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ABSTRACT
Root rot is currently the limiting factor to commercial produc
tion of spinach, Spinacia oleracea L., in greenhouse recirculating
hydroponic systems in Arizona.

Plantings of spinach suffered 75% loss

(death or severe stunting) in the first month of production.

Pythium

aphanidermatum and P. dissotocum were isolated from rotted roots and
pathogenicity was proved.

This is the first published report of P.

aphanidermatum and P. dissotocum as pathogens of spinach and of the
occurrence of P. dissotocum as a major pathogen in recirculating hydro
ponic culture.

Spinach was abandoned as a commercial crop, but

plantings continued over a 1-year cycle for experimental purposes.
Pythium aphanidermatum predominated during the warm production
months and P. dissotocum during cool production months.

Of the non-

phytotoxic chemicals tested, only metalaxyl controlled the two fungi.

vii
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INTRODUCTION
Hydroponics is a technology for the growing of plants in
nutrient solutions with or without the use of an inert medium to provide
mechanical support.

Most hydroponic systems are located inside green

houses where environmental factors are controlled.
ornamentals are the main plants grown.

Food crops and

However, in the United States

the only food crops that can compete with open-field agriculture are
tomatoes, cucumbers, and lettuce.
The state of the art of hydroponics has recently been reviewed
by Collins and Jensen (1983).

There are more than 65,000 ha of

greenhouses in the world today with a significant portion retrofitted to
hydroponic systems.

The countries with the largest areas under hydro

ponic culture are Japan, The Netherlands, the USSR and its satellites,
and Italy, with most of the greenhouses used for food production.
Dalrymple (1973) reported that the United States has 2,000 ha of
greenhouse structures of which 89% are used to grow ornamentals.
These figures have not changed significantly in the past 10 yr.
There is a common belief that hydroponic greenhouse systems
are free of disease and insect pests.

To the contrary, greenhouse

culture tends to favor the pests once they are introduced by such
agents as people, equipment, and wind.

There are relatively no

natural environmental checks such as competition from other organisms
and the mild consistent climate promotes continuous reproduction of
introduced pests.
1
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A review of the literature shows few reports of root disease
among food crops grown in recirculating hydroponic systems.

Reports

include Spongospora subterranea, Didymella lycopersici (Davies, 1980),
and Pythium aphanidermatum (Stanghellini and Russell,

1971) on

tomatoes, Pythium sp. (Hanger and Price, 1983) on cucumber, and big
vein (Tomlinson and Faithfull, 1980) on lettuce.
In cooperation with Kraft Foods, Inc., the University of
Arizona Environmental Research Laboratory in 1981 designed, devel
oped, and operated a prototype commercial production facility for
growing lettuce and spinach.

Production occurred year round in a 0.5-

ha greenhouse containing 10 raceways, each 4 m wide, 70 m long, and
30 cm deep (Fig. 1).

Each raceway contained a nutrient solution that

was monitored, replenished, recirculated, and aerated.

Four commercial

varieties of lettuce and one of spinach were transplanted as 2-wk-old
seedlings to holes in plastic floats, 1.2 m x 2.5 m, which provided
approximately 300 cm2 growing space per plant.
to harvest was 4 to 6 wk.

Raceway grow-out time

As floats of plants were harvested from one

end of the raceway, new floats of seedlings were introduced to the
other end.
Production of lettuce and spinach crops began in September
1981.

In October, damping-off of transplanted spinach seedlings

(Spinacia oleracea L. cv. 'Melody') was observed for the first time.
Raceways containing spinach suffered losses approaching 75% within 1
month (Fig. 2).

Seedling spinach transplants exhibited extensive root

rot, wilt, severe stunting, and death.

Damping-off became a limiting

factor, and production of spinach as a commercial crop was abandoned.
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Figure 1. Raceway culture of hydroponically grown lettuce and
spinach crops in a 0. 5-ha greenhouse.

Figure 2.
Raceway culture of spinach showing dead and
stunted plants infected with Pythium aphanidermatum and Pythium
dissotocum.
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Despite such losses, raceway plantings were continued through a fullyear cycle for experimental purposes. Preliminary isolations from
diseased seedlings indicated that two species of Pythium, P. aphanidermatum Edson (Fitzp.) and P. dissotocum Drechsler were associated
with rotted roots of the spinach seedlings.
This thesis reports the results of studies on the seasonal
occurrence and disease incidence of the two Pythium species, their
pathogenicity to spinach and of chemical control studies.

