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ABSTRACT

Hong, C. X., Richardson, P. A., Kong, P., and Bush, E. A. 2003. Efficacy of chlorine on multiple
species of Phytophthora in recycled nursery irrigation water. Plant Dis. 87:1183-11809.

Recycled irrigation water is a primary source of inoculum for Phytophthora spp. and is capable
of spreading propagules throughout nursery production. Chlorination commonly is used by the
industry to disinfest recycled irrigation water; however, chlorine has not been fully researched
as a disinfestant for this purpose. In this study, zoospores of seven species and eight isolates of
Phytophthora were exposed for 2 min to free available chlorine at 0.25, 0.5, 1.0, 2.0, and 4.0
mg/liter. Zoospores, mycelial fragments, and culture plugs of P. nicotianae also were exposed to
chlorine concentrations ranging from 0.25 to 8.0 mg/liter for periods ranging from 15 s to 8 min.
In addition, chlorinated water was assayed monthly in 2000 and 2001 at two commercial
nurseries, and quarterly in the first year at four other nurseries in Virginia, for chlorine and
survival of pythiaceous species using a selective medium. No zoospores of any species tested
survived endpoint free chlorine at 2 mg/liter, while limited mycelial fragments of P. nicotianae
survived at 8 mg/liter, and mycelial plugs treated at the same level of chlorine were able to
produce few sporangia. Phytophthora spp. were recovered only from nursery irrigation water
with levels of free chlorine at 0.77 mg/liter or lower. The results of this study are essential for

improving current chlorination protocols.
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Recycling irrigation is of critical impor-
tance to the ornamental crop nursery
industry due to increasing global water
scarcity and for protection of limited water
resources (39). However, using nondisin-
fested recycled water for irrigation can
result in serious disease epidemics and
crop losses, as reported for Phytophthora
blight on annual vinca (Catharanthus
roseus L.) (21). Although chemical control
of Phytophthora diseases with fosetyl-Al
and metalaxyl is effective, it is expensive
(15). Overuse of these fungicides increases
the risk of development of fungicide resis-
tance. More importantly, plants may appear
healthy while treated under intensive
fungicide programs, but still harbor inocu-
lum, which can proliferate when pro-
phylactic fungicides are discontinued.
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After sale, plants commonly receive no
fungicide treatment, while simultaneously
facing environmental stresses, and often
succumb to disease. Therefore, decontami-
nation of recycled water prior to use for
irrigation and other preventive phytosani-
tary methods are warranted to ensure vi-
ability of the horticultural industry.

Among numerous plant pathogens that
can be spread through irrigation water,
Phytophthora spp. have been the focus of
previous investigations. Phytophthora spp.
detected from different components of
recycling nursery irrigation systems to date
include: P. cactorum (Lebert & Cohn) J.
Schrét. (3,18), P. capsici Leonian (3,18), P.
cinnamomi Rands (27,30,50), P. citricola
Sawada (3,18,30,50), P. citrophthora (R. E.
Sm. & E. H. Sm.) Leonian (3,18,30,50), P.
cryptogea Pethybr. & Lafferty (3,18,27,
30,50), P. drechsleri Tucker (3,18), P.
gonapodyides (Petersen) Buisman (34), P.
megasperma Drechs. (18,30), P. nicotianae
(Brenda de Haan) Dastur (3,18,27,30,
45,50), and P. syringae (Kleb.) Kleb. (30).
P. cinnamomi also was detected in rivers
(24,48). The populations of individual
species may range from a few to over a
thousand CFU/liter, depending on plant
species growing on property, history of
recycling irrigation runoff, the time of
year, and a number of other factors.
However, even undetectable levels of these
pathogens in irrigation water can cause
severe Phytophthora blight on ornamental

crops (19,21), a result of repeated exposure
of these crops to the same pathogens
(20,29).

