 1noculated plants 2 and 3.5 wk after planting in both fumigated and
nonfumigated, solarized soil and solarized soil plus 2-wk tarp coverage. However, 8 wk after planting
best results were in nonfumigated soil treated with metalaxyl, soi)l solarization and soil solarization
plus 2-wk tarp coverage. Maximum VAM colonization of 59% was achiaved at the fifth wk after planting
in nonfumigated, solarized soil plus 2 wk tarp coverage. Maximum cotton, onion and pepper root
lengths of 149, 51 and 94 cm, 3.5 wk after planting, were achieved following sot) solarization plus 2
wk tarp coverage after planting, respectively.

It 4s well documented that vesicular-arbuscular mycorrhizae (VAM) fungi tncrease nutrtent uptake and
growth in many plants (19,34,42,43). Most agriculture crops are grown without treating the soil with
bloctdes which reduce or eliminate indigenous VAM fungi (9,18,28,31). Unfortunately, most experiments
successful in increasing VAM colonization and growth response of plants treatad with VAM {noculum have
been done in sterilized or fumigated soil (2,3,18,32,43).

The reason for poor growth response of plants in natural soil following treatment with artificta) VAM
inoculum may be that certain microorganisms interfere with mycorrhizal development (3,5,16,33,44),
Metalaxyl, a systemic fungicide which controls root rot and damping-off caused by oomycetmas, has also
been reported to increase VAM colonization of plants (3,17,31,36).

Since 1976 many experiments have been done to evaluate the potential of soil solarization for the
reduction of pathogen (and other pests) populations, disease control and yield increase
(1,22,25,26,41,46,48). At present, covering (tarping or mulching) soils with transparent polyethylene
when appropriate climate conditions prevail, is the means for capturing solar energy to heat soi)
under field conditions (22,23,27,40).

Long-term effects of solarization on disease control and crop yields extending for a second or even a
third crop have been observed with a variety of pathogens and crops (24,41,48)., So far, a combination
of VAM inoculum application and soil solarization has not boen investigated. This study attempted to
determine the effect of combination of VAM {inoculum with soil solarization and with metalaxyl on VAM
colonization and yield of cotton, onion and pepper in the field.

MATERIALS AND METHODS

Field site. An agricultural sandy loam soil site planted with vegetables the previous 5 yr on the
Citrus Experiment Station, University of California, Riverside was selected for the fiald plots, The
soil was characterized as follows: saturation percentage (SP) - 27%, pH - 7.7, electroconductivity
(EC) - 4.0 dS/m, Ca - 23.5 me/1, Mg - 3.8 me/), Na - 13.9 me/1, sodium adsorbtion ration (SAR) -~ 3.8,
exchangeable sodium percentage (ESP) - 4.2%, N -632 ppm, P - 9.5 ppm, K - 142 ppm, 2Zn - 12.8 ppm, Mn -
8.6 ppm, Fe - 6.5 ppm, Cu 1.7 ppm, organic matter (OM) - 0.80%, clay - 8.3%, siit - 28.6% and sand -
63.1%. One half of the site was fumigated with 98% metalaxy! bromide plus 2% chloropicrin equivalent
to 500 kg/ha and the other half was not fumigated. There were six 40-m-rows long X 30 cm wide in each
half, four rows for each crop. Treatments consisted of a 1.5-m-row with a 0.5-m-buffer between
treatments. A four-m-buffer was left at the beginning and the end of each row. Treatments included:
1) contro] (without mycorrhizal inoculation) 2) VAM tnoculation (with G. intraradices) 3) control plus
soil solarization 4) VAM tnoculation plus soil solarization 5) control plus sot) solarization plus 2-
wk tarp coverage after the planting 6) VAM inoculation plus soil solarization plus 2-wk tarp coverage
after planting 7) control plus metalaxy) 8) VAM inoculation with metalaxyl. A1l treatments were done
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in both fumigated and nonfumigated soil. The field experimental design was randomized block with 4
blocks for each treatment.

Plant material and VAM inoculum. Seeds of cotton (Gossypium hirsutum L.) cv. S§J-2, onton (Allium
cepa L.) cv. Burpee Yellow Globe and pepper (Capsicum annuum L.) cv. California Wonder were surface
disinfested with 20% sodium hypochlorite for 1 min before planting., These crops were chosan since
they are annuals and respond positively to VAM colonization.

Plants were inoculated with the mycorrhiza) fungis Glomus intraradices Schenck and Smith ({1solate 185
collected from Citrus sp., Ventura, California, 1975). Inoculum consisted of mixed roots and sot)
from sudan grass (Sorghum volgaris Pers.) which had bean infected with the mycorrhizal fungus for 9
mo. Inoculum potential was calculatad by the most probable numbar (MPN) equation.(4,12) and adjusted
for identical 1noculum potential during both years. Inoculum was applied by spreading by hand 170 ¢
per 1 m row for a total of 144-m-rows, 3 cm below snods at planting. Root lengths wore measured using
the line intercept method (37). Percent colonization by VAM was calculated after staining with
lactophenol trypan blue as a number of colonized sites per total sites X 100 (19).

Sotl solarization and tarping. Soil solarization was used on half of the site. It was applied to
both fumigated and nonfumigated soil, moistoned by irrigation for the purpose of improving heat
conduction (29). A sprinkler system was placed between rows and the plots were {irrigated for 24 hr
and then removed. The soil was covered with a transparent polyathylens plastic sheet (0.1 mm) for 1
mo (May 22 - June 22, 1989). Seeds were planted 24 hr after removing the tarp. lTwo plots in each
block, after soil solarization, were recovered with a tarp as in the soi) solariration treatment in
order to heat the soil, and holes were openod for the growing plants. Soil temperature was measured
and recorded using all meta) stem thermometers (FISHERbrand).

Soil temperatures before the planting were moasured every day at 4130 p.m. during May 22-June 22, 1989
(maximum soil temp occurred at 4:30 - 5:00 p.m.). Soil temperatures were measurad with and without a
tarp 0, 5, 10, 20 and 30 cm deep. During the first 20 days of tarp covering the sky was cloudy and
the surface temp. was 28-33 C. Maximum temp 0, 5, 10, 20 and 30-cm deep under the tarp was: 4%, 41,
40, 26 and 26 C compared to maximum temp without a tarp of 33, 32, 30, 23 and 22 C respactively.
During the last 11 days the surface temp (without a tarp) was much higher (45-50 C) and maximum temp
in these depths under the tarp was 54, 53, 50, 37 and 33 C in comparison to 50, 43, 37, 27 and 25 C
without a tarp respectively.

Soi1 temp with and without a tarp after planting (holes were open in the tarp for the growing plants)
were also recorded during the first 2 wk (the tarp was removed 2 wk after planting). Temp O, 5. 10,
20 and 30-cm-deep with a tarp were 4-5, 4-5, 3-4, 2-4 and 2-3 C higher than without a tarp

respectively.

Metalaxyl applicatton. Application with meiulaxyl consisted of drenching 1 1 of 700 Cm)/1 liquid
metalaxyl (25% active ingredient) per treatment (1.5 m X 0.35 m) 1 hr after the planting. This amount
is equivalent to 333 mg active material per 1 mC2.

Harvesting. Seeds of cotton, onion and pepper were planted on June 23, 1989. Percent colonization by
VAM was measured 2, 3.5 and 5 wk after the planting. Root length was measured 3.5 wk after planting.
The fina) harvest was done four mo after the planting. Fresh wt was measured in all of the plants.

In addition, cotton boll number was counted and pepper fruit wt was weighod,

Data were analyzed by an Anova Statistical Program. Correlation coefficients were computed by a Lotus
statistics package. Experiments were repeated twice in the summers of 1988 and 1989 and similar
results were obtained.

RESULTS

VAM percent colonization. Maximum VAM colontzation of VAM-inoculated cotton plants, was over 65% at
the fifth wk after planting in nonfumigated soil in the solarized plus 2-wk tarp coversge (Fig. 1).
The percent colonization by VAM in inoculated cotton plants 3.5 and 8 wk after planting in fumigated
s01) was 39 and 41% compared to 23 and 30X in nonfumigated soil respectively. tHowaver, the revarse
occurred when the sotl was treated with solarization, solarization plus 2-wk tarp coverage and
metalaxyl (Fig. 1). In these treatments the percent colonization of cotton plants {n nonfumigated
soil 3.5 and 5 wk after planting was significantly higher than in fumigated soil,

In onion colonization best results of the inoculated plants, 2 and 3.5 wk after planting were achieved
both 1n fumigated and nonfumigated soil solarized soil and solarized soil plus 2-wk tarp coverage.
However, 5 wk after planting all three best results were in nonfumigated soil treated with metalaxyl,
s01] solarization and soil solarization plus 2-wk tarp coverage. Maximum VAM colonization of onion of
59% was achieved at the fifth wk after planting in nonfumigated, soliarizod sot) plus 2-wk tarp
coverage (Fig. 2).

In pepper 2 wk after planting in nonfumigated solarized soi) plus 2 wk covared with a tarp, VAM
percent colonization of the inoculated plant was reached at 31% significantly higher than the other
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treatments at that time. At the fifth wk after planting the bost results wara achievad in
nonfumigated, solarized soil with or without 2-wk tarp coverago. Maximum VAM colonization of
inoculated pepper plants increased up to 63%, 3.5 wk after planting in nonfumigatod solarized soi)
plus 2-wk tarp coverage (Fig. 3).

VAM percent colonization of plant control (without mycorrhizal inoculation) of all treatments for all
times was 1-3% in fumigated soi) and 3-16% in nonfumigated soil (Fig. 1-3).

Root length. Root length of cotton, onion and pepper was measured 3.5 wk after planting. Max {mum
langths were achieved, both in fumigated or nonfumigated soil, in all threa crops, following
solarization plus 2 wk tarp coverage after planting treatment. In fumigated soil, cotton root length,
not inoculated and inoculated with VAM, increased significantly by 40% and 57X after soil solarization
plus 2 wk tarp coverage, respectively.

In nonfumigated soil, root length of cotton not inoculated and tnoculated with VAM, after soil
solarization plus 2 wk tarp coverage, soi] solarization and metalaxyl treatmonts tncreased
significantly by 126%, 204%, 63%, 77X, 65% and 120X respectively (Table 1). Onion root length, not
inoculated and inoculated with VAM, after soil solarization plus 2 wk tarp coverage, in fumigated
soil, increasad significantly by 27% and 31X, respectively. In nonfumigated moil, onion root length,
not inoculated and inoculated with VAM, after soi} solarization plus 2 wk tarp coverage, soill
solarization and metalaxyl treatments incrased significantly by 175%, 155%, 125%, 45%, 93% and 70%,
raspectively (Table 1).

Pepper root length, not inoculated and inoculated with VAM, after soil solartzation plus 2 wk tarp
coverage, in fumigated soil, increased significantly by 50% and 91X respectively. In nonfumigated
soi1, pepper root length, not inoculated and inoculated with VAM, after soi) solarization plus 2 wk
tarp coverage, soi) solarization and metalaxy) treatments increased significantly by 104%, 185%, S52%,

90%, 64X and 128%, respectively (Table 1).

final yield. Cotton, onion and pepper were harvested 4 mo after planting and {noculation. VAM
inoculation significantly increased the fresh wt of cotton plants by 58X in nonfumigated soil and by
345% in fumigated soil. In nonfumigated soil, VAM plus solarization increased the fresh wt of cotton
812 over the noninoculated control and by 87% over a solarization tratement without VAM dnoculation,
In nonfumigated soil, the VAM plus solarization plus tarp treatment increased the fresh wt of cotton
by 118% over the untreated control and by 165% over the solarization plus tarp treatmont without VAM
inoculation. In nonfumigated soil the VAM plus metalaxyl treatment increased the fresh wt of cotton
by 103% over the untreated control and by 58% over the metalaxyl treatment without VAM {noculation.
In fumigated soil the VAM plus metalaxy)l treatment increased the fresh wt of cotton by S20% over the
untreated control and by 11008 over the meta\uxyl'troltment without VAM {noculation.

Cotton fresh wt, in fumigated soil, with VAM inoculum treated with solarization and solarization plus
2 wk tarp coverage were higher by 859% and B37% than the same treatments without VAM {noculum,
respectively. Fresh wt of cotton plants inoculated with VAM in nonfumigated soil were more than
double that of fnoculated plants in fumigated soil. In the control without VAM fresh wt of plants in
nonfumigated soil was about ten times greater than the control in fumigated soil, Best yields {n
fumigated ahd nonfumigated soil were achieved with VAM and solarization, solarization plus 2-wk tarp
coverage and metalaxyl treatments (Fig. 4). Cotton boll number was clearly related to fresh wt of
plants. Bo11 number of VAM inoculated cotton plants in nonfumigated soil was 1.8 - 2.B-fold higher
than of those in fumigated soil. Highest boll yields per plant, 78, B0 and 66 were reached VAM
tnoculation after metalaxyl, solarization plus 2-wk tarp coverage and solarization treatmants.