A preliminary

report has been published by Bates and Stanghellini (1982).

MATERIALS AND METHODS
Seasonal Occurrence and Disease Incidence
To determine the seasonal occurrence and incidence of root rot
caused by Pythium aphanidermatum and P. dissotocum, one float contain
ing one hundred 2-wk-old spinach seedlings was placed in a naturally
infested raceway daily over a 1-yr period.

Percentage of plants

exhibiting stunt or death per float was recorded weekly over a 4-wk
period.

Additionally, roots of 10 plants were collected per float 2

wk after placement in the raceway.

The roots were rinsed in running

tap water for 10 min, blotted dry, plated on 2% water agar contained in
petri dishes, and incubated at 27°C for 24 hr.

Isolated fungi were

identified according to Middleton (1943) and data recorded on the
frequency of isolation of P. aphanidermatum and P. dissotocum.
Minimum and maximum temperatures of the raceway nutrient
water were recorded daily throughout the year on a Honeywell record
ing thermograph (Honeywell Corp., Ft. Washington, Pennsylvania).
Pathogenicity Tests
Pathogenicity tests of the two Pythium species were conducted
in scaled-down replicas of the raceway system in the same greenhouse
to assure a similar growing environment.
Twelve 30-L plastic tanks were suspended from a frame and
filled with a standard hydroponic nutrient solution.

The water in each

tank was aerated with a blower assembly and airstones.
5

Preliminary
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studies showed P. aphanidermatum to be more virulent at warm temper
atures than P. dissotocum, so each species was tested under two
temperature regimes:
water temperatures of

ambient temperature (20°C) and 30°C.

Tank

30°C were maintained by using 75-watt

thermostatic aquarium heaters and constant monitoring with a Honeywell
thermograph recorder.

Eight 2-wk-old spinach seedlings, cv. 'Melody,1

were transplanted from the nursery bench into floats on each tank.
Each tank was infested with one 48-hr-old V-8 agar culture of either P.
dissotocum or P. aphanidermatum.
Appropriate checks were incorporated, and each treatment was
replicated twice.

Observations were recorded daily, and isolations from

necrotic roots were made on the water agar after 3 wlc.
Chemical Control Studies
Tanks were set up as previously described to test the effects
of various chemicals on the control of Pythium and the possible
phytotoxic effects to the spinach plant.
Chlorine
Sixteen tanks were adjusted to 30°C, each infested with one
plate of a 48-hr-old culture of P. aphanidermatum, and chlorinated with
5.25 percent sodium hypochlorite at rates of 1, 3, 6, and 10 yg/ml
active ingredient.

Pythium aphanidermatum and chlorine were added

simultaneously, and each treatment was replicated four times.

Tanks

with chlorine at a concentration of 10 yg/ml and no inoculum were
replicated twice.

Noninfested and infested treatments without chemical served as
controls.

A Taylor Slide Comparator #1140-A (Taylor Chemical Inc.,

Baltimore, Maryland) that measured 0.2 to 10 yg/ml chlorine was used
to monitor daily chlorine levels.

It was necessary to adjust chlorine

levels for several days.
Isolations were made from spinach roots in each treatment tank
1 wk after initiation of the experiment, which was terminated after 5
wk.
Fungicides
A preliminary screening of chemicals yielded three fungicides
with promise:

metalaxyl (Ridomil 2E, Ciba-Geigy Corp., Greensboro,

North Carolina; Zineb 75W (Acme Division PBI Gordon Corporation,
Kansas City, Kansas), and Captan 50W (Stauffer Chemical Company,
Westport, Connecticut).

Metalaxyl was used at concentrations of 0.5,

1, 2, 5, and 10 jig/ml active ingredient.

Both Zineb and Captan were

used at concentrations of 2, 10, 25, 50, 100, and 200 yg/ml active
ingredient.
Half of the tanks were filled with nutrient solution at 23°C from
raceways contaminated with the Pythium species, and the other half was
filled with uncontaminated nutrient solution so that the effect of the
chemical alone could be observed.

Treatments were replicated twice,

and fungicides were added to tank water 1 hr prior to transplanting
spinach seedlings.

