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Abstract. Phytophthora root and crown rot (PRCR) of lavender is an emerging dis-
ease that has become one of the most significant threats to the lavender industry
worldwide. Primarily caused by Phytophthora nicotianae, the disease impacts multiple
species of lavender, and the primary causal agent is spread largely through the nurs-
ery industry. This study examined 12 fungicides that target diseases caused by species
of Phytophthora and other oomycetes for efficacy against PRCR using artificially inoc-
ulated English lavender (Lavandula angustifolia) plants in a research greenhouse.
Some fungicide treatments significantly reduced disease symptoms while maintaining
plant size, but there was considerable variation in efficacy among the fungicide prod-
ucts. The products with the best performance were phosphonates, and a product containing
the relatively new active ingredient oxathiapiprolin. An industry standard, mefenoxam,
which is the active ingredient in Subdue Maxx, was also effective, but to a lesser degree.
The results indicate a strong potential to manage PRCR on lavender with commercially
available fungicides, particularly phosphonate products.

Reports of Phytophthora nicotianae attack-
ing nursery-grown English lavender plants
(Lavandula angustifolia) were first published
in 1991 in Maryland (Putnam 1991). Since

that time, it has been found that the disease,
now known as Phytophthora root and crown
rot (PRCR), is caused by numerous species
of Phytophthora and impacts several species
of lavender (Cho and Shin 2004; Dlugos
et al. 2024; Farr and Rossman 2021; Jung
et al. 2016). The most common and widely
occurring species that causes this disease in
the United States is P. nicotianae (Dlugos
et al. 2024; Dlugos and Jeffers 2021).

Lavender is in the genus Lavandula and
the family Lamiaceae/Labiatae; this family
includes more than 6900 species of herbs,
shrubs, and trees (US Department of Agricul-
ture, Natural Resources Conservation Service
2021; Zomlefler 1994). Lavender is native to
regions with Mediterranean climates, includ-
ing portions of Europe, Africa, Asia, and the
Middle East (Upson 2002). There are 32 spe-
cies and additional hybrids in the genus (Up-
son 2002), with English lavender being one
of the most common (McCoy and Davis
2021), hardy (Adam and Rittenhouse 2018),
and economically important species (Singh
et al. 2007). The economic impact of laven-
der production in the United States has not
been reported, but it is quickly becoming
popular for ornamental plantings and farms
that focus on cut and dried flowers, the produc-
tion of essential oil, and agritourism (Adam
and Rittenhouse 2018).

Lavender is typically planted as rooted
cuttings or young plants, which are produced
in greenhouses and nurseries, by means of
vegetative propagation (Adam and Ritten-
house 2018; Naghibi et al. 2005). However, a
concern is that nurseries, and the ornamental
plant trade in general, have a history of mov-
ing plant pathogens, in part, because a single
nursery can cover one to many hectares and
contain hundreds of species of plants from
various locations (Jones and Baker 2007;
Jung et al. 2016; Parke and Gr€unwald 2012).
This can lead to nurseries being sources of in-
oculum for Phytophthora species, including
P. nicotianae (Bienapfl and Balci 2014; Schwin-
gle et al. 2007). After introduction to other nurs-
eries, landscapes, or fields, Phytophthora species
can become established and persist in soils and
container mixes (Jeffers et al. 2010), and these
pathogens can be disseminated locally (e.g.,
within a field of lavender) by moving con-
taminated plant material and soil or by splash-
ing and flowing water that can move motile
zoospores (Erwin and Ribeiro 1996).

P. nicotianae is one of the most studied
species of Phytophthora (Kamoun et al. 2015).
It was first described in 1896 as a cause of dis-
ease on tobacco, and it is now known to be
pathogenic to plants in 255 genera and 90 fam-
ilies, with a cosmopolitan distribution (Cline
et al. 2008; Erwin and Ribeiro 1996; Farr and
Rossman 2021). In addition to causing prob-
lems on English lavender in the United States,
it also affects lavender plants in Spain (�Alvarez
et al. 2007), Italy (Davino et al. 2002; Faedda
et al. 2013), Bulgaria (Nakova 2011), and
Greece (Erwin and Ribeiro 1996). Symptoms
of infection include grey discoloration and
wilting of the foliage, discoloration and rotting
of the roots, vascular discoloration, and plant
mortality (Putnam 1991).