Fresh wt of VAM-inoculated onfon plants (treatment no. 2) were significantly higher than of the same
treatment in nonfumigated soil. However, in nonfumigated soil, frash wt of onton plants after sotl
solarization, either with or without 2-wk tarp coverage was greater than all of the other results.
There was no significant difference among treatments of VAM-inoculated onion frash wt in fumigated
soil. A1l of the control (without VAM) onion fresh wt in nonfumigated soil was 2.3-5.4-fold greater
than the control onion plants in fumigated soi) (Fig. 5). VAM inoculation stgnificantly increased the
fresh wt of onion plants by 57% n nonfumigated soil and by 417% in fumigated soil. In nonfumigated
soil VAM plus solarization increased the fresh wt of cotton 177% over the noninoculated control and by
163% over a solarization treatment without VAM {nocutation. In nonfumigated soil, the VAM plus
solarization plus tarp treatment increased the fresh wt of cotton by 2002 over the untreated control
and by 68% over the solarization plus tarp troatment without VAM inoculation. VAM plus metalaxy!
treatment, in nonfumigated soil, increased the fresh wt of onion by 140% over the untreated control
and by 126% over the metalaxyl treatment without VAM inoculation. In fumigatad soil the VAM plus
metalaxy! treatment increased the fresh wt of onion by 390% over the untreated control and by 550%
over the metalaxyl treatment without VAM inoculation. Onion fresh wt, in fumigated soil, with VAM
inoculum treated with solarization and solarization plus 2 wk tarp coverage were higher by 7162 and
6262 than the same treatments without VAM {noculum, respectively (Fig. 5).

Pepper fresh wt inoculated with VAM, signifi cantly increased by 84X in nonfumigated sot) and by 269%
in fumigated soil. In nonfumigated soil VAM plus solarization increased the fresh wt of pappar 100%
over the noninoculated control and by 76% over a solarization treatment without VAM tnoculation. In
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nonfumigated sofl, the VAM plus solarization plus tarp troatment increased the frosh wt of peppar by
134% over the untreated control and by 81% over the solarization plus tarp treatmant without VAM
inoculation. VAM plus metalaxyl in nonfumigated soil, increasoed the fresh wt of pepper 96X over the
untreated control and 52% over the metalaxyl treatment without VAM inoculation. In fumigated soil the
VAM plus metalaxy! treatment increased the fresh wt of pepper by 380% over the untreated control and
by 236% over the metalaxyl treatment without VAM inoculation. Pepper frosh wt, in fumigated soil,
with VAM inoculum treated with solarization and solarization plus 2 wk tarp coverage were higher by
258% and 400% than the same treatments without VAM tnoculum, respoctivaly (fig. 6). Pepper fruit wt
was clearly related to fresh wt of plants. VAM inoculated plant fresh wt and fruit wt in nonfumigated
s04) were 1.5-2.0 and 1.3-2.0-fold greater than in fumigated soil, rospectively. In both fumigated
and nonfumigated soil best results of plant wt and fruit wt were achieved following s04) solarization
and sotl solarization plus 2-wk tarp covered treatments. Pepper fresh wt and fruit wt of the controls
(without VAM) in nonfumigated soil was 3-5 and 2-2.8-fold greater than of poppor frosh wt and fruft wt
in fumigated soi) respectively (Fig. 6).

Correlation coefficients. Correlation coefficients ware computed for the ralationship hatwoan VAM
percent colonization of plants at the fifth wk after planting (and inoculating) and fresh wt or yleld.
A1l weights and yleld of the plants were found positively significant correlated with VAM percent
colonization of the plants as follows: In fumigated sot! cotton plant frash wt rC2«0,090, PO.01
cotton plant boll number rC2=0.822, P0.05 onion plant fresh wt rC2+0,928, P0.0! papper plant fresh wt
rC2=0.950, P0.001 pepper plant fruit wt rC2=0.834, P0.05. 1n nonfumigated soi) cotton plant fresh wt
rC2=0.918, P0.0% cotton plant boll number rC2=0.846, P0.01 onion plant fresh wt rC240,900, PO.0Y
pepper plant fresh wt rC2=0.872, P0.01 pepper plant fruit wt rC2«0.94%, PO.001,

DISCUSSION

To date, experiments which have bean most successful in increasing percent VAM colanization, wt and
yield of crop plants have been performed in fumigated/sterilized soil (18,32,43). In this study we
have attempted to find new approaches such as soil solarization which can replace, or at least, reduce
fumigants in the so1) and allows high VAM colonization of plants.

Many experiments have been carried out and reported to evaluate the potential of soil solarization in
pathogen (and other pest) population reduction, disease control, weed control and yield increase
(1,20,22,23,27). Although, non of them discussed what s the effect of soil solarization on VAM
colonization of plants and what is the effect on growth response and yleld of plants following a
combination of VAM application and soi) solarization together. ‘Our results show that sotl
solarization does not damage native VAM whereas fumigation with methyl bromide controls the most of
the population of native VAM (Fig. 1-3). Other studies (9,13,28,30), as well as results of this
study, show that indigenous VAM {s very important for growth response and yield of plant (Fig. 4-6).
Several researchers reported that failure of VAM colonization of plants in natural soi) are caused by
microganisms which compete with mycorrhizal fungt on root sites and interfere with mycorrhizal
development (5,33,44). Similarly, this research suest that control or elimination of microorganisms
which can compete or interfere with mycorrhizal development improve VAM colonization, growth response
and yield of crops. Our results show VAM colonization of inoculated plants 3.5 and 5 wk after
planting is higher in fumigated than in nonfumigated soi) (treatment 2 Figs. 1-3). Howaver, this
situation has been reversed and VAM colonization of plants in nonfumigated sotl but solarizaed {s
higher than in fumigated soil probably because of control of this microorganisms (treatments 4,6 Figs.

1-3).

In a previous study Afek et al. (3) reported that in the greenhouse VAM percent colonization of plants
in nonfumigated soil treated with metalaxy) increased apparently following controls of Pythium
ultimum. Likewise this study, which had been conducted in the field, shows similar results (Fige. V-
3).

Other researchers reported that metalaxyl improves VAM colonization (17,31,16) whereas Pythium spp.
caused poor VAM colontzation of plants (3,21). Cook et al. (10) reported that sot! solartzation
controls 80-90% of the Pythium spp. population in the soil and increases growth response of wheat. It
might be that reduction of the Pythium population in the solarized soil also increases VAM
colonization of the plants. Furthermore, results of this research, show that sotl solarization and
metalaxyl improve VAM colonization of cotton, onton and pepper more tn nonfumigatad sot) than {t does
in fumigated soil (Figs. 1-3). That means that not only control of microorganisms involved in
increasing VAM colonization of plants. : .

This investigation suests that soil fumigation kills most 1iving organisms including some beneficial
microorganisms such as bacteria and actinomycetes which may improve VAM colonization (6,7,8,11,35), as
wall as microorganisms which may inhibit VAM colontization (3,16,44), Sinca metalaxy) acts against P.
ultimum and not against beneficial microorganisms, VAM colonization of the root crops is higher in
nonfumigated soil. Katan (23) suests that soil solarization, in addition to control of pathol-gens in
the soil, may increase the number of beneficial microorganisms in the soil. Solarized soils undergo
significant changes in their temperature and moisture regions, tha inorganic and organic composition
of their solid, liquid, and gaseous phases and their physical structure, all of which in turn effect
the biotic and abiotic componants (23,38,47). Such changes may explain why in fumigated soil where
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most microorganisms were controlled anyway, VAM percent colonization of cotton and onion increase
following soil solarization (Figs. 1,2). Another factor which can enhance VAM colonization is high
temperature. Heating the soil, especially during the first 2 wk after planting, which s critical for
establishing adequte VAM colonization in annual crops (2,45) increased VAM colonization in this
research (Figs. 1-3). It might be that heating the soil after planting, oven by 3-4 C at the upper 20
cm, as in our study, increase VAM colonization by enhanced root growth response (Table 1), root
exudation and VAM spore germination which can improve VAM colonization of plants (14,15), However, our
results show that higher VAM percent colonization of the crops 5 wk after planting lead to greater wt
and yield of the crops 4 mo after planting (Figs. 4-6) and these factors wara significantly
correlated. Finally, this study leads to the conclusion that a combination of vesicular-arbuscular
mycorrhizae with soi) solarization can be one of the best approach to replace, or at leaat, to reduce
the use of chemicals in agriculture. We believe that the future for mycorrhizas.as a biofertilizer,
11es not in fumigated but in natural soi), especislly now whan agriculture growers approaching a
crisis because of pesticide and toxic chemicals found in food, water and the environmant,
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Table 1. Root lengths of cotton, onion and peppor 3.5 wk aftor planting in the field, tnoculated or

not inoculated with Glomus intraradices

Cotton Onion
Control (without mycorrhizal inoculation)
VAM (G. intraradices)

Control + soil solarization
VAM + soil solarization
Control + sotil solarization
+ 2 wk tarp coverage after planting
VAM + soil solarization
+ 2 wk tarp coverage after planting
Control + metalaxyl
VAM + metalaxyl
Control
VAM
Control + solarization
VAM + soil solarization
Control + soi) solarization
+ 2 wk tarp coverage after planting
VAM + soil solarization
+ 2 wk tarp coverage after planting
Control + metalaxyl
VAM + metalaxy!

LSD (P=0.05)
Zeach number is an average of 4 replicates.

Pepper Fumigated sotl

94
80
98
107

(K]

Root length (cm)z Troatmonts

33
29
27
30

42

55
49
47
40

83

Nonfumigated soi)



FIGURES LENGED

Fig. 1. Mycorrhizal colonization (%) of cotton plants 2 (A), 3.5 (B) and 5 (C) wk aftor planting and
inoculating in fumigated and nonfumigated soil treated as follows: 1. control (CO) (not inoculated)
2. VAM inoculation (VA) (inoculated with the mycorrhizal fungus Glomus intraradices) 3. control plus
soil solarization (CO, SO) 4. VAM inoculation plus soil solarization (VA, S0) 5. control plus soil
solarization plus 2-wk tarp coverage (CO, TR) 6. VAM inoculation plus soil solarization plus 2-wk
tarp coverage (VA, TR) 7. control plus metalaxyl (CO, ME): and 8. VAM 1inoculation plus metalaxyl
(VA, ME).

Fig. 2. Mycorrhizal colonization (X) of onton plants 2 (A), 3.5 (B) and 5 (C) wk after planting and
tnoculating in fumigated and nonfumigated soil treated as follows: 1. control (CP) (not inoculated)
2. VAM inoculation (VA) (inoculated with the mycorrhizal fungus Glomus intraradices) 3, control plus
soil solarization (CO, SO) 4. VAM inoculaticn pius suil solarization (VA, 50) 5. control plus sot}
solarization plus 2-wk tarp coverage (CO, TR) 6. VAM inoculation plua soil solarizatton plus 2-wk tarp
coverage (VA, TR) 7. control plus metalaxyl (CO, ME) and B. VAM fnoculation plus meta laxyl (VA, ME),

Fig. 3. Mycorrhizal colonization (X) of pepper plants 2 (A), 3.5 (B) and 5 (C) wk aftar planting and
inoculating in fumigated and nonfumigated soil treated as follows: 1. control (CO) (not tnoculated)
2. VAM {no culation (VA) (inoculated with the mycorrhizal fungus Glomus intraradices) 3, control plus
so1l solarization (CO, SO), 4 VAM inoculation plus soil solarization (VA, SO) 5. control plus soi)

" solarization plus 2-wk tarp coverage (CO, TR) 6. VAM inoculation plus soi) solartzation plus 2-wk tarp
coverage (VA, TR) 7. control plus metalaxyl (CO, ME) and 8. VAM ino culation plus metalaxy! (VA, ME).

Fig. 4. Cotton fresh wt per plant (A) and boll number per plant (B) harvested 4 mo after planting and
fnoculating in fumigated and nonfumigated soil treated as follows:t 1. control (CON) (not inoculated)
2. VAM {noculation (VAM) ({inoculated with the mycorrhizal fungus Glomus intraradices) 3, control plus
soil solariza tion (CON, SOL) 4. VAM inoculation plus soil solarization (VAM, SOL) 5. control plus
soil solarization plus 2-wk tarp coverage (CON, TAR) 6. VAM inocu lation plus soil solarization plus
2-wk tarp coverage (VAM, TAR) 7. control plus metalaxyl (CON, MET) and 8. VAM inoculation plus

metalaxyl (VAM, MET).

Fig. 5. Onion fresh wt per plant harvested 4 mo after planting and tnoculating in fumigated and
nonfumigated soil treated as follows: 1. control (CON) (not inoculated) 2. VAM inoculation (VAM)
(inoculated with the mycorrhizal fungus Glomus intraradices) 3. control plus soil solarization (CON,
SOL) 4. VAM 1no culation plus soil solarization (VAM, SOL) 5. control plus soil solarization plus 2-wk
tarp coverage (CON, TAR) 6. VAM finoculation plus soll solarization plus 2-wk tarp coverage (VAM, TAR)
7. control plus metalaxyl (CON, MET) and 8. VAM inoculation plus metalaxyl (VAM, MET).