Observations began the day after transplanting and

continued for 14 days, at which time isolations were made from plant
roots in each treatment and the effect of the chemicals evaluated.

RESULTS
Seasonal Occurrence and Disease Incidence
The seasonal occurrence of spinach root rot incited by P.
aphanidermatum and P. dissotocum is presented in Figure 3.

The

percentage of infected raceway plants was determined over a 1-yr
period.

Results indicate that disease prevalence dropped considerably

as raceway water temperatures decreased (Fig. 3).

A seasonal change

was also seen to occur between the two Pythium species involved, with
the highest percentage of disease incidence associated with P.
dissotocum except in August, September, and October when P. aphan
idermatum dominated at temperatures above 23°C.
A minimum time from transplant to symptom expression (stunt or
plant death) was observed at 2 days for P.
days for P. dissotocum.

aphanidermatum and 5

A weekly progression of the percentage of

disease incidence was also followed throughout the life span of each
plant.

Results indicate that even though P. aphanidermatum and P.

dissotocum can infect plants at equally high rates, the former causes a
much higher percentage of death (Figs. 4 and 5).
Pathogenicity Tests
Results of pathogenicity tests are presented in Table 1 and
Figure 6.

Disease symptoms, identical with those observed in naturally

infested raceways, occurred following inoculation of plants with both P.
aphanidermatum and P. dissotocum and isolation from roots of diseased
8
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Figure 3. Occurrence of Pythium aphanidermatum and Pythium
dissotocum and percent plant infection against time and temperature.
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Figure 4. Disease progression of Pythium aphanidermatum
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Figure 5. Disease progression of Pythium dissotocum through
an average spinach crop from transplant to harvest.

Table 1.

Pathogenicity of Pythium aphanidermatum and Pythium
dissotocum on spinach at 20°C and 30°C
20°Ca

Treatment
P. aphanidermatum
P. dissotocum
Control

30°Ca

Plants
Stunted (%)

Plant
Death (%)

Plants
Stunted (%)

100^

0

0

69^

0

100^

0

0

0

a. Eighteen plants were assessed under each treatment.
b. Symptom expression began 10 days after inoculation.
c. Symptom expression began 2 days after inoculation.
d. Symptom expression began 5 days after inoculation.

Plant
Death (!)
100C
0
0
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Figure 6. Spinach plants (right) showing effects of Pythium
aphanidermatum and Pythium dissotocum infection at 20°C and 30°C.

13
plants consistently yielded the respective species of Pythium used as
inoculum.

Pythium aphanidermatum was more virulent than P.

dissotocum at 30°C, but both species caused severe stunt at 20°C.
Chemical Control Studies
Results from the chemical tests are shown in Table 2.

Phyto-

toxic effects from the chemicals were observed as growth stunting and
coning (leaves growing straight upward).

Chlorine at 6 and 10 yg/ml

was effective against the P. aphanidermatum;

however, the phytotoxic

effects on the plants at these concentrations were severe (Fig. 7).
Metalaxyl was effective against both Pythium species at concentrations
£ 1 yg/ml and showed only slight phytotoxic effects at 10 yg/ml, the
highest concentration used.
and the plant.

Zineb performed poorly on the pathogens

It took a concentration of over 50 yg/ml to control the

Pythium, but it was extremely phytotoxic at even the lowest concentra
tions.

Captan exhibited only slight phytotoxicity at 50 yg/ml but had

no effect on the pathogens at any concentration used.
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Table 2.

Chemical
Chlorine

Metalaxyl

Zineb

Captan

Effects of four chemicals at several concentrations on phytotoxicity of spinach seedlings and control of Pythium aphanidermatum and Pythium dissotocum
Plant Response Rating
Concentration
(yg/ml, a.i.) Inoculated
Uninoculated

Pythium ^
Species

NDC

+

2,4

ND

+

6

2

ND

-

10

3

3

-

2,4

0

+

1

0

0

-

2

0

0

-

5

0

0

-

10

0

0,1

-

2

1

3

+

10

3

3

+

25

3,4

3

+

50

3

3

+

100

3

3

-

200

3

3

-

2

3,4

0

+

10

2

0

+

25

1,4

0

+

50

3

1

-

100

3

3

-

200

3

3

-

1

4

3

0.5

a. 0 = plants healthy;
severe stunt; 4 = death.