Managing plant diseases, including those
caused by Phytophthora species, can be sum-
marized as a four-part plan of pathogen exclu-
sion, avoidance of conducive environmental
conditions, pathogen eradication, and plant
protection (Agrios 2005; Jarvis 1992; Ludo-
wici et al. 2013; Schumann and D’Arcy 2009).
For established pathogens, management often
relies, in part, on plant protection, and the most
common strategy for diseases caused by fungi
and oomycetes, such as species of Phytoph-
thora, is the application of chemical fungicides
(Agrios 2005; Erwin and Ribeiro 1996; Jarvis
1992). Some fungicides can prevent infection
and symptom development and limit pathogen
colonization of host tissue, thereby masking
pathogen presence and detection (Scott et al.
2013; Shishkoff 2014). The fungicide active
ingredients metalaxyl and mefenoxam, com-
monly used against oomycetes, are actually
fungistatic; they are not fungicidal (Brasier and
Jung 2006; Linderman and Davis 2008; Olson
et al. 2013). They inhibit pathogen activity
without killing the oomycete pathogens and
can result in pathogens being spread in infected
but asymptomatic plants and infested soil
(Brasier 2005). For this reason, nursery use of
oomycete-specific fungicides without proper
sanitation leads to the spread of Phytophthora
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species within and from nurseries (Drenth and
Guest 2013).

The objective of this study was to exam-
ine the efficacy of currently registered and
commercially available fungicide products
for managing Phytophthora root and crown
rot on lavender plants in a greenhouse. Infor-
mation from this study can be used to identify
fungicides that should be tested in lavender
fields where PRCR has become a serious
problem (Dlugos and Jeffers 2021; Dlugos
et al. 2024). Products that specifically target
diseases caused by species of Phytophthora
and that had labels for application to orna-
mental plants or herbs were selected. Efficacy
was evaluated by assessing foliage symptom
severity, area under disease progress curves
(AUDPCs), and fresh plant masses.

Materials and Methods

Greenhouse and plants. Two trials of each
of two independent experiments were con-
ducted during Summer 2018 (Expt. 1) and
Summer 2019 (Expt. 2) in a research green-
house in the Biosystems Research Complex
at Clemson University, Clemson, SC, USA.
Trial durations varied from 38 to 42 d (Table 1).
In Expt. 1, there were 4 weeks between initia-
tion of trials 1 and 2, and there was 1 week
between the initiation of the two trials in
Expt. 2 (Table 1). During the four trials of
these two experiments, environmental condi-
tions in the greenhouse, which were con-
trolled and measured by a central computerized
system (Argus Controls; Conviron, Winnipeg,
MB, Canada), were relatively uniform based on
measurements taken every 15 min. The mean
greenhouse temperature during each trial ranged
from 23.2 to 24.4 �C, with a 9 to 13 �C differ-
ence between the minimum and maximum tem-
peratures in the four trials (Table 1). The mean
relative humidity during each trial ranged from
69.2% to 77.9% for each trial; the differ-
ence between the minimum and maximum
in the four trials ranged from 40% to 56%
(Table 1). A 16-h photoperiod was main-
tained throughout all four trials, with artifi-
cial lighting that turned on when outside
light energy was less than 350 W/m2.

English lavender plants (Lavandula an-
gustifolia ‘Hidcote’) were used in both ex-
periments. All plants came from the same
wholesale nursery (Creek Hill Nursery, Leola,
PA, USA). Plants were received as plugs in
72-cell trays, and each cell measured 3.8 �
3.8 � 5.7 cm. A subsample of the plugs

(approximately 30% to 50%) for each trial was
tested to determine the presence of Phytoph-
thora species by a nondestructive baiting bioas-
say to confirm that plugs were not contaminated
with these pathogens before use. Individual plugs
were transplanted into 1.3-L pots (15 cm top
diameter, 11 cm bottom diameter, 11.5 cm
tall). Each pot contained 1 L of a soilless
peat and bark-based container mix (Fafard
3B; Sun Gro Horticulture, Agawam, MA,
USA). Plants were placed on a bench in the
greenhouse, watered overhead by hand as
needed, and fertilized weekly with a fertil-
izer solution delivering 100 ppm of nitrogen
(N) (PowerPak 20–20–20 N–P–K Soluble
Fertilizer with Minor Elements; Southern
Agricultural Insecticides, Inc., Hendersonville,
NC, USA).

Fungicides and treatments. In this article,
we refer to fungicides by product trade names
for clarity and to avoid confusion because the
same active ingredient is used in several fun-
gicides. All necessary information about the
fungicides used in this study (including ac-
tive ingredient, source, label, application
rates, etc.) is reported in Table 2. A total of
11 commercially available fungicides and
one experimental formulation of a commer-
cially available fungicide were evaluated in
the two experiments; nine fungicides were
evaluated in Expt. 1 and five fungicides were
evaluated in Expt. 2 (Table 2). Two fungi-
cides were used in both experiments and
served as standards. The 11 commercially
available fungicides are registered for use on
ornamental plants or herbs and labeled to
manage diseases caused by species of Phy-
tophthora and other oomycetes. These fungi-
cides represented a diverse array of the
active ingredients available for managing
oomycete diseases, including nine different
chemical groups recognized by the Fungi-
cide Resistance Action Committee (https://
www.frac.info/home) (Table 2). In addition to
the fungicides, two nontreated control treat-
ments were used in each trial—an inoculated
control and a noninoculated control; therefore,
there were 11 and seven treatments in Expt. 1
and Expt. 2, respectively. Six replicate plants
were assigned to each treatment in each trial
based on size and vigor so that each treatment
had a similar assortment of plants; then,
plants in all treatments were arranged in a
completely randomized design on the green-
house bench. All products except for Reliant
Trifecta, an experimental granular formula-
tion of potassium salts of phosphorous acid,