In contrast to Phytophthora spp., other
plant pathogens in recycling nursery
irrigation systems are largely unknown.
The presence of Pythium spp. in recycling
irrigation systems has been noted, mostly
in work addressing Phytophthora spp.
(3,18,27,30,31,45). The identities, patho-
genicity, and significance to ornamental
crops of these species have not been thor-
oughly evaluated. Among bacterial patho-
gens, Erwinia spp. have been isolated in
nursery irrigation systems (26,32). There
has been little study on fungal, nematodal,
and viral pathogens in nursery irrigation
water, although they have been detected in
water supplies and irrigation systems of
other crops (12,25,47). Nematode survival
and infectivity was significantly reduced
after passing through overhead sprinkler
irrigation systems (16). Thus, removal of
Phytophthora spp. has legitimately become
an immediate objective of recycled
irrigation water treatment.

Current methods for disinfesting irriga-
tion water include (i) filtration, (ii) ultra-
violet irradiation, (iii) ozonation, (iv) non-
ionic surfactants, (v) chlorination, and (vi)
alternatives such as acidic electrolyzed
oxidizing water (2) and calcium (49). Each
method has advantages and limitations.
Filtration, especially slow sand filtration, is
effective in removing some fungi, bacteria,
and even a virus (37), but has been of
limited use due to its low capacity and high
maintenance requirement. Filtration cur-
rently is used in combination with other
methods, such as ultraviolet irradiation
(14) and chlorination (15). Ultraviolet ir-
radiation reduces plant pathogens (5,11,14,
29,36), and its effectiveness is dependent
upon water flow rate and solid organic
content in irrigation water (5,9). Ozonation
also effectively eliminates some plant
pathogens in irrigation water but it has not
been widely adopted due to its high cost in
establishment (29,52). Nonionic surfact-
ants, through inhibitory and lytic effects
(43), effectively controls root rots of
pepper and cucumber, caused respectively
by P. capsici (41) and Pythium aphani-
dermatum (Edson) Fitzp. (42), in recirc-
ulating hydroponic systems. However, the
applicability of this technology to nursery
production is yet to be investigated.
Chlorination is the most economical water
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decontamination method but specific rec-
ommendations for use in nursery irrigation
are lacking. This technology was initially
developed, and remains, as one of the
primary methods for treating municipal
water (23,28,44,51). The adoption of this
technology by growers for irrigation sys-
tems has become widespread in the nursery
industry, but it has not been fully assessed
for control of plant pathogens.

Previous investigations, although lim-
ited, have demonstrated clearly that chlo-
rine sensitivity can differ with species,
pathovar, and type of propagules of the
same pathogens. E. carotovora subsp. zeae
Sabet was extremely sensitive to chlorine,
and chlorine at 1 mg/liter was an adequate
concentration to insure control of bacterial
stalk rot of corn (Zea mays L.) under most
conditions (46). E. chrysanthemi Burk-
holder et al. and E. carotovora subsp.
carotovora (Jones) Bergey were less sensi-
tive, and survived at 10 mg/liter (26). In
another study conducted with a hydroponic
system, chlorine at 3 mg/liter reduced the
total counts of bacteria by 80% (11). Two
types of spores of Thielaviopsis basicola
(Berk. & Broome) Ferraris had rather
different sensitivities: chlorine at 1 to 3
mg/liter resulted in 95% mortality of
endoconidia, while 34 to 58 mg/liter caused
only 90% mortality of aleuriospores (6).
Sensitivity to chlorine also can vary with
exposure time (6,7,38,40). Similar variations
have been found with Phytophthora spp.
(40). In addition, chlorine efficacy depends
on temperature and pH (33,38).