1 = slight stunt;

2 = moderate stunt;

3 =

b. Attempts to isolate both Pythium species were either positive (+)
or negative (-).
c. ND - no data available.
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Figure 7.
aphanidermatum.

Effects of chlorine as a chemical control of Pythium

DISCUSSION
This is the first known published report of Pythium aphanidermatum and P. dissotocum as pathogens of spinach.

Drechsler (1940)

reported the isolation of P. dissotocum from the discolored roots of
field-grown spinach but did not address pathogenicity, and Sumner, ,
Kays, and Johnson (1976) isolated several species of Pythium, which
included P. aphanidermatum, from necrotic roots of field-grown spinach.
This is also the first published report of P. dissotocum as a
major pathogen of any hydroponically grown greenhouse crop.

Pythium

aphanidermatum, however, has been reported on greenhouse hydroponic
tomatoes (Stanghellini and Russell, 1971) and cucumbers (Stanghellini
and Phillips, 1975).

Pythium spp. were also reported on greenhouse

spinach (Naiki and Kanoh, 1978), but these were grown in soil without
the use of hydroponics.
Many growers and researchers have stated that root diseases in
general have not been a major concern in recirculating hydroponic
culture (Price, 1980), that they pose no extra disease hazard over
growing in other media (Staunton and Cormican, 1980), or that most
disease problems are those from foliar pathogens, and even that
solutions inoculated with pathogens could not be induced to promote
disease (Davies, 1980).

These reports are in contradiction to the

findings reported in this thesis.
which

Recirculating nutrient solutions in

plant roots were suspended in close proximity promoted rapid

dissemination of both P. aphanidermatum and P. dissotocum.
16
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Data reported in this thesis demonstrate the destructiveness of
a plant pathogen once introduced into a recirculating hydroponic system
and illustrate the importance of temperature on disease incidence and
severity.

It is possible then that water temperature plays a greater

role in the incidence of disease in warm climates than in cooler climates.
Temperatures of recirculating nutrient solutions in Europe are generally
below 20°C.
A preliminary screening test was run to determine which chemi
cals might be effective against P. aphanidermatum in a hydroponic sys
tem.

The fact that most fungicides have been formulated for application

as foliar sprays or soil drenches was taken into account.

The ideal

chemical would be one that already had a tolerance established for
spinach and was cleared in the United States for use on spinach and
use in greenhouses.

This is a hard bill to fit as the greenhouse-grown

food industry in the United States is very small and does not justify
the expense of registering chemicals for such minor uses.

Therefore,

two chemicals are currently registered, namely, Zineb and Captan.
Fenaminosulf

(Dexon 35W,

Mobay Chemical Corp.,

Kansas City,

Missouri) and metalaxyl (a relatively new compound) gave excellent
results against Pythium spp. in field crops.

It was also decided to

screen various surfactants as registration for these might be easier to
obtain.

Chlorine, Dreft (a laundry detergent), and X-77 (Ortho-

Chevron, San Francisco, California), an agricultural surfactant, were
used.

Reports have already been published on the use of chlorine

(Ewart and Chrimes, 1980; Staunton and Cormican, 1980) and Agral
(Tomlinson and Faithfull, 1980), a chemical twin of X-77, for control of
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hydroponic diseases. Disease control using the fungicides metalaxyl and
fenaminosulf were addressed by Price and Dickinson (1980) and Paulus
et al. (1977).
Results from the preliminary screening tests showed no effect
against both Pythium species from the use of X-77, Dreft, and
fenaminosulf, and these were subsequently dropped from further
chemical control tests.

Of the remaining chemicals, metalaxyl proved to

be the best for controlling Pythium in the hydroponic culture of spinach
with no phytotoxic effects.

Registration for use of this systemic

fungicide in hydroponic systems is questionable and remains to be seen.
Control of the Pythium species found in the raceways could
conceivably

be

achieved

through

other

than

chemical means.

Identifying the source of inoculum was attempted but not pursued.
Both P. aphanidermatum and P. dissotocum have been found to be
indigenous to this region in river-bottom sand (Stanghellini, 1983,
personal commun.).

It was assumed that this was the source of

inoculum as river sand was a main constituent of the greenhouse floor,
and previous cropping history indicated the presence and proliferation
of Pythium spp. (Stanghellini and Phillips, 1975).
or cover the inoculum source were unsuccessful.

Attempts to remove
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