were applied at label rates by making a sin-
gle soil drench application to individual
pots. For each of the 11 commercially avail-
able products, 3 L of fungicide suspension
was prepared, and 400 mL of suspension was
poured around each plant, which was enough
to soak the root zone and container mix in
each pot with a slight amount (approximately
10–20 mL) of runoff from the bottom of a
pot. Plants were not watered for at least 24 h
after fungicide application. Reliant Trifecta
was applied dry to the soil surface at a rate
recommended by the manufacturer (1 g per
pot) (Table 2); then, it was watered into the
container mix by gently pouring 400 mL of
water over the surface in each pot.

Isolates and inoculation. All plants except
for those in the noninoculated control were
inoculated 4 d after treatments were applied.
Three isolates of P. nicotianae were used as
inoculum: PPC.15-0718, PPC.16-0718, and
SC.4284. These were isolated from diseased
lavender plants from South Carolina, Penn-
sylvania, and Virginia, respectively, that had
been submitted for diagnosis to the Clemson
Plant and Pest Diagnostic Clinic or the S. N.
Jeffers Laboratory at Clemson University.
All isolates were recovered from roots of
L. angustifolia ‘Hidcote’ plants with typical
symptoms of PRCR and are now stored in a
permanent collection maintained by S. N. Jef-
fers at Clemson University. Because some iso-
lates of P. nicotianae are known to be resistant
to the fungicide mefenoxam, these three iso-
lates were tested in vitro and found to be sensi-
tive to mefenoxam using a standard method
whereby mycelium growth by isolates was
compared on nonamended and mefenoxam-
amended media in 48-well culture plates
(Olson et al. 2013). Inoculum was prepared
by independently growing each isolate on
sterile vermiculite moistened with 10% V8
juice broth (2:1 v:v) in glass bottles (Jeffers
2015b; Roiger and Jeffers 1991). Bottles
were placed in the dark at 25 �C for 2 weeks
so each isolate could thoroughly colonize
the vermiculate in a bottle. After 10 to 12 d
of incubation, a small aliquot (1–2 mL) of
vermiculite from each bottle was spread on a
plate of 10% clarified V8 juice agar (Jeffers
2015b) to ensure purity and uniform coloni-
zation. Equal amounts of colonized vermic-
ulite from each of the three isolates were
combined and thoroughly mixed to prepare
a composite batch of inoculum.

Each plant was inoculated by spreading
approximately 10 mL of composite inoculum

Table 1. Dates, durations, and environmental conditions of four trials conducted in a greenhouse to evaluate the efficacy of fungicides for managing Phy-
tophthora nicotianae on English lavender plants.

Expt.

Trial datesi

Trial duration (days)

Temp (�C)ii Relative humidity (%)ii

Trial Start End Mean SD Min Max Mean SD Min Max
1 1 19 Jul 2018 30 Aug 2018 42 24.4 2.2 19.2 32.1 77.6 8.2 38.6 91.3

2 17 Aug 2018 25 Sep 2018 39 24.3 1.9 19.2 28.3 77.9 7.4 51.0 90.7
2 1 13 May 2019 20 Jun 2019 38 23.2 2.1 14.9 28.3 69.2 12.0 35.1 91.3

2 20 May 2019 28 Jun 2019 39 23.5 2.0 18.3 28.3 71.9 11.4 35.1 91.3
i Start dates are when plants were treated with fungicides; end dates are when plants were harvested for data collection.
ii Temperature and relative humidity during each trial are summarized as the mean, standard deviation (SD), minimum (Min), and maximum (Max) values
based on data collected every 15 min.
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on the surface of each pot; then, the inoculum
was mixed by hand into the upper 1 cm of
the container mix. A 1-cm layer of fresh con-
tainer mix was added to each pot to cover the
inoculum, and all pots were gently watered to
incorporate the inoculum and prevent desic-
cation. Plants in the noninoculated control
treatment did not receive inoculum; however,
additional container mix was added to each
pot, and these pots were also gently watered.
After inoculation, each pot was placed in a
plastic saucer (diameter, 14 cm; depth, 3.5
cm), and plants were watered from the bot-
tom by adding water to the plastic saucers for
the remainder of the experiment to keep the
container mix in each pot at or near field ca-
pacity throughout the trial, which promoted
disease development and minimized splash-
ing of treated container mix and pathogen
propagules among pots.