A major gap in this research data is lack
of chlorinated irrigation water tests. There
also are problems with consistency be-
tween field tests and lab chlorine assays.
To our knowledge, the only tests of
chlorinated irrigation water targeting Phy-
tophthora spp. were conducted in citrus
orchards. Two levels of free chlorine, 50
mg/liter alone or 10 mg/liter combined
with filtration, provided effective control
of the target pathogens (15). These chlo-
rine levels appear considerably different
from the lethal doses for Phytophthora spp.
obtained from lab assays. For example, the
lethal doses of chlorine were 1 mg/liter for
zoospores and 100 to 200 mg/liter for
mycelium of P. cinnamomi, depending on
contact time (40). A similar low lethal dose
(2 mg/liter) also was observed for
zoospores of P. nicotianae (17). As a result
of this sparse and inconsistent research
data, diverse chlorination protocols have
been implemented (8,35,39) and growers
are uncertain if they achieve effective
pathogen control. Assessment of existing
chlorination protocols will provide infor-
mation on two important questions. What
is the minimal level of free available
chlorine for effective control of Phy-
tophthora spp. in irrigation water, and are
other Phytophthora spp. commonly present
in irrigation water as sensitive to chlorine
as those tested previously?
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Chlorine demand is an important con-
sideration in chlorination protocols. Chlor-
ine demand is the measure of the amount
of chlorine which will be consumed by
organic matter and other oxidizable sub-
stances in water before a chlorine residual
can be established (50). Chlorine demand
differs with type and amount of existing
organics and inorganics in water. Chlorine
demands of some inorganic elements
recently were examined (6). However,
irrigation water contains numerous and
variable combinations of organics and
inorganics. The chemistry of recycled
irrigation water is complex and may differ
with locality and season. Estimation of
chlorine demand of irrigation water has yet
to be generalized.

Choice of chlorine species to monitor
also has a direct impact on chlorination
efficacy. Common chlorine species include
free available (residual) chlorine, com-
bined residual chlorine, or total residual
chlorine (50). Free available chlorine is
composed of dissolved chlorine gas (Cl,),
hypochlorus acid (HOCI), or hypochlorite
ion (OCI) remaining in water after chlori-
nation. Combined residual chlorine is the
chlorine that is combined with ammonia
(NH;) or organic nitrogen in water as
chloramines or other chloro derivatives,
yet is still available to oxidize organic
matter and utilize biocidal properties.
Compounds of combined residual chlorine
include monochloramine, dichloramine,
and nitrogen trichloride. These compounds
are more stable but are somewhat less bio-
cidal than free chlorine forms. Total resid-
ual chlorine is the sum of the free available
chlorine and the combined residual chlo-
rine. The same levels of different chlorine
species may have rather different meanings
in term of biocidal property, depending on
the purity of water and consequent chlorine
demand. Use of different chlorine species
or unspecified species in some previous
investigations has been a major source of
confusion and may have caused misinter-
pretations and misuse of respective re-
search data.

Phytotoxicity is another issue of great
concern associated with chlorination. This
is especially important for nursery produc-
tion because individual nurseries grow
numerous plant species, cultivars, and
varieties with varying sensitivity to chlo-
rine. High levels of chlorine can cause
severe chemical injuries to plants (1), but it
is generally considered that free available
chlorine at 2.9 mg/liter is safe for most
ornamental crops (39) and 4 mg/liter for
rose culture (35). The critical question is
whether these low levels of free available
chlorine are adequate to achieve good
control of major plant pathogens in recy-
cled irrigation water.

The primary goal of this research was to
assess the efficacy of chlorine on multiple
species of Phytophthora, a group of de-
structive pathogens that can originate pri-

marily in and spread through irrigation
water and attack numerous ornamental
crops. An additional goal was to clarify the
confusion regarding chlorine measurement
in field operations. Specifically, this re-
search examined (i) chlorine demand of
pathogen suspension in sterile soil water
extract (SSWE), (ii) the effect of chlorine
concentration on zoospores of multiple
species of Phytophthora commonly found
in irrigation water, (iii) the effects of chlo-
rine concentration and contact time on
survival of zoospores and mycelial frag-
ments and effects on sporangium produc-
tion of P. nicotianae, and (iv) the threshold
level of chlorine at which Phytophthora
spp. could be recovered in treated irriga-
tion water at commercial nurseries in Vir-
ginia.

MATERIALS AND METHODS

Phytophthora spp. and cultures. Spe-
cies evaluated for chlorine sensitivity in-
cluded two isolates (1B11 and 4J1) of P.
nicotianae and one isolate each of P. cap-
sici, P. cinnamomi, P. citricola, P. cit-
rophthora, P. cryptogea, and P. mega-
sperma. Test isolates were recovered
directly from nursery irrigation water or
ornamental plants. Individual isolates were
subcultured on clarified V8 agar in 10-cm-
diameter petri dishes at 20°C for 4 days or
2 weeks, depending on the fungal
propagule tested.