Fig. 6. Pepper fresh wt per plant (A) and fruit wt per plant (B) harvested 4 mo after planting and
inoculating in fumigated and nonfumigated soil treated as follows: 1. control (CON) (not {noculated)
2. VAM inoculation (VAM) (inoculated with the mycorrhizal fungus Glomus intraradices) 3. control plus
soil solarization (CON, SOL) 4. VAM inoculation plus 011 solarization (VAM, SOL) 5, control plus soil
solarfzation plus 2-wk tarp coverage (CON, TAR) 6. VAM inoculation plus soi) solarization plus 2-wk
tarp coverage (VAM, TAR) 7. control plus metalaxyl (CON, MET) and B. VAM inocula tion plus metalaxy}
(VAM, MET). tion plus metalaxyl (VAM, MET).
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The Effect of Mycorrhtzal Species, Root Age and Position of Mycorrhizal Inoculum on Colonization of
Cotton, Onion and Pepper In Greenhouse and Field Experiments

U. Afek, E. Rinaldel1i, J. A, Menge, E. L. V. Johnson and E. Pond Department of Plant Pathology,
University of California, Riverside, CA 92521,

Additional index words. Mycorrhizae, cotton, onion, pepper, VAM,

Abstract. The length of time required for vesiculararbuscular mycorrhiza (VAM) colonization, the
effect of root age, and the position of VAM {noculum with respect to the root system ware tested on
cotton, onion and pepper. Colonization of onion by Glomus desorticola began 3 days after tnoculation
and reached 50% of the total root length after 21 days. Colonization by G. mosseas and G.
intraradices began after 12 days and attained 15X and 37% after 2V days, respectively. In cotton,
colonization with G. deserticola and G. {intraradices bagan 12 days following inoculation and
fncreased to 20% and 18% after 21 days, respectively. Colonization of cotton by G, mosseae was poor.
1n pepper, colonization with G. deoserticola, G. mossese and G. intraradices bagan 3, 6 and 6 days
after inoculation and after 21 days reached 60X, 13% and 10%, respactively. In a sacond sxperiment,
rapid colonization by G. deserticola took place in ddayold onion seedlings and increased to S1% 3 days
after inoculation. Tendayold and 17dayold secedlings were far less responaive to VAM colonization but
became highly infected at 30 days when new roots were produced. In a third experiment, {noculum

_ placement 3 cm below sceds at planting in the field was tha most effective for promoting colontzation
of cotton and onion by VAM. In fumigated field soil, mycorrhizae increasad cotton growth an average
of 28% when inoculum was applied below seeds compardd to one or twosided band applications. Even in
nonfumigated field sotl, inoculum placed 3 cm below the seed and inoculum placed tn a band at one side
2 wk after planting significantly increased cotton growth, In onion, mycorrhizal fnoculation improved
growth in fumigated soil when it was placed below the seed, but did not stimulate growth in
nonfumigated soil. : '

Received for publication 6 Feb. 1990. This research was supported by a BARD grant, The United
StatesIsrael Binational Agriculture Research and Developmant Fund. The authors are grateful to
Isfendiar Ramadan for soil analysis and to Doreen Alewine for typing the manuscript.

Mycorrhizal fungi increase nutrient uptake and growth of many plants (Dodd et al., 1983 Harley and
Smith, 1983 Haas et al., 1987 Menge, 1983 Mosse, 1973). It is now feasible to introduce mycorrhizal
fungt in the field as a modern agriculture practice, especially for crops planted in poor soil with
few or no indigenous mycorrhizal fungi (Jeffries, 1987). While success in achieving effective
mycorrhizal assoctations with crop plants growing in sterilized soil has been achieved, the ultimate
success for agricultural use of VAM fungi will occur when they can be used dependably to improve
performance of crops grown in nonfumigated soil.

The effectiveness of VAM inoculum depends on the colonization potential of the inoculum (Alexander,
1965 Daniel ot al., 1981), proper placement (Afek et al., 1989 Monge and Timmer, 1982), proper timing
(Smith et al., 1979), age of roots (Mepper, 1985) and the suscaptibility of crops to VAM colonization
(Hepper, 1985 Sanders et al,, 1977). Total root colonization by VAM fungi somatimes negatively
correlated with the length of time between seed germination and the initial mycorrhizal infection
(Afek et 21., 1988 Smith et al., 1979). The purpose of this study was to detormine the length of time
required for colonization of onion, cotton and pepper roots by VAM fungi under greanhouse conditions
and to examine the effictency of VAM colonization of cotton and onion in the field with respect to
placement of the inoculum in the soil. The effect of root age on VAM colonization of onion root also
was studied. A1l of these experiments were conducted 1n the continuing effort to improve growth
responses of onion, pepper and onion to mycorrhizal inoculation in nonfumigated soil,

Materials and Methods

Plant material and VAM inoculum. Seeds of 'SJ2' cotton, (Gossypium hirsutum L.) 'Burpes Yellow Glove'
onion (A1l4um cepa L.) and 'California Wondor' pepper (Capsicum annuum L.) ware surface disinfested
with 20% sodium hypochlorite for 1 min and rinsed twice in distilled sterilized water for 1 min each
time before planting. These crops were chosen since they sre annuals and respond positively to VAM
colonization in previous studies (Afek et al., 1990). Sandy loam soil which was used for both
greenhouse and field experiments was characterized as follows: P 9.5 ppm by Olsen analysis (Chapman
and Pratt, 1961), which is considered a low level (Graham and Leonard, 1982 Waterer and Coltman,
1989b), N 632 ppm (Schuman and Stanley, 1973), Zn 12.8 ppm, Mn 8.6 ppm, Fe 6.5 ppm, Cu 1.7 ppm
(Page, 1982), Ca 23.5 me/1, Mg 3.8 me/1, Na 13.9 me/1, K 142 ppm, saturation parcentage (SP) 27%,
pH 7.7, electroconductivity (EC) 4.0 dS/m, sodium adsorption ratio (SAR) 3.8, exchangeable sodium
percentage (ESP) 4.2%, organic matter (OM) 0.80%, clay 8.3%, silt 28.6% and sand 63.1% (Quick and
Rible, 1960). This soil, which was either fumigated or not fumigatad with mathy) bromide (98% MB + 2%
chloropicrin, equivalent to 500 kg/ha), was used for field trials with vegetable crops the previous 3
years of this study and was taken from an agricultural site at the Citrus Experiment Stattion,
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University of California, Riverside. No fertilizers were used in tho exporiments,

Plants were inoculated with the mycorrhizal fungi Glomus intraradicos Schenck and Smith (isolate 185
collected from Citrus sp., Ventura, California, 1975), G. deserticola Trappe, Blosso and Menge
(isolate 01 collected from Citrus sp., Thermal, California, 1975), or G. mosscae (Nicol., and Gerd.)
Gerdemann and Trappe (isolate S50 collected from Artemisia sp., Fresno, California, 1981), The
inoculum for each mycorrhizal species consisted of mixed roots and soil from sudan grass (Sorghum
vulgare Pers) nurse cultures which had been infected with the mycorrhizal fungus for 9 months,
Inoculum potential of the mixture was calculated by the most prohable numbor (MPN) procedures
(Alexander, 1965 Daniels et al., 1981) and inoculum quantity adjusted so that tnoculum potential was
identical using Sudan grass as the host. .

Percent colonization by VAM was calculated after staining in lactophenol trypan blue, as the number of
colonized sites examined randomly, per total sites X 100 (Phi11ips and Hayman, 1970).

Experiment 1. Determination of the length of time for VAM colonization of cotton, onion and pepper in
the greenhouse, Cotton, onion and pepper were tnoculated separately with the three VAM fungt, G.
intraradices, G. deserticola and G. mosseae, in soi) autoclaved twice for 1 hr with a 24 hr {interval
between autoclavings. Mycorrhizal inoculation was achieved by placing approximately 10 g of inoculum
S5cm deep in 500cm53 autoclaved clay pots containing the sutocleved soll.

"Sevendayold seedlings of cotton, onion and pepper were planted in the pots with roots in contact with

the 1noculum. The pots were placed in a completely randomized design on a greenhouse bench at
temperatures of 24 C C= 2 C. Fluorescent light was provided to maintain a day length of 14 hr,
Photosynthetically active radiation (PAR) within the 400700 nm range was periodically measured in
terms of Cm mol m524 S514, average 385 C= 58 (Graham and Leonard, 1982). Five plants were harvested
every 3 days for 21 days, their roots stained and examined for percent VAM colontization. The
experiment was repeated twice with similar results.

Experiment 2. The effect of onion root age on VAM colonization of onion. Onion seeds were surface
sterilized in 203 sodium hypochlorite solution for 1 min and rinsed twice for 1 min each time in
distilled sterilized water. The seeds were then placed on a damp f1lter paper in 9cmdiameter petri
dishes in an incubator at 24 C to germinate. After 3 days, when the first root was about 0.5 cm long,
150 germinated seeds were planted into autoclaved soil, in an autoclaved nursery flat, as described
previously. Simultaneously, 42 germinated seeds were planted into 21 500cmC3 clay pots (2 plants per
pot) containing autoclaved soil, after having placed 10 g tnoculum of G. deserticola in contact with
the roots system. The 150 plants in the nursery flat were grown for 7, 14 or 21 days. At the end of
each time period, 42 plants were transplanted into 21 pots and plants were inoculated with G.
deserticola as described previocusly. All plants were grown in a greenhouse at 24 C C= 2 C,
Fluorescent 11ght was provided in addition to natural light (14hr1ight period) as described in
experiment 1. Plants in three pots were harvested and root colonization estimated 3, 6, 9, 12 15, 18,
and 24 d after inoculation for each different preinoculation period. The experimant was repeated
twice with simlar results. The experimental design was completely randomizaed after all pots from &l)
time periods were mixed together.

Experiment 3. Determination of efficiency of VAM colonization of cotton and onion with respect to
placement of the tnoculum in the field. In May 1987 cotton and onion were planted in double B80mrows
in both fumigated with methyl bromide (98% MB + 2% chloropicrin, aquivalent to 500 kg/ha) and
nonfumigated soil. The field experimental design was a randomized block with 4 blocks, Each treatment
contained a 1.5mrow of onions and a 3mrow of cotton. The width of the rows were 30 cm, Thera were
1316 plants in each plot. One plant from each treatmentblock wore randomly harveated 3, 4 and 5 wk
after planting and root systems evaluated for VAM colonization. The fina) harvest for total dry
weight was done 16 wk after planting. Treatments tncluded: 1) control without mycorrhizal
inoculation 2) inoculation with G. deserticola 3 cm below soeds at planting 1) tnoculation with G,
deserticola on one side of plant (5 cm deep, 3 cm from plant) 2 wk after planting 4) inoculation with
G. desaerticola on both sides of plant (5 cm deep, 3 cm from plant) 2 wk after planting 5) {noculation
with G. intraradices 3 cm below seeds at planting 6) inoculation with G, intraradices on one side of
plant (5 cm deep, 3 cm from plant) 2 wk after planting and, 7) inoculation with G. intraradices on
both sides of plant (5 cm deep, 3 cm from plant) 2 wk after planting. Banding was done by dispensing
the inoculum by hand using 170 g/m inoculum in each band. No fertilizers were used during the
experiment time period.

Experiment 3 was performed one time during the summer of 1987, but similar fiald trials at 2 sites in
1982 and 2 sites in 1983 produced similar results.

Results

Determinag1on of the length of time for VAM colonization of cotton, onion and pepper under optimum



conditions.

Onfon: Colonization with G. deserticola was detected 3 days after inoculation, and increased to S50%
after 21 days (Fig. 1). Colonization with G. mosseae began 12 days after inoculation, and increased
to 152 after 21 days. Colonization with G. intraradices also occurred by 12 days after inoculation,
and increased to 37% after 21 days.

Cotton: Colonization with G. deserticola and G. intraradices was detectod 12 days after {noculation,
attaining 20% and 18% after 21 days, respectively (Fig. 2). Colonization by G. mosseae was poor.

Pepper: Colonization with G. deserticola was evident at 3 days after tnoculation, and G. mosseae and
G. intraradices at 6 days (Fig. 3). After 21 days colonization with these fung? ,reached 60%, 13X and
10%, respectively.

The effect of onion root age on VAM colonization. Rapid colonization with G, deserticola took place
1n 3dayold seedlings and reached 51% 3 days after {noculation (seadVing age 6 daya) (Fig. 4).
Tendayold and 17dayold seedlings were more resistant to VAM colontzation. Twentyfourdayold seedlings
again had rapid colonization. 3

Determination of the efficiency for VAM colonization of cotton and onion with respect to placement of
the inoculum in the field. Mycorrhizal colonization of cotton in fumigated sot) was best for both G.
deserticola and G. intraradices when inoculum was placed below soeds at planting, reaching 29% and
40%, respectively, at 5 weeks after planting, (Table 1). VAM colonization of onfon in fumigated soi}
also was highest when inoculum was placed below the seeds at planting, reaching 32% and 59% for G.
deserticola and G. intraradices, respectively, at § wk (Table 1). Even in nonfumigated soil at 5§ wk
after inoculation, with one exception, VAM colonization of onion and cotton reached a maximum when
inoculum was placed below seads at planting (Table 1).

Generally, in fumigated soll, dry weights of VAMinoculated cotton and onion plants were significantly
higher than those of nontnoculated plants. Further, dry weights of cotton and onion plants from
fumigated soil treatments were greatest when VAM tnoculum had been placed below seeds at planting
(Table 2). In nonfumigated soil, dry weights of cotton plants were increased by inoculation with G.
deserticola, and only only when inoculum was placed below seeds at planting or banded on one side 2 wk
after planting. There were no significant differences among dry weights of onion in nonfumigated soil
(Table 2).

Discussion

Today we have the technology to produce VAM inoculum and apply it as a biofertilizer. However,
largescale quanities of VAM for fi1eld application cannot be stored for tong periods of time free of
contamination, as the inoculum is maintained in nonsterile conditions (Menge, 1983 Menge and Timmer,
1982). The efficiency of such use has to be improved so that growth responses are assured with field
applications., The effectiveness of VAM inoculum depends on the colonization potential of the
fnoculum, proper placement, proper timing and the susceptibility of the crops to colonization.

Onion and «cotton are known to respond to VAM inoculation (Afek et al., 1988). However, growth
responses of these crops in nonfumigated soils where the VAM inoculum 1s competing with other
microorganisms has not been shown to occur offectively (Table 2). One of the keys to aliciting growth
responses with VAM fungi in annual crops 1s thought to be achieving rapid colonization (Hans, et al.,
1985 Manjunath et al., 1983). In these experiments, colonization of cotton, onfon and pepper,
occurred within 615 days under optimal conditions (Fig. 13).

Under field conditions comparable levels of colonization of cotton and ontons rarely occurred even.
after 5 weeks in nonfumigated soils (Table 1). Rapid colonization must be realized in the field if
growth responses are to be achieved. Attempts must be made to improve the rates of VAM colonization in
the field to approach those achieved under greenhouse conditions, Colonization rates by VAM fungi are
more rapid in fumigated soil than in nonfumigated soil (Table 1), indicating that competing
microorganisms or native mycorrhizae in nonfumigated soil may effect the infection process (Afek et
al., 1990). This may explain why, sometimes, unexpected rasults occur when inoculum banded on 2 sides
1s less effective than a single band (Table 2). One of the most important factors that influences VAM
colonization of plants 1s the P level in the soil.