Data collection and analysis. Each trial
was run for a period of approximately 5.5 to
6 weeks postinoculation (Table 1). Plants
were evaluated weekly and at the end of each
trial to determine foliage symptom severity
based on the percentage of foliage showing
symptoms of grey discoloration, wilting, or
necrosis and assigned the following scores: 0,
0% of foliage symptomatic, no symptoms; 1,
1% to 10%; 2, 11% to 50%; 3, 51% to 90%;
4, 91% to 99%; and 5, 100% of foliage symp-
tomatic, mortality. The differences in range
sizes for the symptom severity scores are
based on a modification of the Horsfall-Bar-
ratt disease scale, which was developed to
promote accuracy and consistency in visual
assessments (Horsfall and Cowling 1978;
Madden et al. 2007). Before statistical analy-
ses, symptom severity scores were converted
to the midpoint of each range, for example, a

symptom severity score of 1 (1% to 10%)
was converted to 5.5% and a score of 2 (11%
to 50%) was converted to 30.5%, so that re-
ported disease data were based on percentages
of foliage showing symptoms. At the end of
each trial, plants were harvested independently
and separated into aboveground (shoot) and
below-ground (root) material. Roots were
washed free of container mix and debris
and blotted dry, and fresh root and shoot
masses were weighed. The AUDPC was
calculated based on weekly and final fo-
liage evaluations using the method reported
by Shaner and Finney (1977). The AUDPC is
a relative measure of the amount of disease
over time. To estimate the effect of fungi-
cides on infection, roots from two representa-
tive plants from each treatment in each trial
were used for isolation after roots were
weighed. Five root bundles from each plant
were embedded in PARPH-V8 selective me-
dium (Jeffers 2015a) to isolate the pathogen.
Root bundles were composed of 5 to 10 seg-
ments (approximately 1 to 2 cm in length) of fi-
brous feeder roots. Isolation plates were held at
25 �C in the dark for 7 d and examined regu-
larly for typical hyphae of P. nicotianae.

The data initially were examined using a
one-way analysis of variance (ANOVA)
along with Levene’s and Shapiro-Wilk’s
tests for variance and normality assump-
tions (JMP Pro, Cary, NC, USA). Results
of analyses using data transformations and
nonparametric tests were consistent with
those of standard analyses; therefore, stan-
dard parametric analyses were used for all
analyses. Trials of each of the two experi-
ments were analyzed together with block-
ing by trial as a factor. Because there were
significant (P < 0.05) treatment � trial

interactions and changes in the rank order
of treatment means between trials, the tri-
als in Expt. 1 were analyzed separately. How-
ever, in Expt. 2, treatment � trial interactions
were not significant, and the rank order of
treatment means was consistent between tri-
als; therefore, these two trials were combined
and analyzed together. Based on the nature of
the response variables, we determined that a
one-way ANOVA with a generalized linear
model (SAS, Cary, NC, USA) would be the
most appropriate analysis for the data and would
provide the most accurate and meaningful re-
sults. When the effect of treatments was signifi-
cant (P < 0.05) in an analysis, means were
separated by individual pairwise comparisons.

Results

In this study, two experiments were con-
ducted to evaluate 12 fungicides that target
diseases caused by Phytophthora species for
managing PRCR on lavender (Table 2). All
products could not be evaluated at one time
because of limitations to the number of plants
available and greenhouse bench space. There-
fore, nine fungicides were evaluated in Expt.
1, including three phosphonate products, and
three additional products plus two products
from Expt. 1 were evaluated in Expt. 2 (Table 2).
The two products used in both experiments,
Reliant and Subdue Maxx, served as standards
to demonstrate consistency between experi-
ments. Reliant was the most effective fungicide
in both experiments; however, Subdue Maxx
was more effective at managing PRCR in
Expt. 2 than in Expt. 1 (Figs. 1 and 2); how-
ever, this did not prevent the results in the two
experiments from being compared and inter-
preted together.

Table 2. Twelve fungicides that target diseases caused by Phytophthora species and other oomycetes were evaluated for efficacy at managing Phytoph-
thora nicotianae on English lavender plants in a greenhouse.

Expt.i Fungicide Active ingredient Company
Label rate

(per 100 gal)ii
Use rate
(per L)ii FRAC Codec FRAC group nameiii

1 Adorn Fluopicolide Valent USA Corporation 4 fl oz 0.31 mL 43 Benzamides
2 Aliette Aluminum tris (O-ethyl

phosphonate)
Bayer Environmental

Science
12.8 oz 1.0 g P07 Phosphonates

1 Areca Aluminum tris (O-ethyl
phosphonate)

OHP, Inc. 12.8 oz 1.0 g P07 Phosphonates

2 Banol Propamocarb
hydrochloride

Bayer Environmental
Science

25 fl oz 1.95 mL 28 Carbamates

1 Micora Mandipropamid Syngenta Crop Protection,
LLC

8 fl oz 0.62 mL 40 Carboxylic acid amides

2 Orvego Ametoctradin 1
dimethomorph

BASF Corporation 14 fl oz 1.09 mL 45 1 40 Quinone outside
inhibitors, stigmatellin
binding type 1
Carboxylic acid amides