Chlorine assays and treatments. Zoo-
spores and mycelium were assessed for
mortality after chlorine treatment. Myce-
lium also was assessed for sporangium
production following chlorine treatment.
For mortality assays, chlorine treatments
were accomplished by mixing 0.5 ml of
chlorine solution with 0.5 ml of zoospore
or mycelium suspension in a microtube on
an Eppendorf mixer, then adding 12 pl of
corresponding sodium thiosulfate (Fisher
Scientific, Pittsburgh) dilution to neutralize
the residual chlorine in the solution. For
sporangium production tests, chlorine
treatments were accomplished by adding 5
ml of a chlorine solution to each of three
cells in 60-mm multicell petri dishes con-
taining three mycelial plugs per cell. Simi-
larly, chlorine was neutralized by adding
120 pl of corresponding sodium thiosulfate
dilution.

Seven species (eight isolates) of Phy-
tophthora were evaluated for zoospore
mortality. Two-week-old cultures with
numerous sporangia were used in zoospore
mortality assays. P. nicotianae isolate 1B11
was further assessed for mortality of
mycelia and for sporangium production.
Four-day-old cultures were used in these
assays to eliminate possible interference by
sporangia that can form on agar.

Chlorine demand of pathogen suspen-
sion. Fresh stock solution of chlorine (40
mg/liter) was prepared from bleach (5.25%
sodium hypochlorite) with sterile nanopure
water (SDW) at pH 6.4. The solution was



diluted with 1% SSWE (pH 6.8) to
chlorine concentrations of 0.5, 1.0, 2.0,
4.0, 8.0, and 16.0 mg/liter. Each diluted
chlorine solution (10 ml) was mixed
equally (vol:vol) with a zoospore suspen-
sion of a test Phytophthora isolate pre-
pared with the same SSWE. Endpoint free
chlorine concentrations were taken with a
chlorine meter (Hanna Instruments, Woon-
socket, RI) and will be referred as to actual
chlorine levels. Expected chlorine concen-
trations are the levels of chlorine in dilu-
tions prepared with purified water (zero
chlorine demand). Expected chlorine con-
centrations were related to respective ac-
tual chlorine readings using Excel Statisti-
cal. Resultant formulas then were used to
project chlorine concentrations of working
solutions required for chlorine assays with
zoospores. A similar test also was per-
formed with the mycelium suspension.
Chlorine concentrations of treatments will
be referred to as endpoint (post-mixing)
free available chlorine readings in this
study, unless otherwise stated.

Chlorine neutralization and its poten-
tial impact on fungal recovery. Sodium
thiosulfate (Na,S,03) was used to neutral-
ize residual chlorine after the treatment
period was reached. A series of dilutions
corresponding to the chlorine treatments
was prepared from a 0.2 N solution of
Na,S,05, then the same volume of each
dilution was added to respective chlorine
treatment tubes to minimize the residues of
Na,S,05. Effects of sodium thiosulfate at
the highest concentration (96 uN Na,S,05),
and neutralized chlorine, on Phytophthora
spp. were determined with zoospores and
mycelium as described above for chlorine
treatments. For example, 0.5 ml of
zoospore suspension was mixed with 0.5
ml of the sodium thiosulfate dilution,
neutralized solution, or SDW in a
microtube on the mixer. An aliquot of 100
ul of the mixture then was spread in each
of three 10-cm-diameter petri dishes
containing PARP-V8 agar, a medium
selective for pythiaceous species (13).
These dishes then were incubated in the
dark at 23°C for 2 to 7 days. Developing
colonies were examined daily using a dis-
secting microscope, and the total number
of Phytophthora colonies in each dish was
recorded after 7 days. The test was re-
peated twice.