Benefits of VAM fungi are greatest when crops are grown on P deficient or P fixing soils (Graham and
Leonard, 1982 Waterer and Coltman, 1989a,b). However, in this study, a Plowlevelsot) (9.5 ppm) (field
and greenhouse experiments) was chosen and probably this factor enhances VAM colonization and growth
response of the crops following inoculation with VAM. :

Some VAM fungal species are more efficient on certain crops than on others (Danieols et al,, 1981
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Sanders et al., 1977). Differences in inoculum quality of different VAM species in comparative studies
may be responsible for some of the reported differences in effectivenoss botween spacies or isolates.
However, even in this study, where inoculum quantity was adjustod to achieve similar inoculum
potentials, G. intraradices and G. deserticola were better colonized, whtile isolate of G. mosseae was
poor for all crops (Fig. 13). Common sense indicates that isolates which naturally produce rapid
infection in crops should be selected for field work.

Inoculum placement has been shown repeatedly to be important for fiald crop growth responses (Afek ot
al., 1989 Jackson et al., 1972 Menge et al., 1977). A review of the literatura (Menge and Timmer,
1982) indicates that layering inoculum beneath seeds so that roots will penetrate the inoculum appears
to be more desirable than banding inoculum along the sides or placing inoculum with the seed,
Similarly, results of this study show that maximum colonization of plants was achieved when VAM
inoculum was placed below seeds at planting (Table 1).

The age and condition of crop roots have a major effect on rapid colonization by VAM {noculum and they
are factors over which we have some control. Crop species also differe in the period of time over
which their root systems will establish mycorrhizal associations (Hepper, 1905), and tn the maximum
proportion of the root system that can become mycorrhizal (Buwalda et al., 1902a Buwalda et al,, 1982b
Jakobsen and Nielsen, 1983 Warner and Mosse, 1982). We found that extensive VAM colonization took
place in 3dayold and 30dayold onion seedlings, whereas 10dayold and 17dayold onfon seed!ings were far
less responsive to VAM colonization (Fig. -4). The reason for this appears to be the unique rooting
habit of onton whereby new flushes of roots are periodically produced at the base of the bulb and wil}
pass through the VAM inoculum. These new roots are essentially young roots and VAM colonization
fluctuates with each flush of young roots as they have a high degres of susceptibility.

In normal root systems, the young potentially colonizable roots are produced as branches from other
roots (Hepper, 1985 Mosse, 1975). It then becomes critical that VAM dnoculum to be at {its optimum
potential when the roots pass through because, at early age, they are strongly infoctad., Other
investigators reported that VAM fungus colonization of root plants grown in the field occur, outside
the zone of inoculation, at a secondary infection along the roots (Waterer and Coltman, 1989a,b).
However, mycorrhizal inoculum should be adjusted for maximum germinationmaximum {noculum potential
during the one short "window” of root susceptibility as the roots pass through the inoculum.
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Table 1. The effect of method of mycorrhizal inoculation in the field on mycorrhizal colonization of

cotton and onion in fumigated and nonfumigated soil after 5 weeks
Treatment Cotton ! Onton
(% colonizattion)

Fum1ga§ed Nonfumigated Fumigated Nonfumigated

noninoculated 1% 8 1 10
Inoculated with Glomus deserticola . 29 14 : 2 32
below seeds at planting L ’

" Inoculated with G. deserticola 5 8 : 13 19

" .band 1 side after 2 weeks :

-Inoculated with G. deserticola .4 26 7 19

band 2 sides after 2 weeks
Inoculated with G. intraradices 40 20 59 35
below seeds at planting

‘Inoculated with G. intraradices 4 12 13 15

band 1 side after 2 weeks o
Inoculated with G. intraradices 8 9 19 14
band 2 sides after 2 weeks :

LSD (P=0.05) | D N IR [ R 15.9 14.6

Zgach number is an average of 4 roplicatdt.
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Table 2. Dry weights of cotton and onion plants after 16 weeks of growth as affected by different
methods of inoculation of mycorrhizal fungi and by soil fum1gat1on in the f1e1d

Treatment : : Cotton Onion
-1
(g plant™ ') o
Fumigated Nonfumigated Fumigated Nonfumigated
noninoculated 14% 69 33 26
Inoculated with Glomus deserticola 118 157 ' 65 37
below seeds at planting '
Inoculated with G. deserticola 85 148 53 46
band 1 side after 2 weeks
Inoculated with G. deserticola 68 80 51 28
band 2 sides after 2 weeks B
Inoculated with G. intraradices 106 94 65 37
below seeds at planting )
Inoculated with G. intraradices 96 . 92 55 30
band 1 side after 2 weeks

Inoculated with G. intraradices 101 98 56 33
band 2 sides after 2 weeks :

LSD (P=0.05) 62.3 47.6 25.1 26.6

ZEach number is an average of 4 replicates.

Figure Legend

Fig. 1. Colonization of onion 121 days following inoculation with Glomus deserticola, G. mosseae, and
G. intraradices in autoclaved soil. The vertical bars are standard errors.

Fig. 2.. Colonization of cotton 121 days following inoculation with Glomus deserticola, G. mosseae,
and G. intraradices in autoclaved soil. The vertical bars are standard errors.

Fig. 3. Colonization of pepper 121 days following inoculation with Glomus deserticola, G. mosseae,
and G. intraradices in autoclaved soil. The verticq1 bars are standard errors.

Fig. 4. ‘Colonization of 3, 10, 17, andv24dayold onion seedlings 121 days following inoculation with
Glomus deserticola in autoclaved soil. The vertical bars are standard errors.
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ABSTRACT .

Bell pepper (Capsicum annuum L.) is stunted when grown on a high P-sorbing fossiliferous Typic
Torriorthents soi)l fumigated with methy) bromide to control soilborne pathogens. Our previous
experiments with direct seeded pepper showed that both high lovels of P fertigation and soil
amendments with vesicular-arbuscular mycorrhizal fungus (VAMF, Glomus macrocarpum Tul, & Tul,) were
required for maximum.crop growth and yield. Two field experiments and one commercial-field trial were
conducted to determine 1f these effects could be repeated with a transplanted cropping system. In one
factorial-design experiment there were four levels of initial inoculum (0, 2, 10 and 20% of the growth
medium) and three levels of P (0, 0.3 and 1 mM H3PO ) applied with N and K at each irrigation in the

" field. After 31 and 62 d 1n the field, root colonization by the VAMF ‘increased with the original

inoculum levels and decreased with P fertigation levels. At that stage, only P fert1111atlon i{ncreased
plant biomass. The cumulative total of red-ripe peppers increased from 33 to 42 Mg ha™ ' with,
respectively, 0 and 1 mM P, and with no VAMF. High levels of P fert111z‘tion did not obviate the
mycorrhizal effect. With 20% VAMF, yield increased from 41 to 48 Mg ha”' at 0 and 1 mM P,
respectively. The second field experiment, with 0 and 10 VAMF inoculum and 0.3 and ¥ mM P,
corroborated the previous results, as did the trial in a commercial crop where plants with and without
inoculum were transplanted and fertigated with 1 mM P. - '

INTRODUCTION

The directed use of vesicular-arbuscular mycorrhizal fungus (VAMF) {noculum in agriculture {s
limited, in spite of massive evidence of its benefits to plant nutrition, water relations and disease
tolerance. Although most of the data are from pot trials, McGonigle (1988) analyzed the published
results of 78 field trials reported prior to 1986. In many of them there was no positive yield
response. Field plant growth responses are often obtained in soils with low available P, typical of
Yow-input agriculture (non-fertilized) but not of modern cultivation, whers yteld maximization 1s
desired and fertilization is practiced. Although not thoroughly proven, the currently accaepted theory
of mycorrhizal function is that the external hyphae of mycorrhizae increase the P-absorbing surface
area of the root system (Stribley, 1989). If the available-P is sufficiently high, the non-mycorrhizal
root sti11l can absorb sufficient P to maintain maximum growth, .

Field responses to inoculation with VAMF have been found even where P fertilization is practiced.
They can be expected when at least three conditions are fulfilled: (1) The crop s one which

" "requires".VAM. The variations in plant spectes typically have been shown by comparing growth in

sterilized vs. non-sterilized soil (Krikun et al., 1990; Plenchette et al., 1983). (41) The crop 1s
growing on soil with low populations of suitable VAMF, especially as would be expected whan soil
treatments with fungicides, fumigation or solarization are practiced (Menge, 1982). (111) The levels
of P in the soil solution are too low for near-maximum plant growth even though the avatlable P s
considered sufficient. This last condition is common in high P-sorbing sotls typical of arid and
tropica) climates where sofl pH usually is high and low, respectively. The importance of the soil P-
sorption characteristic in relation to VAM effects has recently boen emphasized by Plenchette and
Fardeau (1988). In all soils, low levels of soil solution P also may be common during periods of rapid
plant growth, when soil water potentials are low, or the desorption of P is too slow to provide, at
the root surface, the soil solution ca. 5 uM P required for near-maximum plant growth (Asher and
Loneragan, 1967; Fohse et al.,1988).

Haas et al. (1987) identified a commercially used soi1/crop combination -- high P-sorbing arid-
climate fumigated soi) on which bell pepper (Capsicum annuum L.) was grown -- where VAMF {noculation
was beneficial. Previous and subsequent work have shown the importance of VAMF {n pepper crop
production (Waterer and Coltman, 1989). In our field trial there was a synergistic effect of P-
fertil1zation and VAMF supplementation. The crop was direct-seeded in rows and inoculum was
incorporated in the row before seeding. ¢ :

The inoculum used. in those tests was a soil culture of the VAMF Glomus macrocarpum Tul., & Tul,
(Gerdemann and Trappe, 1974). Only one level of {noculum was tested, the equivalent of 900 L hn"
transplanted crops, a more efficient and potentially inoculum-conserving technique would be }
incorporation of VAMF in seed1ing growth media. The VAMF would be restricted to the seedling root zone
and would be transplanted to the field along with the crop. However, most asod)ing growth media
contain large amounts of organic matter, generally in the form of peat. High organic matter has been
reported to reduce the development of endomycorfh1za (VAM) (Brechelt, 19871 Brachelt, 19089 él Ei
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Schoenbeck, 1984).

The objectives of the work reported here were to determine, with the soil/crop combination
previously shown to "require" VAMF for maximum ylelds, (1) if the beneficial effects of VAMF could be
repeated in a transplanted-crop system, (11) 1f the synorgistic effects of VAMF and P-fertigation
could be repeated, and (§11) which VAMF and P-fertilization levels would support maximum yield
production and fruit size.

MATERIALS AND METHODS

Many of the techniques for these experiments have been reported previously (Krikun et al., 1987).

Experiment ]

Soi11 cultures of effective VAMF inoculum containing G. magrocarpum we‘o‘toltod for propagule number
by a most probable number (MPN) technique; there were 22 propagules mL™'. The inoculum was mixed at
Jevels of 0, 2, 10 and 20% (volume basis) into a peativermiculite seedling growth medium. The mixture
was used to fi11 plastic seedling trays and seeded with bell pepper cv. Maor. Each tray compartment
contatned 23 mlL growth medium.

After 31 d, the seedlings were transplanted to a farm field with Typic Torriorthents, clay soil, The
so1)l had been prepared according to norma)} commercidl practices in the area. These inclugded
fertilization with 75 g superphosphate m™< to bring Olsen_available-P level to 35 mg kg ', formation
of planting beds 1.65 m wide, and fumigation with 48 ¢ m ¢ heated methy! bromide.

There were 6.5 seedlings m'z. three rows per bed, and a trickle-emitter irrigation line along each
row. The irrigation system was set up so that each field plot, 15 m long and three plant beds wide,
could be fertigated (soluble fertilizer added to the water) with one of three solutions containing
agricultural grade phosphoric acid at 0, 0.3 or 1 mM P p]us N and K. Fertigation was performed every
second day with 2:1 NH4-N/N0 -N at 3.6 and 7.1 mmol N L™' for 30 and 154 d after transplanting,
consecutively. Potassium chloride (2 mmol K L ‘was added with every fertigation. Plants from each of
the four VAMF-inoculum levels were planted in five replicated, randomized plots of each fertigation-
level treatment. '

Thirty and 62 d after transplanting, soil and plant samples were collected from the outer beds of
each plot. The middle bed was used for fruit yield measurements. Red-ripened pepper fruits were
harvested selectively four times, from 116 to 154 d after transplanting. The fruits were graded for
size (max. diam.), counted and weighed. ‘ : '

Analysis of variance was performed with the SAS-GLM procedure (SAS Institute, Inc., 1985) using
orthogonal linear, square and cubic contrasts of the levels of the mycorrhizal inoculum factor (MYC)
and linear and square contrasts of the P-fertigation factor (P).

Experiment 2

Two experiments were conducted to confirm the previous results. One test was of factortal design as
in Expt. 1 but with two levels of each factor: inoculum at 0 and 10% VAMF in the seedling growth
medium, and P-fertigation in the field at 0.5 and 1 mM P mL-1 {rrigation water. The lo!l type and N
and K applications were as in Expt. 1. The initial Ynoculum contained 17 propagules mL ~ according to
a MPN test. Thirty-two d after the initial growth-medium infestation, the seedlings, cv. Maor, were
transplanted to the field. There were six replicated plots for sach treatment. Analysis of variance
was done by the SAS-ANOVA procedure (SAS Institute, Inc., 1985). '

Experiment 3

A second test was conducted within a commercia) field and was not replicated. The seedlings were
prepared and transplanted as in Expt. 2. The grower performed all the horticultural treatments and the
harvest along with normal crop. The soil type was the same as that used in the other experiments, but
fumigation induced stunting had never occurred in this field; we assume that the P-binding capacity of
the soil was lower. Plots were 100 m long and 6.4 m wide (four beds of throe rows each); one plot had
seedlings with 10% VAMF inoculum and the other w1thou*. The pepper F1 hybrid 'P-1750' (Stuig & Gruit,
Holland) was used and fertigation was with 1 mM P mL~' plus N and K as in Expt. 2.