1, 2 Reliant Potassium salts of
phosphorous acid

Quest Products 12.8 fl oz 1.0 mL P07 Phosphonates

1 Reliant Trifecta Potassium salts of
phosphorous acid

Quest Products —iv 1.0 g/potiv P07 Phosphonates

1 Segovis Oxathiapiprolin Syngenta Crop Protection,
LLC

3.2 fl oz 0.25 mL 49 Oxysterol binding protein
homologue inhibitors

1 Segway O Cyazofamid OHP, Inc. 6 fl oz 0.47 mL 21 Quinone inside inhibitors
1, 2 Subdue Maxx Mefenoxam Syngenta Crop Protection,

LLC
2 fl oz 0.16 mL 4 Phenylamides

1 Terrazole Etridiazole OHP, Inc. 7 fl oz 0.55 mL 14 Heteroaromatics
i Fungicides were evaluated during two independent experiments (Expts. 1 and 2); two trials of each experiment were conducted.
ii Rates are those recommended for soil drench applications, except for Reliant Trifecta.
iii FRAC 5 Fungicide Resistance Action Committee.
iv Experimental granular formulation applied to the surface of the container mix in each pot.
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Three disease parameters were used to
evaluate efficacy: final foliage symptom se-
verity, AUDPC based on the weekly progress

of foliage symptom development, and fresh
plant mass at the end of each trial. Although
root and shoot masses were weighed separately,

these weights were combined for analysis be-
cause this provided the best separation of
treatments. However, fresh plant mass did not
prove to be the most accurate measure of
treatment efficacy, perhaps because lavender
plants produce relatively short, narrow leaves;
therefore, the difference in mass between
healthy and diseased leaves was not great.

Experiment 1. In Expt. 1, environmental
conditions in the greenhouse were very condu-
cive to disease development over the course of
both trials because plants in the noninoculated
control treatments had 100% of the foliage
showing symptoms at the ends of the two trials
(Figs. 1A and 2A). Foliage symptoms were not
observed on plants in the noninoculated control
treatment in trial 1, and noninoculated plants in
trial 2 had only 6% of the foliage showing
symptoms at the end of the trial.

The two trials of this experiment were an-
alyzed separately because statistical tests de-
termined the trials should not be combined.
The significant treatment � trial interaction
and changing rank order between trials may
have been attributable to the difference in age
between the plants in trial 1 and trial 2. Plants
for both trials came from a single shipment of
lavender plants, but the trials were started
4 weeks apart (Table 1); therefore, plants in
trial 1 were much younger and likely more
susceptible than the plants in trial 2. Data of
fresh plant mass indicated that plants in trial
1 were considerably smaller than those in
trial 2 (Figs. 1C and 2C), and AUDPC data
suggested that disease severity was greater on
the younger plants in trial 1 than on the older
plants in trial 2 (Figs. 1B and 2B). These dif-
ferences in plant age and possibly susceptibil-
ity provide additional justification for analyzing
these two trials independently. It is interesting
that plants treated with the three phosphonate
fungicides (Reliant, Reliant Trifecta, and Areca)
had numerically greater fresh plant masses than
those of plants that were not inoculated in both
trials; however, these greater masses were not
significant (Figs. 1C and 2C).

In trial 1, there were significant differ-
ences among the 11 treatments in all three
disease parameters evaluated based on F sta-
tistics in one-way ANOVAs (Table 3). Treat-
ment means for the three disease parameters
in trial 1 were compared and separated in the
graphs in Fig. 1. Based on final foliage symp-
tom severity and AUDPC, the phosphonate
product Reliant provided the best level of dis-
ease management by allowing very little de-
velopment of foliage symptoms. Three other
fungicides—Segovis, Areca, and Reliant
Trifecta—also provided effective disease man-
agement, but at a level significantly less than
that of Reliant. Two of these products, Areca
and Reliant Trifecta, also are phosphonates.
Four of the fungicides—Terrazole, Adorn,
Segway O, and Subdue Maxx—provided no
significant level of disease management based
on final foliage symptom severity and AUDPC
because these means were similar to the means
for the inoculated, nontreated control plants.
Micora did provide a moderate level of disease
management based on the development of fo-
liage symptoms over time.

Fig. 1. Expt. 1, trial 1. Three disease parameters were used to evaluate the efficacy of nine fungicides to pro-
tect ‘Hidcote’ English lavender plants that were inoculated with Phytophthora nicotianae and grown for
42 d in a greenhouse. (A) Percentage of the foliage showing symptoms of discoloration, wilting, or ne-
crosis at the end of the trial. (B) Foliage symptoms were assessed weekly and on the last day of the trial,
and the area under the disease progress curve (AUDPC) was calculated. (C) At the end of the trial, fresh
mass of each plant was measured. Values in all graphs are means of six replicate plants; error bars are
standard errors. In each graph, means with the same letter are not significantly different (P $ 0.05) based
on a one-way analysis of variance followed by t-tests between all pairs of means.
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Several treatments had plants that died dur-
ing this trial. Mortality was first observed dur-
ing week 4 on plants treated with Terrazole

and Segway O and on plants that were inocu-
lated and not treated. By week 5, mortality
rates were 100% for plants in the inoculated

control treatment and 83%, 33%, and 17%
for plants treated with Terrazole, Segway O,
and Adorn, respectively. When roots from
representative plants were tested by isolation
on PARPH-V8 medium, P. nicotianae was
not detected on plants in the noninoculated
control treatment or on plants treated with
Segovis and Terrazole, but P. nicotianae was
detected in the roots of plants that were
treated with the other seven fungicides or not
treated but inoculated.