Mortality of zoospores. Experiments
were conducted (i) to determine the effects
of chlorine concentration and contact time
on P. nicotianae and (ii) to evaluate chlo-
rine sensitivity of seven Phytophthora spp.
commonly found in recycled nursery
irrigation water. Zoospores of P. nicotianae
were exposed for five contact times (0.25,
0.5, 1.0, 2.0, and 4.0 min) to five
concentrations (0.25, 0.5, 1.0, 2.0, and 4.0
mg/liter) of chlorine plus one untreated
control with SDW in the first test. Zoo-
spores were produced by incubating myce-
lial plugs from a 2-week-old culture in

SSWE at 23°C under fluorescent light for
3 to 4 h. The zoospore suspension was
passed through eight layers of cheesecloth,
and then zoospore concentration was
determined with a hemacytometer and
adjusted to 1,350 spores/ml with SSWE.
Chlorine treatments were accomplished as
described previously, and sodium thiosul-
fate was added to the treatment tubes im-
mediately after the required contact time
was reached to neutralize residual chlorine.
Then 100 pl of mixed suspension was
spread in each of three 10-cm-diameter
petri dishes containing PARP-V8 agar.
These dishes were incubated at 23°C in the
dark. Developing colonies were examined
daily using a dissecting microscope and the
total number of Phytophthora colonies was
recorded after 7 days. Zoospore mortality
was calculated by comparing the number
of colonies in treated dishes with that in
the untreated controls. The test was
performed three times.

Zoospores of seven species of Phy-
tophthora were exposed for 2 min to five
chlorine concentrations of 0.25, 0.5, 1.0,
2.0, or 4.0 mg/liter plus a negative control
with SDW in the second test. Individual
species of Phytophthora were evaluated
either as a group or separately, depending
on the time required for sporangium and
zoospore production. Zoospore suspen-
sions were prepared and chlorine treat-
ments were accomplished as described
previously with some alterations. The zoo-
spore concentration was increased to
17,000 spores/ml for P. capsici, 2,730
spores/ml for P. citricola, 6,640 spores/ml
for P. cryptogea, and 2,730 spores/ml for P.
nicotianae (4J1) to allow adequate num-
bers of colonies to develop in individual
dishes. The test was repeated one to three
times, depending on the Phytophthora spp.

Mortality of mycelial fragments. Five
chlorine concentrations (0.5, 1.0, 2.0, 4.0,
and 8.0 mg/ml) and five contact times (0.5,
1.0, 2.0, 4.0, or 8 min), plus an untreated
control with SDW, were assessed with P.
nicotianae for the survival of mycelia.
Mycelia were harvested with a sterile cell
scraper from a 4-day-old culture, then
homogenized in a two-speed Waring
blender at low speed for 1 min. Chlorine
treatment, subsequent culturing, and col-
ony counting were accomplished as de-
scribed previously. Mortality of mycelia
was calculated by comparing the number
of developing colonies in treated dishes
with that in the untreated controls. The test
was performed twice.

Sporangium production. Five chlorine
concentrations (0.5, 1.0, 2.0, 4.0, or 8.0
mg/liter) and five contact times (0.5, 1.0,
2.0, 4.0, or 8.0 min), plus an untreated
control with SDW, were assessed with P.
nicotianae for effects on sporangium pro-
duction. Three 5-mm mycelial plugs taken
from an actively growing area of a 4-day-
old culture were submerged in 5 ml of
SSWE in a cell of a multicell petri dish,

then incubated under fluorescent light at
23°C for 3 h. The SSWE then was re-
moved from each cell and replaced with 5
ml of chlorine solution or SDW. Chlorine
was neutralized with sodium thiosulfate
immediately after treatment periods were
reached. Following removal of neutralized
chlorine, mycelial plugs were incubated in
SDW under fluorescent light for an addi-
tional 4 h. Sporangia produced on the
periphery of each mycelial plug were
counted using a compound microscope.
Reduction in sporangium production was
calculated by comparing the number of
sporangia that developed from the treated
mycelial plugs with the number developed
from untreated controls. The test was re-
peated once.