RESULTS

Root colonization, Experiment 1 .

At transplanting, the VAMF had not begun to colonize the pepper roots, although some external hyphae
were visible on the surface of roots of inoculated plants, In the field, colonization took place and
the percent root infection increased with time, 1.e., 4n the upper 30 cm of the soi) profile,
colonizqtion increased more rapidly than the growth of roots. - EQ 1



There was little interaction between P fertilization and VAMF inoculation treatments (Table 1). The
amount of VAMF added to the growth media at seeding significantly affacted the amount of colonization
at 30 and 62 d after transplanting (Table 1, Figs. 1B and 2B). Mycorrhizal 1?fection increasod with
increasing inoculum level, except that the highest level (4.1 propagules mt ') did not increase-
colonization above the next lowest level (2.2 propagules mL™ ). Infaction was present even when no
inoculum had been added to the original seedling growth medium (Figs. 1B and 2B); apparently the soi)
fumigation treatment did not eliminate all the indigenous soilborne inoculum.

The effect of P on mycorrhizal formation also was significant (Yabil 1). Increasing P fertigation
depressed mycorrhiza formation (Fig. 1A). This inhibition was present unti) at least 62 d after
‘transpIant1ng (Fig. 2A), after which root sampling was discontinued,

Root colonization, Experiment 2

The infestation of the seedling growth media again was effective in increasing mycorrhiza
development in the field (Tables 2 and 3). There was little P X MYC interaction, but between the two P
Jevels used there was no significant effect on colonization (Table 2) during the 47 d that plants were
sampled. As in the previous experiment, the fumigation treatment did not completely eliminate VAMF
inoculum and there were mycorrhizal roots on non-inoculated plants (Table 3).

Early-season growth after transplanting, Experiment )

The P-fertigation treatments initiated when the plants were transplanted to the field quickly caused
differences in plant height and mass. The P and MYC factors acted independently. After 30 d in the
field, plant height and weight had increased linearly with increasing P- fertigation (Table 1). The P
effect on plant weight also was present after 62 d (Table 1, Fig 3A). Fertigation with P resulted in
increased growth but tissue concentrations of P were not .significantly affected, being 0.28 +0.051%.
The treatment means for these data are not shown.

VAMF inoculation did not sign1f1cant1yvaffect the early season plant height or mass (Table 1, Fig.
38). i

farly-season growth after transplanting, Experiment 2

In this experiment only the moderate and high levels of P fertigation wore tested and their effect
on growth was not significantly different (Table 2), although the 1 mM P-fertigated plants were
smaller, but not significantly different, than the 0.3 mM fertigated ones both 17 and 47 d after
transplanting. Apparently, in this season, the high level of P was not required for maximum plant
growth, and may even have been an above-optimum poncentration which induced In deficiency.

There ware significant effects between the VAMF-inoculated and non-inoculated plants, but no P X MYC
interaction (Table 2). The addition of VAMF to the seedling growth medium decreased plant growth after
transplanting (Table 2 and 3). The plants did not appear stunted but, at both 17 and 47 d after
transplanting, inoculated plants were significantly smaller than non-inoculated ones.

Effects onsyield, Experiment 1

The P and MYC effects acted independently on the number of immature fruit present 62 d after
transplanting, total fruit harvested and percent of large-size, marketable fruit in the total yield
(Table 1). L

Increasing P-fertigation levels caused earltier flowering as evidenced by fruit set (Table 1, Fig.
4A). The VAMF inoculations did not have a significant effect on early fruit setting (Table 1, Fig.48).
The P and MYC response curves for this parameter are similar to that of plant weight at the same
growth stage.

The selective harvests for yield were begun when the green fruit had ripened and become red. This
was the commercial practice in the locale at which the experiment was conducted. Four harvests were
made and the sum of these yields calculated (Table 1, Fig. 4A, 4B and 5). P applications significantly
increased yield (Fig. 4A and 4B), as they previously had increased plant dry matter accumulation. VAMF
fnoculation, which had not significantly affected early season plant growth, resulted tn larger ylelds
(Fig. 4B, 5) and a greater proportion of those yields being large fruits (>65 mm) (Table 1, Fig. 4B).

The complete response curve is presented only for total yield (Fig. 5). With no or 1ittle VAMF
inoculum 1dded to the seedling growth medium, plants P-fertigated with 1 mM phosphoric actd produced
42 Mg ha”'. Yields were further increased by 12-14% by VAMF {1noculation, With the highest level of
VAMF inoculation, this high yield could be obtained with only 0.3 mM P.

Effects on yleld, Experiments 2 and 3

As occurred with early season plant size, the two P-fertigation levels had no significant tnfluence
on yield (Table 2). VAMF inoculation increased total yieid and large-fruit yield in spite of the :3 o



depression in plant growth which the treatment had caused earlier (fnblos 2 and 3).

In the non-replicated plot in a commercial grower's field, the VAMF-inoculated plants were seen to
be slightly smaller than the non-inoculated ones but no measurements were made. fFour selective
harvests of red fruit were done over a 7 wk period. At the first harvest, VAMF plants ylelded less
than non-inoculated ones (11.7 and 14.8 Mg ha™ ', respectively) but the porcent of larger, marketable
fruit (>65 mm) was greater (96% and 91%, respectively)). The total yfelds and percent marketable fruit

after all the harvests, however, were greatest with the VAMF plants.
I

DISCUSSION

_ Mycorrhizal fungi are present in all soils where plants have been grown (Mosse at al., 1981; Harley
and Smith, 1983) and their ubiquitousness suggests an ecological importance of the mycorrhizal )
symbiosis. Lapeyrie and Chilvers (1985) found it crucial for the establishment of fucalyptus dumosa in
a calcareous soi) of Australia. In a semi-arid region of Israel, Berliner (1990) studied two adjacent
ecosystems, one with trees and dwarf shrubs and the other grasstland. Cystus incanus, one of the
species which grows only in the former ecosystem, {is absent from the latter because of the lack of
mycorrhiza and in spite of the higher quantity of available-P in the basalt-derived soil under the
grassiand. :

Agricultural crops also may not succeed if the mutualistic mycorrhizal symbiosis fails to develop.
Thompson (1987) demonstrated the effect of long periods of fallow i1n reducing inoculum levels. In our
agronomic field experiments, and a previously reported field experiment with a direct-seeded pepper
crop (Haas et al., 1987), we reduced the normal VAMF levels by methyl bromide fumigation, which 1s an
accepted practice to control soilborne pathogens and weeds. In modern agriculture, where yleld
maximization is desired, soil treatments to control pathogens generally will reduce VAMF populations
(Menge, 1982; Trappe et al., 1984). We have shown that VAMF supplementation can be used to increase P
uptake and yields in a P-sorbing soil when the VAMF population in the soil s too low.

Insufficient inoculum levels could be a more frequent phenomenon than realized. Of particular
interest 1s the yield response from VAMF inoculation on the soil where fumigation-induced stunting fis
not observed (Expt. 3); 1.e., in this apparently less strongly P-sorbing soil, 1 mM P fertigation of
pepper 1s recommended for maximum yield and the absence of VAMF inoculum is not recognized as a
1imiting factor. Marketable yield was increased by 112 when VAMF-inoculated seedlings were used, even
though the entire field was fertigated with 1 mM P, ’

Large scale field experiments with augmented VAMF tnoculum have been reported only rarely
(McGonigle, 1988; Powell, 1984). We know of no reports where several levels of VAMF 4noculum and P
fertilization have been tested simultaneously, as in Expt. 1. Response curves doveloped from this type
of experiment are important 1f the well-developed theories of VAM activity (Smith and Glaninazzi-
Pearson, 1988) are to be proven under field conditions (Abbott and Robson, 1984). Tha curves show the
quantitative effects of VAMF inoculum levels, P fertilization levels, and the two together. Also, it
gives an opportunity to determine the applicability of VAMF supplementation in agricultural systems.
where it 1s feasible to apply both production practices. ’

Fertigation with P increased P uptake and crop yield., The effect on yiald was 1inear and |ynorgist1c
with the VAMF effect. Crop yield was maximum when sotl P levels were approximately 1.5 ymol P gm
soil (47 mg k9~ ') as determined by NaHCO, extraction (Haas et al., 1987). This was obtained by
fertigation with 1 mM H3P0 A concentragion ten times that used by Waterer and Coltman (1989). Their
experiments were conducted in a 1:1 mixture of field soil and sand. In more neutral pH soils, dry
fertilizer applications can be used to achieve these levels, :

It generally is believed that P fertilization can replace the need for VAM. In our experiments this
was not true, even when high levels of P were applied with each irrigation. If there had been a large
replacement effect there would have been more significant P X VAMF interactions for yield as there
were for VAM colonization in Expt. 1 (Table 1). In Expt. 2, where only moderate and high P fertigation
levels were compared, there was a significant interaction because VAMF inoculation increased yield
while there was no difference between P levels. Inoculation caused a growth depression in this
experiment. Sti1l, there was a positive yield responsa, an effect which would not have bean recognized
if this had been a pot experiment. ' :

Two commonly used measures of VAMF activity were not useful here. Neither the early season P
concentration 1n plant tissue nor the amount of root colonization by VAMF was correlated with crop
yield. If root colonization were well correlated with external hyphal length, the extra P-absorbing
surface would increase yield. There is more evidence that, above a very minimum level, VAMF
colonization 1s not correlated with external hyphal length (see Miranda et al., 1989).

Two potential problems with incorporation of VAMF 4n seedling growth media were not savere enough to
negate the positive effects of inoculation. High organic matter in the growth medium did not prevent
the development of VAM in the seedlings. Also, root pruning, which normally occurs after
transplanting, did not eliminate the continuing colonization of roots developing in the field. In
fact, root colonization after transplanting still was correlated with initial VAMF {inoculum levels.



N

The amount of inoculum required in the system described was 150 L ha~ when a 119, inoculum:baat-mii
ratio was used. )
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Fig. 1-4. Response of pepper to P fertigation and vesicular-arbuscular mycorrhizal fungus inoculum
(VAMF); Experiment 1. Data are means over four levels of VAMF for P data (1A-4A), and three levels of
P for VAMF data (1B-4B); ANOVA probabilities in Table 1. Arrow is Sq. Fig. 1 - VAMF colonization of
root system in upper 30 cm of soil 31 and 62 d aftor transplanting. Fig., 2 - Dry waight of above-
ground portion 62 d after transplanting. Fig. 3 - Number of fruits on plants 62 d after transplanting.
Fig. 4 - Yield from four selective harvests of red-ripe fruits; total 1s cumulative and marketable 1is
percent fruit > 65 mm (+).

Fig. 5. Total yield of red-ripened pepper fruits in five replicate plots with three levels of P
fertigation and four levels of vesicular-arbuscular mycorrhizal fungus (VAMF) {inoculum; Experiment 1.
Inoculation was in a nursery and plants were transplanted to the field 30 d after seeding. Arrow is
SE.



Table 1. Experiment 1, ANOVA; F-value probabilities for effects of phosphorus (P) and mycorrhizal-
fungus (MYC) 4noculum on root colonization (VAM), plant height (HT) and dry weight (DWT), immature
fruit number (NFR) and dry weight (DWFR), per-hectare total fruit yield (YLD) and marketable yield
(MYLD), and MYLD as percent of YLD (XMKT). Error df=48.

i V2 o " - - ——— i " = = - - - - " P S R e e G v G 0T AR S S e e 6 W

Days after transplanting Nlrvosf no.
31 62 3 1424344

Source HT DWT VAM DWT " VAM NFR DWFR YLD Lo ﬁYLD IMKT
P 1n.t  .0001 . 0001 .01 . 0008 .0001 .04 .0001 . 0001 . 0004 .002 .01

res. Ns¥ NS NS NS NS NS NS NS - NS NS NS
MYC in. NS NS .001 NS . 0001 NS .004 . 002 . 0003 .0003 ‘.001

sq. NS NS .02 NS .002 NS NS NS NS NS NS

res. NS NS NS NS .02 NS NS NS NS NS NS
P*MYC .7 .7 .2 .5 .6 .8 .0002 .6 .9 .9 .9

- 40 = = = " = > - A L - - > ' T 0 > = 0 O O D D U e 8 S

WS = P>0.05

Table 2. Experiment 2; probabilities of F-values for parameters subjected to factorial ANOVA. Root
colonization (VAM), plant dry weight (DWT), average weight per fruit (WT/F), total fruit yleld (YLD),
marketable yield (MYLD), and MYLD as percent of YLD (ZMKT). Error df=20.

Days after transplanting Harvest no.
17 3 47 17 47 1 2 3 14243
Source VAM VAM VAM DWT DWT WT/F WT/F WT/F YLD YLD MYLD IMKT
P Ns* NS NS NS NS NS NS NS NS NS NS NS
MYC .02 .0001 .0001 .004 ,002 .04 .01 .0002 .04 .03 .007 .0003
PEMYC .2 .9 .7 .2 .5 .9 .6 .6 .5 .2 .8 6

*NS = P>0.05

Table 3. €xperiment 2; effect of mycorrhizal inoculum (MYC) on development of VA mycorrhizal fungi
(VAMF) and field-grown pepper plant growth and fruit yleld.