In trial 2 of this experiment, the overall re-
sults were similar to those in trial 1, but the
rank order of the treatments was different. In
this trial, there were significant differences
among the 11 treatments in two of the three
disease parameters, final foliage symptom se-
verity and AUDPC, based on F statistics in
one-way ANOVAs (Table 3). There was no
significant difference (P 5 0.5252) in fresh
plant mass among treatments (Table 3). Treat-
ment means for the three disease parameters in
this trial were compared and separated in the
graphs in Fig. 2. In this trial, the three phospho-
nate fungicides—Areca, Reliant, and Reliant
Trifecta—provided the best level of disease
management, with foliage symptom severity
and AUDPC values being statistically similar
to those of the noninoculated control treatment.
Based on final foliage symptom severity, Sego-
vis also provided a significant level of disease
management, but five fungicides—Terrazole,
Micora, Subdue Maxx, Adorn, and Segway
O—were not effective at managing PRCR be-
cause the treatment means for these fungicides
were not significantly different from that for
the inoculated control. However, when AUDPCs
of these six fungicides were evaluated, Sego-
vis, Adorn, and Segway O significantly re-
duced disease progress compared with that on
inoculated control plants. In this trial, mortal-
ity was observed in only one treatment, pre-
sumably because the plants were older and
less susceptible than those in trial 1. In week
5, 17% of the plants treated with Micora were
dead. When two representative plants from
each treatment were tested for the pathogen
by isolation, P. nicotianae was detected in
roots from all treatments except Segovis and
the noninoculated control.

Experiment 2. As in Expt. 1, greenhouse
conditions were very conducive for disease
development. Trials in this experiment were
combined for analysis because of the consis-
tent results between the two trials. On inocu-
lated control plants, 97% of the foliage
showed symptoms by the end of the trials;
however, only 6% of the foliage on nonino-
culated plants showed symptoms (Fig. 3A).
There were significant differences among the
seven treatments in all three disease parame-
ters based on F statistics in one-way AN-
OVAs (Table 3). Treatment means for the
three disease parameters in this experiment
were compared and separated in the graphs
in Fig. 3. Based on the final foliage symptom
severity and AUDPC, three fungicides were
most effective at managing PRCR on laven-
der plants—the two phosphonate products,
Reliant and Aliette, and Subdue Maxx. The
other two fungicides, Orvego and Banol,

Fig. 2. Expt. 1, trial 2. Three disease parameters were used to evaluate the efficacy of nine fungicides to pro-
tect ‘Hidcote’ English lavender plants that were inoculated with Phytophthora nicotianae and grown for
39 d in a greenhouse. (A) Percentage of the foliage showing symptoms of discoloration, wilting, or ne-
crosis at the end of the trial. (B) Foliage symptoms were assessed weekly and on the last day of the trial,
and the area under the disease progress curve (AUDPC) was calculated. (C) At the end of the trial, fresh
mass of each plant was measured. Values in all graphs are means of six replicate plants; error bars are
standard errors. In each graph, means with the same letter are not significantly different (P $ 0.05) based
on a one-way analysis of variance followed by t-tests between all pairs of means.
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were not effective at managing this disease
because means for these two treatments were
not significantly different from those for the
inoculated control. When fresh plant mass
was weighed, Aliette, Reliant, and Subdue
Maxx also produced the largest plants, and
their masses were similar to the mass of the
plants in the noninoculated control treatment.
Masses of plants treated with Banol and Or-
vego weighed the least, and these masses
were not significantly different from the
mass of plants that were inoculated and not
treated. However, the mass of plants treated
with Subdue Maxx also was not significantly
different from the mass of inoculated plants.

Some mortality also was observed on
plants in this experiment. Dead plants were
first observed during week 4; at week 5, 42%
of inoculated control plants had died, 25% of
Orvego-treated plants had died, and 8% of
Banol-treated plants had died. Mortality was
not observed on plants in any of the other
treatments. When two representative plants
from each treatment were tested for P. nico-
tianae by isolation, the pathogen was de-
tected in roots from at least one plant in all
treatments except the noninoculated control.

Discussion

Throughout the four trials of both experi-
ments, registered fungicide products were
shown to have a significant impact on the de-
velopment of PRCR on English lavender
plants in the greenhouse, with some products
consistently performing better than others.
Some products were successful at both limit-
ing disease development and maintaining
fresh plant mass, with a trend toward increasing
fresh mass over that of the noninoculated, non-
treated control plants. One product, Terrazole,

which is one of the oldest registered products
for managing Phytophthora diseases, per-
formed poorly in all trials and consistently
had little effect on PRCR development on
lavender plants in the greenhouse. In addi-
tion, mortality of plants treated with this
product was more common than it was on
plants treated with any other product. Only
the inoculated control plants had more mor-
tality during these experiments. The observed
mortality on Terrazole-treated lavender plants
suggested the potential for phytotoxicity on
lavender that warrants further investigation.
There was no evidence of phytotoxicity
with any of the other 10 fungicide products
used in this study.