Levels of chlorine and recovery of
Phytophthora spp. from irrigation water
at commercial nurseries. Chlorinated and
nonchlorinated ~ water was  collected
monthly in 2000 and 2001 at two commer-
cial nurseries, and quarterly in the first
year at four additional nurseries in Vir-
ginia. The six nurseries have practiced
recycling runoff water for at least 10 years.
Phytophthora spp. were present in un-
treated water (3; C. X. Hong, unpublished
data). Water is chlorinated by injecting
chlorine into irrigation lines and treatment
time from injection to emission points
ranged from a few seconds to 10 min.
Levels of chlorine and of pH in chlorinated
water were taken on site using a portable
chlorine colorimeter and a Watercheck pH
meter (Hanna Instruments). Water samples
then were tested for the presence of viable
propagules of Phytophthora spp. in the
laboratory using a filter-based isolation
method (22). Briefly, 100 ml of irrigation
water was passed through a 5-um Durapore
membrane (Millipore Corporation, Bed-
ford, MA). Propagules retained on the
filter were resuspended in 6 ml of 0.09%
sterile water agar in a test tube, then 100 pl
of resultant suspension was spread in each
of nine 10-cm-diameter petri dishes
containing PARP-V8 agar. The isolation
dishes were incubated at 23°C in the dark
and examined daily for Phytophthora spp.
A portion (25%) of colonies was
subcultured and isolates were identified
based on morphology (10). Water samples
from which Phytophthora spp. were re-
covered were considered positive.

Data analyses. Data of repeated tests
were pooled following homogeneity tests.
Regression analyses were performed to
relate expected to actual chlorine readings
after mixing with pathogen suspension,
using Proc REG (SAS Institute, Cary, NC).
Analyses of variance (ANOVA) were
conducted to determine the effect of chlo-
rine on zoospores of individual species and
isolates of Phytophthora. No comparisons
were made among the species and isolates
tested because they were not all assessed at
the same times. ANOVA also were
performed to examine the effects of
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Fig. 1. Expected and actual free available chlorine concentrations following equal mixing of
zoospore suspensions of various Phytophthora spp. in 1% sterile soil water extract with concentrated
chlorine solutions. Each point represents the mean of six readings. Each type of legend (@, W, ¢, or

A) represents a test.

Table 1. Summary of linear regressions of expected against actual free available chlorine after
mixing with zoospore suspension of different Phytophthora spp. in sterile soil water extract

Phytophthora spp. Intercept P Slope P
P. capsici 0.5475 0.0008 1.0609 <0.0001
P. cinnamomi 0.2521 0.1612 0.9771 <0.0001
P. citricola 0.2573 0.1869 1.0967 <0.0001
P. citrophthora 0.7208 0.0297 1.0716 <0.0001
P. cryptogea 0.5176 <0.0001 1.0652 <0.0001
P. megasperma 0.7791 0.0095 1.0680 <0.0001
P. nicotianae (1B11) 0.5262 0.0099 1.0906 <0.0001
P. nicotianae (4J1) 0.4577 0.0024 1.0206 <0.0001
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Fig. 2. Effects of chlorine concentration and contact time on the mortality of zoospores of Phy-
tophthora nicotianae. Treated zoospores were cultured on PARP-V8 agar. Each column
represents the average of three repeated tests with three samples per test. A standard error bar

tops each column.
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chorine concentration and contact time on
zoospores, mycelia, and sporangium pro-
duction of P. nicotianae.

RESULTS

Chlorine demand of pathogen suspen-
sion. Actual chlorine readings differed sig-
nificantly (P < 0.0001) from expected con-
centrations after mixing with zoospore
suspensions of all species and isolates of
Phytophthora (Fig. 1). The base chlorine
demand was insignificant for either P.
cinnamomi or P. citricola, but it was sig-
nificant (P < 0.0297) for all other species,
ranging from 0.46 to 0.78 mg/liter (Table
1). The chlorine demand increased (P <
0.0001) with increasing chlorine mixed
with pathogen suspension for all species
except P. cinnamomi (Table 1).

Chlorine neutralization and its poten-
tial impact on fungal recovery. The num-
ber of colonies of Phytophthora that devel-
oped in untreated controls ranged from 30
to 70 colonies/dish, depending on the spe-
cies tested. The recovery of Phytophthora
spp. from zoospores treated with sodium
thiosulfate or neutralized chlorine did not
differ from that in the untreated controls.
Similarly, sodium thiosulfate and neutral-
ized chlorine had no influence on the
recovery of P. nicotianae from mycelial
fragments and sporangium production
when compared with SDW (data not
shown).