Root colonization Shoot dry fresh weight , Total VArvest Marketable 1
by VAMF (%) weight (g) per fruit (g) , (t ha™') fruit (t ha™ ')
Days after transplanting - Harvest no.
17 31 - 47 17 47 . 1 2 3 3 14243 14243
-Mmvc .003" 1.6 2.3 .46 9.3 114 138 102 19.8 40.5 16.
+MYC .287 23.7 23.6 .37 6.5 129 164 125 25.3 35.0 21.6
SE  -- - - .03 .8 6.8 9.7 5.0 2.8 2.6 1.8

IV IR SRS S S PP PR SRR ES S DL S bbbt

* Mean of both P treatments and six replicates.
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Abstract

Acaulospora, avocado, distribution, ecology, Glomus, Sclerocystis, soil characteristics, -

Soils from avocado (Persea americana Mill.) orchards in Israel (IS) and California (CA), both sites with -
a Mediterranean climate, were sampled and analyzed for the species and quantitics of vesicular- -
arbuscular mycorrhizal fungus (VAMF) spores in them, and for soil physical and chemical charac- j

teristics.

Numbers of spores were similar in soil from IS and CA but the dominant VAMF species were very -
different. In IS the most common fungi were Sclerocystis sinuosa and Glomus macrocarpum. In CA, -
Gl. constrictum was present in every orchard examined and Gl. fasciculatum was nearly as widespread.
Acaulospora spp. and other Glomus spp. also were found, including A. elegans which has never before -

been reported from CA.

The differences in VAMF populations and species constituents found on two continents but in arens -
with similar climates and soil types may be due to host or edaphic factors. Different avocado rootstocks -
are used in the two countries and lower pH and higher soil fertility levels were present in CA soils, -

The total VAMF spore populations in each orchard was about 275 per 100 ml. soil. ‘The population -
level was not correlated with any of the soil physical or chemical characteristics examined nor with -
avocado cultivar or age. In IS no fungus spores were found in three orchards; available P, Ca, Mg and -

Cu levels were high in these soils,

ln(roductlon ‘

Vesicular-arbuscular mycorrhizal fungi (VAMF).
commonly are associated with the roots of most
of the plants growing throughout the world
(Mosse et al., 1981). Although the fungi are
obligate symbionts they are not highly host.
specific and one species may be found on various
plants in the same locale. Also, one host plant
can support mixed populations of VAM- fungus.
species. )

Cultivation in general and monoculture in par- .
ticular reduce the spectrum of specics found in a
soil and relatively few spcjpes are present after .
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several years of continuous cultivation (Allen .
and Boosalis, 1983; aniols'and Bloom, 1983). Ht("c_ck

Insufficient information is available to establish .
whether the climax mycorrhizal species depends.
upon the crops grown, the edaphic conditions or.
the climate at a particular location. Nemec et al. :
(1981) compared citrus in California and Florida. .
In Florida Gigaspora margarita Becker and Hall
was the most common species found and in,
California Glomus fasciculatum (Thaxter sensu;
Gerdemann) Gerdemann and Trappe was pres-
ent at 86% of the sites examined. Most citrus,
isolates of the latter fungus are now known as
Gl. deserticola Trappe, Bloss and Menge (Trap-
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000 Haas and Menge
pe et al., 1984). Gigaspora margarita has been
reported only once from California (Menge et
al., 1983) but Gl. fasciculatum is common in
Florida (Schenck and Smith, 1981).

“I'lms study was initiated to deteriniiié the oc-

currence of VAM fungi from soils of a single
host, Persea americana Mill. (avocado), in Israel
(IS) and California (CA). Avocado is grown
extensively in the two localities and as a peren-
nial crop presents a relatively stable environment
for the development of a stabilized mycorrhizal
population. The climates in the avocado-growing

regions of both countries are similar (Mediterra-

nean) and the soil types and growing conditions

also are similar. It might be expected that the
VAM-fungus species and quantities would be

similar also.

Methods

Sampling

Avocado orchards were sampled in the principal -
growing regions within each country: in IS the -
northern half of the country (latitude 31.5--

33.5N) and in CA the San Diego-Santa Barbara

area (latitude 32.4-34.5N). Within each coun- -
try, the number of orchards sampled in each -
sub-region was approximately proportional to -

the percent of avocado acreage in the various
sub-regions. Soil samples were collected from 25

orchards in CA and 34 in IS in August; spore -
populations are ncar their maximum at that time -
(Gemma et al., 1989; Saif and Khan, 1975). Two -
average-looking trees were seclected.' The leaf-
litter was removed from an area 1 to-2m from-
the tree trunk. Where drip irrigation was being -
practiced the samples were removed from within -
30cm of an emitter. A 30-cm diameter and-
30-cm-deep hole was dug. The soil was mixed-

thoroughly in situ and a 1.5L sample of the

mixture placed in a plastic bag. This treatment -
was designed to avoid the non-normal distribu- -
tion of spores found in counts from small core -

samples (St. John and Koske, 1988).

Spore extraction and identification

The soil samples were refrigerated (4°C) until
processing. Within 2 weeks of collection a 200- .

,), .:’)’) ?)“'.){ “ 'l,

ml aliquot of ench soll was wet sieved (37-
650@m) and layered onto sucrose solution (20,

———

)}

40, 60%) and centrifuged at 1700 x g (Daniels .

and Skipper, 1982). Sand and some root frag- .
ments scttied under the 6U% sucrose layer; very

light organic matter, including most of the empty
fungus spores remained floating on the water

layer on top of the gradient. Except for the

floating material, the supernatant was removed
to a 37(i)n sieve, washed, decanted into a grid-

marked S-cm plastic dish, and the VAM-fungi .

; Q.,.L'jg

were identified and counted. Spore morphology .
was ascertained under a compound microscope .
and identification was made using the keys of

Hall and Fish (1979) and Trappe (1982).

Soil analysis

Soil analyses were carried out by the Agricultur- .
al Extension Laboratory, Univ. of California. .
Saturation percentage (grams of water required .
to saturate 100 g of soil) was determined and .
clectrical conductivity and pH were measured in .

the water of the saturation paste (Chapman and .
Pratt, 1961). Available P was extracted from soil -
by 0.5 M sodium bicarbonate (Chapman and .

Pratt, 1961). Exchangcable soil calcium (Cha),

magnesium (Mg), potassium (K) and sodium .
(Na) werc measured in lithium chloride and
lithium acctate extracts (Yaalon et al., 1962), :
and soil zinc (Zn), mangancse (Mn) and copper
(Cu) were cxtracted using D'TPA (Lindsay and .
Norvell, 1978); all were quantificd by atomic

absorption spectrophotometry.

Results

Spore numbers and species

The total number of VAMF spores extracted
from each of the orchard soils ranged from 0 to .
21 mL™" and averaged 3 spores mL™" in both IS .

and CA (Table 1).

Nine species of VAM fungi were found in IS
and six in CA (Table 1); four specics were
common to both countrics. The most ubiquitous .

species in IS were Sclerocystis sinuosa Gerd. and

Bakshi, GI. macrocarpum Tul. and Tul., Gl. .



£ o
PLSD Qe - 2 E[fcef of VAM-fungi in avoc mlv orclmrd soils 00 !
Table 1. Occurience of vesicular-arbuscular mycorrhizal fungi in avocado orchards in tsracl (1S) and California (CA)
Percent orchards Spore numbers/ 100 mL soil®
containing species .
. Israel Californin

- ' n=34 n=25 ' _ . : *
Fungus IS CA Min®  Mean Max®  SD"  Min®  Mean Max* SD"
Acaulospora elegans 0 4 12 -
A. laevis 9 0 12 123 30 158

® A. scrobiculata 0 12 4 LX) 100 48
A. trappei "6 -0 12 102 191 127 ’
Glomus constrictum 3 100 - 195 - - 2 LX) ago 89
G. fasciculatum 26 80 4 309 1250 449 4 202 750 187

. G. geosporum 26 0 5 - 136 420 174

G. macrocarpum 41 24 5 138 648 172§ 56 150 62
G. miscrosporum 6 0 138 1044 1950 1281
G. mosseae 6 0 10 38 . 625 435
Sclerocystis simtosa 50 20 1 13 42 . 14 1 1 2 1
Total population/orchard - - 0 284 2127 436 45 266 167

762

* Counts were made from 200 mL soil samples per orchard.
® Minimum, maximum and standard deviation of mean in orchards where the fungus was present.
¢ Number of sporocarps. .

.)r

geosporum (Nicol. and Gerd.) Walker and Gl.
Jasciculatum. In CA, Gl. constrictum Trappe was .
present in every orchard examined and S..
sinuosa, Gl. macrocarpum and Gl. fasciculatum
were common also. The number of spores of .
each of these species found in the orchard soils .
varied considerably, and was highest for Gl mi-
crofargum Tul. and Tul. in 1S and for Gl. fas-.

ciculatum in CA.

Table 2. Tree age and edaphic characteristics in avocado orchards in Israel (IS, n = 34) and California (CA, n =25) and the

Plant and soil characteristics

The avocado orchards

orchards was one unit lower than those in IS, In

general, the soils in IS scemed to have been less .
fertilized and had lower quantitics of P and other .

nutrients (Table 2).

correlation of these values with the number of vesicular-arbuscular mycorrhizal fungus spores in the soils

Variable T —htosl and soil variables Correlation coefficient
. Isracl California ' IS CA Both
Min.* Mean Max.* Min.* Mean Max.* '
Age (years) .2 1t 28 3 17 35 .01 21 07
Saturation (%) 23 44 58 30 37 56 =18 -.17 -.16
Organic matter (%) 0.4 1.4 32 1.2 3.2 53 A8 02 08
pH 1.6 1.9 84 " 58 6.7 1.5 -.02 -2 -0
Conductivity (mSem™') .6 1.2 29 6 ) 45 9 26 JJ0
Phosphorus, Olsen ( u* g™") N 4.8 14.8 4 22 53 A5 .18 02
Potassium, acid (gkg™") B N 3 9 4 1.0 1.9 ~.26 J5 -.10
«| Potassium, acetate (gkg ™) <. N 3 <.l 2 5 -3 -22 i
. g Il Calcium + magnesium ) s 15 2 5 12 3 -4 2 -
b | Cooper (ppm) <.1 A s 4 44 24 - 21 -
Manganese (ppm) o 3 14 36 7 61 141 -6 -0 -M
Sodium (ppm) 3 79 340 *32 124 481 -0 .20 0
Zinc (ppm) 2 2.7 17 3 178 =19 -6 -\

* Minimum and maximum values for variables.

Hosk and soil raaiatles

in IS tended to be
younger and the organic matter in the soils was .
less than those in CA. The pH of the soils in CA .



Fungus No.of - Soil variables
orchards  gyiura.  Organic pH Conduc- P K Cn+Mg Cu “JMn
tion matter tivity Olsen acid (megL”')  (ppm) (ppm) M(L‘

“ (%) (%) - (mSem”')  (pgg™') (skg'') * :
't v Acaulospora laevis 3 a8 1.2 19 8 4 32 9 R 21
Y Afappei 2 M a 76 .6 9 .26 7 7 36

Glomus constricum 1 57 3.2 80 1.1 1 27 16 14 3 '

* G. fasciculatum . 9 43 1.5 729 14 .4 34 18 9 12 !
. G. geosporum 6 45 1.4 78 1.2 7 .40 17 12 18
i'stet ") 6~G. macrocarpum 13 45 14 80 1.2 4 30 15 14 1"
e <« G. microfargum 2 51 1.8 19 1.2 2 A1 16 20 2
$POC S G. mosseae 2 29 6 80 6 8 29 6 a2 26
' Sclerocystis sinwosa 16 46 1.7 79 1.t 4 .25 "4 13 18
' None 3 45 1.0 79 1.7 n A5 22 ] 13
LSD P<0.5" 19 1.2 03 09 6 .10 11 A2 15

000 Haas and Menge
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Table 3. Avocndo orchinrd soil variables associated with the species of vesicular-athusculuy mycorrhizal fungl found in Isracl

* LSD based on the harmonic mean (2.8) of the number of orchards.

Correlation of species with soils

The soil characteristics of IS soils containing the .
various species of VAM-fungi are presented in .
Table 3. Olsen P levels were highest where no .
VAMF spores were recovered and lowest where .

that VAM fungus spores would have been found.
in all of the samples if more than one 200-mL.
aliquot would have been examined. As with.
most crops, avocado apparently are normally.

mycorrhizal. .

Despite the similarities of host, climate and.

s¢ov Gl constrictum and Gl. microfarum were pres- . edaphic factors in the two regions, different.
ent. Also Ca+Mg and Cu levels were high.  fungi were the most prevalent in each country.
where no VAM fungus spores were found. The .  The most common fungi in IS orchards were S.
characteristics of the CA soils did not differ .  sinuosa and GIl. macrocarpum. ‘The latter fungus .
according to the species of fungi present (Table = is very common in IS and was the most prevalent
4). in a survey of onion and pepper crops (Haas and .
Krikun, 1983). Glomus constrictum, which was
Discussion present in every CA orchard investigated, was .
. present at only a single location in IS. This.
Mycorrhizal fungi were associated with avocado.  fungus is often associated with ageing citrus but .
roots in all of the 25 orchards investigated in CA.  the ages of avocado orchards in the two coun-
and in 31 of the 34 investigated in IS. It is likely. tries did not differ significantly. '
Table 4. Avocado orchard soil variables associated with the species of vesicular-arbuscular mycorrhizal fungi found in California .
Fungus No. of Soil variables '
orchards ic ura- Organic pH Conduc- P K Ca+Mg Cu ',‘.I Mn
- tion matter tivity Olsen  acid (me{ L") (ppm) (ppm) ° M@‘b
(%) (%) mSem™') (ngg’') (8kg™') )
Acatilospora scrobulata 3 k7 20 67 22 13 A3 17 A3 21
. Glomus constrictum 25 37 32 6.7 1.7 22 16 12 44 61
G. fasciculatum 19 36 33 66 1.6 2 14 1 42 62
G. macrocarpum L] 37 2.8 64 22 k]| 13 17 .78 65
Sclerocystis sinuosa 5 36 s 63 1.7 26 13 12 22 L]
LSD P < .05* 7 1.4 0.7 11 21 12 9 .76 51

* LSD based on the harmonic mean (5.0) of the number of orchards.
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Prso pedi- o

This is the first report of A. elegans Trappc
and Gerd. in CA. Acaulospora spp. appear to be
rare in CA, probably because this genus favors
acid soil. Most of the agricultural soil in CA is
alkaline. However, avocados are one crop that
are grown on acid soil (Table 4). Acaulospora.
spp. would be expected to be more prevalent
with avocados than other crops only grown on
higher pH soil.