By far, the best performing products in
this study were what are collectively referred
to as phosphonates—Aliette, Areca, Reliant,
and Reliant Trifecta (Table 2) (Landschoot
and Cook 2023). Reliant Trifecta is an exper-
imental granular formulation of Reliant that
was developed to give growers another appli-
cation option. It can be sprinkled on the soil
surface and watered into the soil instead of
being applied as a soil drench. Phosphonate
products consistently limited disease devel-
opment and kept symptom severity to a mini-
mum while also showing a trend toward
increasing fresh plant mass compared with
plants in the noninoculated control treatment.
Phosphonates are known to be absorbed and
translocated in plant tissues, persisting for
weeks or even months (Guest and Grant
1991; McDonald et al. 2001; Ouimette and
Coffey 1989; Rohrbach and Schenck 1985;
Smillie et al. 1989). The products are sys-
temic, with transport in both the xylem and
phloem (Guest and Grant 1991; Ouimette
and Coffey 1989, 1990), and are reported to
work against oomycetes by multiple modes

of action (Guest and Grant 1991; Smillie
et al. 1989). It has also been debated whether
physiological responses occur in plants to
stimulate host defenses (Guest and Grant
1991; Parween and Jan 2019; Rouhier et al.
1993; Smillie et al. 1989). Regardless of the
mechanisms involved, the success of phos-
phonates is not the same in all pathosystems
(Guest and Grant 1991).

Although not statistically significant, plants
treated with phosphonate products in each trial
had fresh plant masses that were numerically
greater than or equivalent to the fresh mass of
control plants that were not inoculated or
treated. For example, in trial 1 of Expt. 1,
plants treated with Reliant had a mass (29.9 g)
that was 1.7-times greater than the mass (17.6 g)
of the noninoculated control plants. In addi-
tion, the phosphonate-treated plants appeared
visually more robust. While phosphonates are
often labeled as fertilizers, this use is contro-
versial. Phosphonates were tested as early as
the 1930s, but they were not suitable as fertil-
izers because only delayed enhanced growth
was observed (Guest and Grant 1991; Land-
schoot and Cook 2023). Research has deter-
mined that phosphonates are not a suitable
source of phosphorous for plants, and any in-
crease in leaf tissue nutrient content was
caused by increased concentrations in what
were smaller tissues because of less growth
(Ratjen and Gerend�as 2009). Positive bene-
fits are still documented, however. In citrus
production, foliar applications of potassium
phosphite appear to increase fruit yield per
tree (Lovatt 1999). Phosphonates have also
been reported to increase turf quality without
explanation (Landschoot and Cook 2023).
However, the reverse has also been demon-
strated; Aliette was found to have a negative
impact on root and shoot growth in onion
(Sukarno et al. 1993).

Subdue Maxx, with the active ingredient
mefenoxam, has long been one of the most
popular compounds for managing diseases
caused by oomycetes, including species of
Phytophthora (Agrios 2005; Herman et al.
2019; Olson et al. 2013). In this study, the ef-
ficacy of Subdue Maxx was inconsistent and
varied considerably between the two experi-
ments. In Expt. 1, it did not effectively man-
age PRCR; however, in Expt. 2, its efficacy
was similar to that of the two phosphonate
products. This is important information to
know for PRCR on lavender because it is
known that the effectiveness of fungicides in
some host–pathogen relationships does not
equally translate to all (Linderman and Davis
2008). Although inoculations were made only
4 d posttreatment, that should not have im-
pacted the active ingredient efficacy. Mefe-
noxam products are known to be taken up by
the roots and are capable of working rela-
tively quickly—for example, a soil drench
with Ridomil (a similar product containing
the active ingredient mefenoxam) provided
protection of tomato plants in 1-L pots within
1 h (Cohen et al. 1979). It also protected the
tomato plants when applied 2 d after inocu-
lation (Cohen et al. 1979). It is also un-
likely that the duration of the trial had a

Table 3. Results from one-way analyses of variance (ANOVA) of data for the efficacy of 12 fungi-
cides to manage Phytophthora nicotianae on English lavender (Lavandula angustifolia ‘Hidcote’)
plants in two experiments conducted in a greenhousei.