Mortality of zoospores. Zoospore mor-
tality of P. micotianae increased (P <
0.0001) with increasing chlorine concen-
tration from 0.25 to 1 mg/liter, regardless
of contact time (Fig. 2). No zoospores
survived at chlorine concentrations of 2
mg/liter. Similar data were obtained with
all other species and isolates tested (Fig.
3). No differences were observed (P =
0.1411) in the mortality of zoospores
between the range of contact times within
each concentration (Fig. 2).

Mortality of mycelial fragments. Aver-
age recovery of P. nicotianae in untreated
controls was 148 colonies/dish. The
mortality of mycelia generally increased (P
< 0.0001) with increasing chlorine con-
centration from 0.5 to 8 mg/liter (Fig. 4).
The pathogen was recovered from mycelial
fragments treated for 8 min with chlorine
at 8 mg/liter, although only one colony
developed. Increasing contact time in-
creased (P = 0.0021) mycelium mortality
with chlorine at 1.0 mg/liter but not at the
other concentrations tested (Fig. 4).

Sporangium production. An average
of 133 sporangia were produced per myce-
lial plug in untreated control cells. The
number of sporangia produced per plug
decreased (P < 0.0001) with increasing
chlorine concentrations from 0.5 to 8
mg/liter (Fig. 5). Reduction in sporangium
production changed inconsistently (P =
0.045) with contact times (Fig. 5).

Levels of chlorine and recovery of
Phytophthora spp. from irrigation water



at commercial nurseries. For the 40 sam-
ples assayed, levels of free chlorine in
chlorinated irrigation water ranged from 0
to 8.4 mg/liter (data not shown) and pH
ranged from 4.2 to 8.5. Phytophthora spp.
were recovered from 10 of 40 samples
assayed (Table 2). These species included
P. citricola, P. citrophthora, P. mega-
sperma, and P. nicotianae. The highest
level of chlorine in irrigation water from
which Phytophthora spp. were recovered
was 0.77 mg/liter.

DISCUSSION

As we learn more about the presence of
Phytophthora spp. in irrigation water and
their epidemiological and economic
significance, the need for improving cur-
rent chlorination protocols becomes appar-
ent. This study examined the efficacy of
chlorine on seven species (eight isolates)
and three types of propagules of Phy-
tophthora. These species commonly are
found in recycled nursery irrigation water
(3,18,27,30,34,47,50) and are very destruc-
tive pathogens with a broad host range
(10). This research is essential for
assessing existing chlorination protocols
and developing new protocols for control
of Phytophthora pathogens.

Free available chlorine at 2 mg/liter (2
ppm) at discharge (sprinklers/risers) is
indicative of good control of Phytophthora
spp. that may be present in irrigation water.
This conclusion is supported by the fact
that Phytophthora spp. were recovered
only from irrigation water treated at 0.77
ppm or lower levels of chlorine. Lack of
detection of Phytophthora spp. from chlo-
rinated irrigation water with higher chlo-
rine levels can be the result of significant
pathogen reduction, but does not nec-
essarily indicate the complete eradication
of these organisms. Filter-based isolation
used in these studies is the current
method for quantification of Phytoph-

thora spp. in irrigation water (22). It has
a sensitivity limit of 33.3 CFU/liter of
water due to loss of some propagules
during the filtration process. Thus, free
available chlorine at 0.77 ppm can be a
good reference number but should not be
used alone in developing chlorination
protocols, because low population levels
may not be detected.

The zoospore mortality assays elucidate
the basis of the above conclusion. Zoo-
spores are the principal, if not the sole,
propagules of Phytophthora spp. in irriga-
tion systems (4,34,41,42,47). Zoospores
have accounted for more than 94% of
propagules for Phytophthora spp. in irriga-
tion runoff water entering retention ponds
(4). Motile zoospores also have been the
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sole infective propagules in irrigation wa-
ter responsible for natural spread of py-
thiaceous pathogens such as P. capsici (41)
and P. aphanidermatum (42). The zoospore
is the only motile propagule; other prop-
agules, including chlamydospores, spor-
angia, oospores, and cysts, generally settle
to the bottom of a water body (47). Thus,
zoospores are the fungal structure of
primary concern in water decontamination
targeting Phytophthora pathogens. No
zoospores of any species survived free
available chlorine at 2 ppm at any contact
times in this study (Figs. 2 and 3). This
threshold level is higher than in chlorinated
(0.77 ppm) irrigation water tests (Table 2).
What caused this difference is not known.
Pathogen concentration was greater in the
zoospore mortality assays than in irrigation
water tests, which may have contributed to
this difference.