The significant differences in species of VAM |
fungi found in the two localities are probably due
to either host or edaphic factors; the climates are
very similar. Different rootstocks of avocado are
used in the two countrics. In IS the common
rootstocks are of West Indian and Guatemalan
origin, with about 25% originating from Mexican .
rootstocks; in CA, only Mexican rootstocks were .
used. There also are scveral outstanding differ- .
ences in edaphic characteristics. Soils in IS have .
a higher pH and a higher clay content (saturation’
percentage); in CA, soils probably are fertilized .
more intensively and therefore have higher levels .
of electrical, conductivity, phosphorus, potas-.
sium, and minor elements. .

Although it is likely that edaphic factors in- .
fluenced the prevalence of the fungi, none of the .
fungi was associated strongly with any particular .
factor (Table 3 and 4). This can be explained by .
the fact that mycorrhizal spores do not necessari- .
ly reflect the abundance of mycorrhizal infection.
Some species sporulate far more prolifically than .
others and to combine spore counts for many .
species would make a correlation with edaphic .
conditions difficult, since not all species react .
similarly to soil conditions. It might be expected .
that spore numbers of individual species would .
vary directly with soil factors. In IS, Gl. constric- .
tum and Gl. microsporum tended to be found .
where soil phosphorus levels were low, and A.
trappei Ames and Lind; Gl. mosseae (Nic. and .
Gerd.) Gerd. and Trdppe and Gl. geosporum .
where the P levels were higher than average. In .
the three locations where no VAM fungi were .
found in the soil samples, soil phosphorus levels .
were even higher. In CA, but not in 1S, Gl.
macrocarpum was present where P levels were
elevated. In general, the fungi found in CA were

not typically associated with any of the soil or :

plant characteristics investigated. o

Effect of VAM-fungi in avocado orchard soils

000

Acknowledgements

We thank Dr B A Danicls Hetrick, S Campbell.
and F Guillemet, and Dr Y Ben Yaacov, M.
Leviov and A Zveibil for assisting with the sur-,
vey in California and Israel, respectively, and the .
staff of the Agricultural Extension Laboratory,.
University of California, for conducting the soil .
analyses. This research was partially supported.

by grant no. 1-916-85RC from the United Statcs-
Israel Binational Agricultural Rescarch and De-

velopment Fund (BARD). Contribution from.
the Agricultural Rescarch Organization (ARO),.

no, 2422-E, 1988 serics.

References

Allen M F and Boosalis M G 1983 Effects of two species of.
VA mycorshizal fungi on drought tolerance of winter

wheat. New Phytol..93, 67-76.

Chapman 1 D and Pratt P F 1961. Mcthods of Annlysis for’
Soils, Plants, and Waters. Univ. Calif., Div. Agric. Sci.,’

Berkeley, CA, 309 p. -

Daniels FET};EH B A and Skipper H D 1982. Mcthods for .
recovery and quantitative estimation of propagules from

soil. In Methods and Principles of Mycorrhizal Research,

Ed. N C Schenck. pp 29-35. The Amer. Phytopathol.

Soc., St. Paul, MN.

Daniels Hetrick B A D and Bloom J 1983, Vesicular-nrbuscu-
Tar mycorrhizal fun&i associnted with native tall grass
prairic and culliangd winter wheat. Can. J. Bot. 61,
2140-2146.

,'Ic'!l".,:."/ 4 \
-g'l.,?xc' », .

e b
.,." elave l/

Gemma J N, Koske R E and Carreito M 1989, Seasonal |
dynamics of sclected species of V-A mycorrhizol fungi in a -

sand dune. Mycol. Res. 92, 317-321.

Haas J H and Krikun J 1983. Species and quantity of .

vesicular-arbuscular  mycorrhizal
Phytoparasitica 11, 229, (Abstr.)

fungl in

Isracl.

Hall 1 R and Fish B J 1979. A key to the Endogonaceae. -

Trans. Brit. Mycol, Soc. 73, 261-270.

Lindsay W L and Norvell W A 1978. Development of a -
DTPA soit test for Zn, Fe, Mn and Cu. Soil Scl. Soc. Am. .

Proc. 42, 421-428.

Menge J A, Raski D J, Liter C, Johnson E L V, Jones N O, '
Kissler J J and Hemstreet C L 1983, Interactions between
mycorrhizal fungi. soil fumigation and growth of grapes in

California. Am. J. Enol. Viticul. 34, 117-121.

Mosse B, Stribley D P and Letacon F 1981, Fcology of .
mycorrhizac and mycorrhizal fungi. Adv. Microbial. Ecol.

5, 137-210.

Nemec S, Menge J A, Platt R G and Johnson E L V 1981, °
Vesicular-arbuscular mycorrhizal fungi associnted with cit-
tus in Florida and Catifornin and notes on their distribution .

and ecology. Mycologia 7, 112-127.



on

000 Haas and Menge

field-grown wheat. Can. J. Microbiol. 21, 1020-1024.
Schenck N C and Smith G C 1981, Distribution and occur-

rence of vesicular-arbuscular mycorrhizal fungi on Florida -
agricultural crops. Soil Crop Scl. Soc. Florida Proc. 40, -

171-175.

St. John T V and Koske R E 1988. Statistical treatment of
endogonaceous spore counts. Tran. Brit. Mycol. Soc. 91,

117-121.

PLse &1L -4

Saif S R and Khan A G 1975, The influence of season and
stage of developent of plant of Endogone mycorrhiza of

Trappe J M 1982. Synoptic keys to the genera and species of |
zygomycetous mycorrhizal fungi. Phytopathology 72, 1102~
1108.

Trappe J M, Bloss 1l ¥ and Menge J A 1984. Glomus
deserticola sp. nov. Mycotaxon 20, 123-127. ‘

Yaalon 1D H, Van Schuylenborgh J and Slager.S 1962. The .
determination of cation-exchange characteristics of saline -
and calcareous soils. Neth, J. Agric. Scl. 10, 217-222,



VAR

e

Plant and Soil 122, 213 217 (1990},
o Khower Academic Publishers, Printed in the Netherlands.,

PLSCO R

Mycorrhizal dependence of four crops in a P-sorbing soil
. p 4

J. KRIKUN', J.LH. HAAS?, J. DODD* and R. KINSBURSK Y _
! Agricultural Research Organization, Gilat Regional Experiment Station, * Institute of Plant Protection,
 Institute of Soils and Water, ARO, The Volcani Cemter, Bet-Dagan, Israel and

! Formerly Gilat, now University of Kent, Kent, UK

Received 3 July 1989. Revised October 1989

Key words:

Allium cepa, Apium graveolens, Capsicum annuum, Cucumis melo, methyl bromide

fumigation, P availability, VA mycorrhizae

Abstract

The effect of methyl bromide and P fertilization on the growth of four agricultural crops in a P-sorbing
soil was studied. Harvestable yields and P tissue content were significantly lower for celery (Apium graveolens
L.). onion (Allium cepa L.) and pepper (Capsicum ammum L.) following fumigation. P fertilization up to
330kgPha~' as superphosphatc could not reverse this effect. The highest P fertilizer treatment had
25.4 ug g ' bicarbonate-extractable P and 0.26 ug g ' water extractable P. This P level produced acceptable
commercial yields when vesicular arbuscular mycorrhizae (VAM) were present (non-fumigated) and indicate
the importance of the VAM association for these crops. In contrast, melon (Cueumis melo L.) growth was
slightly greater following soil fumigation at all P fertilization rates. These findings indicate that crop VAM
dependence and eflicacy of VAM biotypes must be considered as essential components for P fertilization

recommendations on fumigated P-sorbing soils.

Introduction

The beneficial role of the vesicular arbuscular
mycorrhizal (VAM) association in P uptake and
growth response under P-limiting conditions has
been well established for many agricultural crops
(Gerdemann, 1968; Mosse, 1973). Soil disinfection
by methyl bromide fumigation or steam is often
used to eliminage soil-borne plant pathogens, but
such treatments can reduce VAM populations as
well (Menge, 1982).

Several studies have indicated that plant stunting
following soil fumigation treatments may be due to
climination of VAM (Dodd et al., 1983; Yost and
Fox. 1979). Reversal of stunting can be achieved by
VAM augmentation or incrcased P fertilization
(Haas er al.. 1987). We have found that following
methyl bromide fumigation of a P-sorbing soil
larger phosphoric acid applications via fertigation

were nccessary for maximal pepper yiclds (Haas ef
al., 1987).

The use of standard P-extraction tests for
predicting plant growth responsc to P additions
may be affected by fumigation. Such tests are cor-
related with plant growth response in non-
fumigated soils where VAM are likely to be
present. We have found that higher bicarbonate-
extractable P levels are required to achieve compar-
able growth in pepper after soil fumigation (Dodd
et al., 1983). Stribley et al. (1980) noted that a poor
relationship between soil analysis and the growth
response to applied P is probably duc to differences
in mycorrhizal infection.

The objectives of this study were to determine the
P requirements of four major crops grown to
maturity in a P-sorbing soil following mecthyl
bromide fumigation, and to evaluate the role of two

P extraction tests in predicting P addition growth

213

43



214 Krikun et al.

responses, in the presence and absence of VAM
infection.

Materials and methods
Field design

The experiment was carried out at the Gilat Ex-
periment Station. The soil, which is representative
of a major area in the northern Negev of Isracel. is
a deep loess, with a pH of 8.2 (saturated paste);
CaCO,. 17%: and clay, 18%. The field selected had
been planted for the last 15 years with commercial
crops. Prior to this experiment, cotton, potato and
wheat were grown in sequence. Extensive soil tests
showed that there was little variation in soil-P
values. Previous studies showed that the soil con-
tained a highly effective VAM population (Dodd et
al., 1983; Haas and Krikun, 1985). .

Four soil-P levels were established by adding, 0,
110, 220 and 330 kg single superphosphate Pha .
The superphosphate was spread manually on pre-
established beds and incorporated to a depth of
25cm with a rotary tiller. The four crops examined
were: direct seeded onion (Allium cepa L.), melon
(Cucumis melo L.), celery (Apium graveolens L.),
and pepper (Capsicum annuum L.) transplants from
a commercial nursery. '

Fertilizer and pest control measures as well as
cultivars and dates of planting were as commonly
practiced in the region. Supplemental watering was
provided as needed via sprinkler irrigation.

Plots consisted of six 1.8-m-widc beds. Threc
adjacent beds were covered with 0.1-mm-thick, 6-
m-wide polyethylene sheeting and fumigated with
60gm * of 98% methyl bromide and 2%
chloropicrin mixture. This method was found to be
sufficient in previous work to eliminate mycorrhizal
inoculum (unpuBlished results). Plot length for
every P rate was 8 m. The fumigated plots served as
the non-mycorrhizal treatment, and the non-
fumigated plots as the mycorrhizal ones (Yost and
Fox. 1979). Each treatment was replicated four
times.

Plant and soil analyses

Soil-P was extracted by two procedures: with
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Fig. 1. Sorption isotherms of P in the experimental soit after 24
and 168 h cquilibration. Solution (0.01 A7 CaCly)/soil ratio was
10:1.

0.5 M NaHCO, (Olsen and Dean, 1965) or watcr.
In the water extraction, 100g 65°C-dry soil was
moistened with twice the saturation volume, left
standing for 18 h, and filtered. The water extractant
contained 0.01% HgCl, to inhibit microbial action,

Characteristic P sorption isotherms of the non-
fumigated soil after 24 and 168 h cquilibration in
s0il/0.01 M CaCl, (1:10) are presented in Fig. 1.
The curvilincar portion of the curve is attributed to
adsorption reactions, while the slope change in-
dicates formation of a new phase attributed to P
precipitation.

Yiclds were taken from the center bed, and
plants for tissuc analysis from the inner rows of the
border beds. Plant tissues were digested with nitric-
perchloric acid. P and several microclements were
determined in the digest. Since no major differences
were found in microclement content only P results
will be presented in this report.

Mycorrhizae

Mycorrhizal infection was cvaluated by staining
and examining roots (Phillips and Hayman, 1970).
Results and discussion

Effect of soil-P additions on extractable-P in
Sumigated and non-fumigated plots

The results of 0.5M NaHCO,- and water-



Tuble 1. Efleet of soil P additions on 0.5 A NuHCO, and 11,0-
extractable P (ugg ")

P added NaHCO, extracted il_.() cxlractcd
Po* 10.9a" T owee
Pl 15.6b 0.16r
P2 18.4¢ _ 0.25g
P3 25.4d 0.26g

* PO, no added P: PI, P2, P3 = respectively 110, 220, 330 kg
single superphosphate Pha "', incorporated to 25cm depth.