ANOVA statisticiii

Expt. 1iv Expt. 2v

Disease parameterii Trial 1 Trial 2 Trials 1 1 2
Final foliage symptom severity F 14.08 8.27 10.50

P > F <0.0001 <0.0001 <0.0001
df 10, 55 10, 55 6, 77

AUDPC: Foliage symptom severity F 21.89 13.63 10.08
P > F <0.0001 <0.0001 <0.0001
df 10, 55 10, 55 6, 77

Fresh plant mass F 3.39 0.92 3.18
P > F 0.0017 0.5252 0.0077
df 10, 55 10, 55 6, 77

i Two trials of each of two experiments were conducted, and a different set of fungicides was used in
each experiment. Nine fungicides were used in Expt. 1, and five fungicides were used in Expt. 2.
There were six replicate plants used for each treatment in each trial.
ii Three disease parameters were used to evaluate treatment efficacy: final foliage symptom severity was
assessed as the percentage of the foliage on each plant with disease symptoms at the end of a trial; fo-
liage symptoms were assessed weekly for 5 weeks, and then the area under the disease progress curve
(AUDPC) was calculated; and the fresh mass of each plant was measured at the end of a trial.
iii Summary statistics for treatments when each disease parameter was analyzed by the one-way
ANOVA. F 5 the calculated F ratio for each disease parameter; P > F 5 the probability of a greater
F ratio occurring; df 5 degrees of freedom, numerator and denominator.
iv There were significant (P < 0.05) trial � treatment interactions in Expt. 1, and treatment rank order
varied in the two trials; therefore, data in these trials were analyzed separately.
v There were no significant (P > 0.05) trial � treatment interactions in Expt. 2, and treatment rank or-
der was consistent between trials; therefore, data in these trials were combined and analyzed together.
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negative impact on mefenoxam efficacy be-
cause mefenoxam is extremely long-lasting,
with the effectiveness of Subdue Maxx last-
ing up to 6 weeks (Linderman and Davis
2008). Additionally, the current label rec-
ommends application intervals of at least 1
to 2 months.

Segovis was repeatedly one of the most
effective products in both trials of Expt. 1.
This relatively new product with the active in-
gredient oxathiapiprolin, which has a unique
mode of action, has been very successful at
managing other Phytophthora diseases, includ-
ing black shank on tobacco caused by P. nico-
tianae (Ji et al. 2014) and late blight on
tomato caused by P. infestans (Cohen et al.
2018). This product also prevented isolation of
P. nicotianae from lavender roots on represen-
tative plants in one trial. Isolates of Phytoph-
thora species that developed insensitivity to
mefenoxam were shown to be sensitive to ox-
athiapiprolin because the two fungicides have
different modes of action, and there was no
evidence of cross-resistance between these
two fungicides (Bittner and Mila 2016; Cohen
et al. 2018). However, Bittner and Mila (2016)
suggested resistance to oxathiapiprolin could
be possible with the overuse of this active in-
gredient in fungicides.

Unfortunately, the other five fungicides
evaluated in this study—Adorn, Banol,
Micora, Orvego, and Segway O (each with
a different active ingredient)—were not ef-
fective at managing PRCR on lavender plants
in the greenhouse even though these products
are labeled to manage diseases on ornamen-
tal crops caused by Phytophthora species.
Some may be more effective when applied
as foliar sprays to manage leaf and stem
diseases, or they may need to be applied
more frequently. The three isolates of P.
nicotianae used in this study were tested
for sensitivity to mefenoxam, but they were
not tested for sensitivity to the active ingre-
dients in these five fungicides. Therefore,
fungicide insensitivity could be one reason
for the lack of efficacy.

In conclusion, we identified commercially
available fungicides that were effective at
managing PRCR on English lavender plants
(L. angustifolia ‘Hidcote’) in the greenhouse.
Phosphonate products with two different
active ingredients (aluminum tris [O-ethyl
phosphonate] also known as fosetyl-Al and
potassium salts of phosphorous acid) were
very effective, and Segovis, with the active
ingredient oxathiapiprolin, was also effec-
tive. Subdue Maxx, with mefenoxam as the
active ingredient, was effective in one ex-
periment, but not in the other one. In the field,
PRCR is much more of a problem than it is
in the greenhouse (Dlugos and Jeffers 2021;
Dlugos et al. 2024); therefore, based on the
results in this greenhouse study, phosphonate
products and products with oxathiapiprolin
and mefenoxam as the active ingredients
should be evaluated for efficacy on lavender
plants growing in the field.

Fig. 3. Expt. 2, trials 1 and 2 combined. Three disease parameters were used to evaluate the efficacy of
five fungicides to protect ‘Hidcote’ English lavender plants that were inoculated with Phytophthora
nicotianae and grown for 38 d (trial 1) and 39 d (trial 2) in a greenhouse. (A) Percentage of the fo-
liage showing symptoms of discoloration, wilting, or necrosis at the end of the trial. (B) Foliage
symptoms were assessed weekly and on the last day of each trial, and the area under the disease
progress curve (AUDPC) was calculated. (C) At the ends of the trials, fresh mass of each plant was
measured. Values in all graphs are means of 12 replicate plants, with six in each trial; error bars are
standard errors. In each graph, means with the same letter are not significantly different (P $ 0.05)
based on a one-way analysis of variance followed by t-tests between all pairs of means.
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