Some mycelial fragments treated at 8
mg/liter developed into colonies, although
this development was minimal compared
with the untreated control. Development of
these colonies indicates that mycelium of
P. nicotianae 1is less sensitive to chlorine
than zoospores. A similar trend was re-
ported for P. cinnamomi (40). However, if
mycelia were the major propagules in irri-
gation water, Phytophthora spp. should
have been recovered from the water sam-
ples with levels of chlorine higher than
0.77 ppm. Our nursery irrigation water
tests show that this did not occur.

Sporangial production in response to
chlorine changed with incubation time
following the treatments. This observation
has some practical implications. It must be
pointed out that the data presented in this
work were the number of sporangia pro-
duced 4 h after chlorine treatments. At that
time point, the number of sporangia pro-
duced per plug decreased with increasing
chlorine level. This means chlorine killed
most mycelia on the surface of the plugs.
Unexpectedly, the number of sporangia per
plug increased with additional incubation
time regardless of chlorine levels. Treated

Table 2. Levels of free chlorine and pH for
irrigation water samples collected at commer-
cial nurseries in Virginia and tested positive for
Phytophthora spp. with filter-based isolation

Chlorine
Nursery, date (mg/liter) pH
A
March 2000 0.15 8.5
May 2000 0 4.2
July 2000 0.08 7.1
October 2000 0.07 7.0
B
March 2000 0.2 6.5
April 2000 0.25 6.1
June 2000 0.15 6.1
C
August 2000 0.25 7.1
D
November 2000 0.77 8.0
June 2001 0.43 8.0

1188 Plant Disease /Vol. 87 No. 10

and untreated mycelial plugs eventually
produced the same number of sporangia
(data not shown). A possible explanation of
these results is that chlorine had little or no
effect on mycelia buried in the agar. These
mycelia grew rapidly and produced
sporangia when the chlorine level was
reduced. These results imply that debris or
particles in irrigation systems may prevent
direct contact of chlorine with fungal
propagules and result in reduced chlorina-
tion efficacy. Therefore, chlorination may
be more effective when used in combina-
tion with other methods, such as filtration.

Analysis of chlorine demand of SSWE
provides some insight into which chlorine
species to monitor and where measurement
should be taken in field operations. Free
available chlorine reflects the biocidal
property and should be closely monitored.
In contrast, total chlorine measurements
can be misleading. For example, chlorina-
tion with total chlorine at 0.45 to 0.78 ppm
may have little or no effect on Phy-
tophthora spp. because, according to the
assays with SSWE (Table 1), it is more
than likely that these chlorine molecules
are combined by various substances and
are not available for water treatment. Also
due to chlorine demand, chlorine levels
between injection and emission (risers or
sprinklers) points can differ considerably.
This difference has the potential to in-
crease when injection of fertilizer follows
chlorine injection. Thus, it is recommended
that chlorine levels be monitored at
discharge points (e.g., sprinklers and
risers) instead of monitoring at injection
points or relying on injection rate settings.

In summary, free available chlorine at 2
ppm at sprinklers or risers is required to
achieve good control of Phytophthora spp.
in irrigation water. Increasing free avail-
able chlorine levels to 2 ppm at discharge
points in existing chlorination protocols
will minimize the risk of Phytophthora
spp. present in irrigation water, reducing
crop losses and the need for fungicides.
Since the summer of 2001, this recommen-
dation has benefited several nurseries in
Virginia which previously used 0.5 ppm at
discharge points (8). Chlorine at 2 ppm
poses little or no risk of phytotoxicity to
the majority of ornamental crops (35,39).
As we learn more about Pythium, Erwinia,
and other species in irrigation water, addi-
tional tests of chlorine efficacy may be
warranted to formulate effective chlorina-
tion protocols for a broader range of
waterborne pathogens.
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