* Numbers followed by different letters are significantly dif-
ferent at P < 0.05 (Duncan’s Multiple Range Test).

extractable P are presented in Table 1. Fumigation
had no effect on NaHCO,-extractable P levels.
Similar results were presented by Yost and Fox
(1979). The additions of superphosphate resulted in
rclatively slight increases in both NaHCO, and
water-extractable P, thus confirming the high-P
sorbing capacity of this soil. According to Olsen
and Dean (1965) the higher levels of NaHCO,-
extractable P (treatments P2, P3) should be
suflicient to meet the P requirements of most crops.
The wide NaHCO,:H,0 ratio obtained in this soil
is in contrast to results obtained in coarser textured
soils of the region (Dodd et al., 1983). Sharpley er
al. (1982) obtained similarly wide ratios in some of
the 66 soils tested from various regions in the USA.
For some of the soils, ratios ranged from 53 to
73 NaHCO,:H,0-extractable P. In our casc,
depending on the treatments, the ratios ranged
from 66 to 115.

Mycorrhizal dependence in P-sorbing soil 215

Effect of fumigation on mycorrhizal infection and
growth of test crops

The four crops lested were mycorrhizal in non-

" fumigated soil at all P levels, whereas those grown

in fumigated soils were non-mycorrhizal. At the
end of the first month, infection in all crops in the
non-fumigated soil was ca. 50%. This was also true
for melon, which in this experiment as well as in
many other examinations, were found-to be highly
mycorrhizal. With the exception of melon, crop
yields at all rates of P were signficantly greater
when grown in non-fumigated soil. Table 2 shows
further that mycorrhizal plants of pepper, onion
and celery growing at the lowest soil-P level, out-
yielded non-mycorrhizal plants grown at the
highest P level. Our results confirm the findings of
others (Plenchette er al., 1983a; Yost and Fox,
1979) that onion and pepper arc highly VAM-
dependent. In addition, we believe this is the first
report of the VAM dependency of cclery.

In contrast with Yost and Fox (1979), we could
not overcome the VAM dcliciency with large
applications of fertilizer P. Although the coarsencss
of phosphate particles may affect the availability of
P, we observed a similar response in pot tests when
supcrphosphate was fincly ground (Dodd er al.,
1983). Non-VAM plants of pepper, onion and
celery in general were larger with increasing soil P
additions, whereas this gencral trend was not ob-
served in VAM plants. In contrast to the above
three specics, melon, as observed by Reuveni ef al.
(1982) and unpublished results did not show
deleterious effects due to fumigation.

Table 2. Influence of soil fumigation and P fertilization on yield of four crop specics®

P rate* Melon : Onion P;:pper Cc;'lcry
* Markctable Biological
M* NM M NM M NM M NM M NM
PO 85bcd 95bc 90a 27 620b 18¢ 620 Ob 1,569 116c
Pt 78¢ 99ab 85a i6b 670ab 58¢ 572a 0Ob " 1.563a 533b
P2 84hc 95he 85a 4tb 697ab 59¢ 630 0b 1,763 665b
P3 93bc 114a 91a 49b 748a 75¢ 599 0b 1,655a 754b

* Mclon yield e);ptcssed us kg fruit of all three beds; in other crops, yield expressed in gplant™!

* M = mycorrhizal: NM = not mycorrhizal.

< PO, P1, P2, P3 = respectively no P added, and 110, 220 and 330 kg single superphosphate Pha~' added.
4 Statistical analysis within the crop. Numbers followed by different letters are significantly differentat P = <0.03 {Duncan’s Multiple

Range Test).
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Efiects of VAM infection and P additions on P
content of plant tissucs

Representative results of P analysis of the
various crops are prescnted in Table 3. The data
clearly indicate the effect of mycorrhizal infection
on increasing P levels in the tissues of VAM-depen-
dent crops. In these three crops, plant-P levels in
the mycorrhizal-without-P-fertilizer additions were
significantly higher than P-fertilized treatments
without mycorrhizae. The interactions between
mycorrhizae and P fertilization indicate that both
increases and decreases in tissue-P can occur. Jarrel
and Beverly (1981) noted that such variable effects
are a result of the relative difference between the
rate of nutrient uptake to the rate of dry matter
accumulation. In the case of melon, the large
increase in tissue P corresponded with a decrease in
yield. The decreasing P tissue concentrations with
increasing soil P in mycorrhizal celery may be due
to inhibition of mycorrhizal infection (Menge et al.,
1978). The importance of differing plant-P levels
as a result of fertilizer-VAM interactions is secon-
dary when compared with - plant-VAM interac-
tions. Apparently, the P level of VAM-dependent
crops was above a critical threshold when the latter

Tahle 3. Influcnce of soil fumigation and P fertilization on P
content (%) of tissucs

P additions®

PO Pl P2 Pl
)li('lc))r
M+ 0.12¢* 0.10¢ 0.16ab 0.22a
NM 0.llc 0.10c 0.14hc 0.14bc
Onion
M 0.13bc 0.21a 0.17ab 0.16ab
NM 0.06d 0.06d 0.08¢cd 0.09¢d
Pepper
M 0.218 0.23b 0.23b 0.27a
NM 0.09¢ 0.1lc 0.12¢ 0.12¢
Celery '
M 0.18hc - 0.20b 0.29 0.20b
NM 0.07d 0.13cd 0.13d 0.12d

® PO.PL, P2, P3 = respectively no P added, 110, 220 and 330 kg
superphosphate Pha ! added.

* M = mycorrhizal: NM = non-mycorrhizal.

¢ Statistical analysis within the crop. Numbers followed by
different letters are significantly different at P < 0.05 (Duncan’s
Multiple Range Test).

were infected with mycorrhizac. When the VAM-
dependent crops were grown without mycorrhizae,
P levels were clearly below the critical threshold
level for normal growth, whercas VAM plants pro-
duced excellent yiclds.

Conclusions

The crops used in our experiment weré chosen on
the basis of observations made following soil
fumigation, a common practice with many of our
growers (Krikun et al., 1982). Onc of our aims was
to add enough P to overcome the stunting observed
in three of the crops. However, although compara-
tively large amounts of P were addced. it is obvious
that P sorption is such as to reducc available P to
a level where normal plant growth can not be at-
tained in three of the four crops tested in fumigated
soil. Fox and Kamprath (1970) pointed out that
some plants supplied with 0.03 ppm P in nutricnt
solutions will sustain maximum growth. However,
a value of 0.2ppm in the soil solution has bcen
suggested as onc at which most plants attain ncar
maximum growth. Bascd on our water-extraction
procedure, this concentration was attained at the
two high rates of added P, but non-mycorrhizal
plants of the thrce dependent crops apparcntly
could not take up cnough P to attain maximali
growth. '

Phosphorus extraction from moderate to high
pH soils by NaHCOQ, is a standard procedure in
many studies where the effects of added P arc
analyzed. According to this test, especially at the
high rates, enough P should have been available for
normal plant development. However, this was so
only when mycorrhizal infection took place.
Stribley er al. (1980) concluded that “NaHCO,-
extractable P is an excellent predictor of phosphate
availability as long as the V-A mycorrhizal infec-
tion is uniform.” While concurring, we believe that
for at least some soils the watcr-extractable P as
well as NaHCO,-cxtractable P and their ratios
should also be considered. as Sharpley er al. (1982)
have shown that a poor correlation exists between
NaHCO,- and H,0-extractable P, Thus, in situa-
tions where mycorrhizal inoculum may be absent,
low or incflicient, the above information as well as
the minimal P requircments for cich crop must be
known before meaningful predictions as to P res-



ponse can be made (Dodd ¢r al., 1983). That this
may be a critical fuctor in many soils, as exemplified
by ours, should not be underestimated. In many
regions of the world, arid calcareous soils are being
brought under cultivation by the introduction of
irrigation. It has been shown that in soils of pH 7.0
and above, a significant correlation exists between
P sorption and exchangeable Ca (r = 0.895) (Shar-
pley et al., 1982). Due to the sparse vegetation in
these arid regions, V-A mycorrhizal inoculum
would be minimal. Thus, if the above is not taken

into account, “normal” applications of P, both in -

quantity and methods of application, may be in-
suflicient for an ever-expanding number of crops
(Plenchette er al., 1983a).

Our results emphasize another aspect of the
mycorrhizal association. In a previous paper
(Dodd et al., 1983) we pointed out, that based on
pot studies, the native mycorrhizal population in
the soil reported here was much more efficient in P
uptake and growth-promoting effects than the
populations of soils with lower P-sorbing capabil-
ity. We postulated that evolutionary pressure
selected species and/or biotypes more capable of P
uptake in the high P-sorbing soil. Our field results
tend to support our previous conclusion, when we
consider that at 10ugPg~' NaHCO;-extractablc
P, mycorrhizal plants produced higher yields than
non-mycorrhizal ones exposed to 25 ugPg~' NaH-
CO,-extractable P, It is becoming more obvious, as
comparative trials are carried out, especially in high
P-sorbing soils, that the efficiency of the mycorr-
hizal population, and the mycorrhizal dependency
of the particular crops species examined, must be
taken into account in understanding and analyzing
P-uptake results.
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Field Response of Corn to Water Management
and Inoculation with Glomus etunicatum

D.M. Syivia and L.C. Hammond, Soil Science Department; J.M. Bennett,
Agronomy Department, University of Florida, Gainesville, Florida 32611 USA; and
J.H. Haas, Plant Pathology Department, The Volcani Center, Bet Dagan, Israel.

Plant water stress is a major factor limiting crop yield. Several authors have
suggested that improved crop nutrition may increase drought resistance and yield
of crops exposed to water stress. Mycorrhizae improve plant nutrition and are
known to affect the water relations of plants grown in chambers and greenhouses;
however, there are few data on the response of mycorrhizal plants to water stress
in the field. In this paper we summarize the results of a field trial that was
conducted over three years to test the effect of mycorrhizae on water-stressed
corn. .

A field plot of Millhoppper fine sand (loamy, siliceous, hyperthermic
Grossarenic Paleudult) was fumigated with methyl bromide and fertilized before
each growing season. Two inoculation treatments (inoculated or not with Glomus
etunicatum) were applied to subplots of three water management treatments each
year. Treatments were replicated four times. Inoculum was placed in a furrow 7-
to 10-cm deep at an approximate rate of 1500 propagules m” of row. Corn (Zea
mays L. "Pioneer Brand 3165") was planted with intra- and inter-row spacings of
20 and 60 cm, respectively.

To monitor root colonization by mycorrhizal fungi, five soil cores were
collected from plots to a depth of 30 cm; roots were washed free, blotted dry,
weighed, and a 0.5 g subsample was assessed for mycorrhizal colonization. Six

" to seven weeks after planting, colonization ranged from 0 to 3% on noninoculated

plants and from 17 to 54% on inoculated plants. Twelve to thirteen weeks after
planting, colonization ranged from 2 to 17% on noninoculated plants and 24 to
45% on inoculated plants. Water management had little effect on root colonization.

There was a linear increase in both total crop biomass and grain yield with
increasing water application. Biomass increased from 11,000 to 19,000 kg ha™
when total water input increased from 34 to 52 cm while grain yield increased from
4,500 to 10,200 kg ha™. Inoculated plants had greater biomass (ca. 1,000 kg ha™)
and grain yield (ca. 800 kg ha') than noninoculated plants across all water
treatments. There was no interaction between water management and inoculation
treatments. Due to the smaller size of water-stressed plants, but a consistent
growth response to inoculation across water treatment, the proportional response
of corn to inoculation with G. etunicatum increased with increasing water stress.
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F. COOPERATION

Frequent correspondence and periodic meetings between the principal

investigators allowed cooperation in refining plans of the originally-proposed
research, in exchanging results and discussions of the grant research and that
of other scientists, and in revising particular goals during the ‘period of the

grant.

In addition, an Israeli postdoctoral scientist, Dr. Uzi Afek, who had spent

. some time in the laboratories of Haas and Krikun, was hired by Menge. He also

was very active in ensuring close cooperation and communication between the CA

and IL groups.

G. ACHIEVEMENTS

The original proposal suggested that "the program will result in

"1) selection of effective strains of VAM-fungi and establish the
correlation of colonization rapidity and gxternal mycelium production with
strain efficacy;

"2).comparison of the consistent positive growth benefits achieved with
inoculation of pepper in fumigated P-sorbing soils, with pepper grown in other
arid-land soils; ‘

"3) determination of fertilization practices and inoculum levels required
to produce horticulturally acceptable mycorrhizal seedlings of celery, onion,
cotton and éitrus, for transplantinq or as direct seeded plants;

"4) evaluation of the growth and yield effects attributable to VAM-fungus
jnoculation under various P-fertilization levels under modern agr;cultural

production practices in fumigated and non-sterile soils; and
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"5) evaluate the potential for producing VAM-fungus inoculum in the field

rather than containers in greenhouse or other controlled environments."

No attempt was made to achieve results (3) and (5) because the original grant

was less than half of the proposed budget.

We have demonstrated that the benefits of VAMF inoculation, which usually are
shown in greenhouse trials, can be translated to the field. In the greenhouse
it usually is impossible to test marketabie-yield responses and the root
system of testlplants are severely restricted and not comparable to that of

field-grown crops.

We have produced immediately useful information on (i) inoculum placement in
relation to seed, (ii) utility of mixing inoculum with growth media in the
nursery for subsequent transfer to the field along with the seedling
transplants, (iii) benefits of soil‘solarization along with VAMF-population
augmentation in nonfumigated soil, (iv) importance of controlling plant
pathogens in order to achieve maximum VAMF colonization of crop roots, and (v)
the inadequacy of P fertilization in replacing VAMF inoculation in high P-
sorbing soil, and the ability of the plants to benefit from simultaneous VAMF-

inocula%ion and P fertigation, in spite of the depression of VAMF colonization

by P fertilizers.
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