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Abstract: Ten geographically diverse Texas strains of
the oak wilt fungus Ceratocystis fagacearum were test-
ed in vitro for their sensitivity to five triazole fungi-
cides based on accumulated linear growth, linear
growth rates, and dry weight accumulation in re-
sponse to fungicide concentrations of 0.1 to 600 parts
per billion (ppb). None of the triazoles inhibited
growth at 0.1 ppb, but four of the five fungicides
were highly effective in totally inhibiting growth on
homemade potato dextrose agar medium and in neo-
peptone  broth cultures at minimum effective concen-
trat ions  (MECs)  in the lo-200 ppb range. Triadi-
mefon did not prevent growth at concentrations up
to 1100 ppb. The sensitivity of Texas strains to the
triazoles was up to tenfold higher in aqueous broth
culture than on solid medium. Exceptional strains ex-
hibited tolerance to certain triazoles, requiring MECs
up to 500 ppb or higher for total growth inhibition.
The specific activity of individual triazoles was related
to substituent R-groups attached to chiral  carbons.
The ketal triazoles, propiconazole and difenocona-
zole with the dioxolane ring, had the greatest effect
on growth rates of the Texas strains. Myclobutanil
with nitrilo and butyl R-groups and terbuconazole
with dimethylethyl and hydroxyl R-groups had inter-
mediate effects on growth rates, while triadimefon
with a dimethyl  butanone group had the least effect
on growth rates of the fungus. Triazole sensitivity was
not linked to specific mating incompatibility alleles.
The triazole sensitivity of Texas strains of Cerutocystis
fagacearum was much greater than the sensitivity of
many other phytopathogenic fungi previously tested.

Sensitivity of Texas strains of Ceratocysti  fagacearum to triazole fungicides

The significance of these results relative to current
fungicide application methods used for oak wilt con-
trol by the Texas Oak Wilt Suppression Project
(TOWSP) are discussed.

Key Words: chemical control, ergosterol-biosyn-
thesis inhibitors, live oak, oak wilt, systemic eradi-
cants

INTRODUCTION

Oak wilt, caused by the ascomycete Ceratocystis  faga-
cearum  (T. W. Bretz) J. Hunt, is one of the most im-
portant and potentially destructive diseases of oaks
(Quercus  spp.) in the eastern, central, and more re-
cently, southern United States. The disease has
caused high economic losses in localized areas, but
its widespread damage to highly valued oak forests
has not been severe in most regions except in Texas
(MacDonald, 1995). The disease, first diagnosed in
Texas in 1961 (Dooling, 1961))  reached epidemic lev-
els around 1980 resulting in the formation of hun-
dreds of new infection centers affecting over 20 mil-
lion acres in 35 counties by 1986 (Texas Forest Ser-
vice, personal communication). Currently, it has
been identified in at least 55 counties throughout the
state, including most of the large metropolitan areas
(Appel et al., 1995). Live oaks, Q. virginiana  Mill.
and Q. fusiformis Small, are the most highly valued
shade trees in the state contributing to 13-19s  of
tax-appraised residential property values in Austin
(Martin, 1986). A single, large oak tree may be valued
at $5000-20 000 (Dewers, 1971). The cumulative eco-
nomic losses attributed to the disease statewide have
exceeded $100 million based on annual estimates
(see McKinney and Billings, 1995).
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There are 24 oak species in Texas that are pre-
sumed to be variably susceptible to oak wilt. Red oak
species, particularly Spanish or Texas red oak Q tex-
ana Buckley (= Q. buckleyi  Dorr & Nixon), shumard
oak Q. shumardii Buckley, and blackjack oak Q. mar-
ilandica Miinchh. are highly susceptible and rapidly
killed by the disease often within a few months after
infection. Native white oaks such as post oak Q. stel-
lata Wangenh., bur oak Q. macrocarpa  Michx., and
chinkapin oak Q. muehlenbergii  Engelm., are resistant
and rarely killed by the disease. The semievergreen
live oak species are intermediate in susceptibility, but
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are the most seriously affected oaks in terms of dis-
ease incidence and rate of spread. The high inci-
dence and rapid rate of spread within pure live oak
stands are due to their tendency to form vast inter-
connected root systems and to vegetatively propagate
by root sprouts. This growth habit provides effective
avenues for the oak wilt fungus to spread rapidly, up
to 30 m or more per year between adjacent trees,
through root grafts and common root systems (Appel
et al., 1995). Infection centers up to 80 ha in size
have been observed within live oak stands.

The severity and magnitude of the problem
prompted the Texas Forest Service (TFS) to initiate
a five-year cooperative Oak Wilt Demonstration Pro-
ject with the USDA Forest Service in 1982 to assess
the extent and impact of the problem and the need
for a disease suppression program. Public demand
for assistance led to the organization of the Texas
Oak Wilt Suppression Project (TOWSP) in 1988, ad-
ministered by the Texas Forest Service (TFS). The
principal suppression activities currently used by the
TOWSP involve an integrated approach consisting of
trenching in both urban and rural sites to sever root
connections in advance of the fungus to prevent root
transmission, sanitation measures to avoid inoculum
sources and vector transmission, and preventative
fungicide applications to high-value trees within ur-
ban areas and near homesteads in rural areas to pro-
tect against infections.

The systemic triazole fungicide propiconazole (Al-
amo@) has been used to control oak wilt in Texas
since 1990 (Gehring, 1995). Propiconazole remains
the only fungicide currently registered for oak wilt
control in this state. The high cost of this material
and the variable results associated with its use has led
to questions of whether other triazoles or different
application methods with Alamo should be tested for
oak wilt control (Wilson, 1995). Early results of field
tests with new application methods including two
types of low-volume, high-concentration microinjec-
tions and a soil application method have been re-
ported (Wilson and Lester, 1995, 1996). Initial tria-
zole screening studies in vitro have indicated that the
triazoles fungicides, in general, have very good fun-
gistatic if not fungicidal activity against the oak wilt
fungus in the parts per billion (ppb) range, despite
the inconsistent field results of the TFS (Wilson,
1994). This preliminary work further indicated that
some Texas strains of C. fugucearum  have tolerance
to certain triazole fungicides and that some triazoles
have much lower fungistatic activity against this fun-
gus than others.

This study is part of a larger effort to investigate
and test ways to improve on existing fungicide appli-
cation methods currently used by the TOWSP. The

FIG. 1. Texas counties from which the ten isolates of C.
fuguceurum (numbered) were derived. Numbers refer to
the isolate number as indicated in TABLE I. Unshaded areas
without numbers indicate additional counties with con-
firmed cases of oak wilt.

purpose was to screen selected triazole fungicides in
vitro to identify new alternative materials that are ef-
fective and potentially useful for oak wilt control in
Texas. This information will be useful in designing
subsequent field trials for efficacy testing of each fun-
gicide. The specific objectives were: 1) to determine
the minimum effective concentrations (MECs) for
five triazole fungicides; 2) to compare the effects of
the triazoles on accumulated linear growth, linear
growth rates, and dry weight accumulation of C. fa-
gacearum on solid and in liquid culture to assess the
relative effectiveness of each fungicide in inhibiting
growth of the oak wilt fungus; and 3) to assess the
range of variability in fungicide sensitivity and toler-
ance among ten strains of C. fagacearum isolated
from infected oaks throughout the Hill Country of
central Texas.

MATERIALS AND METHODS

Isolation and culture.-Sapwood samples were col-
lected from the boles and roots of declining, symp-
tomatic live oaks and Spanish oaks from ten counties
throughout the central Texas Hill Country on the
Edwards Plateau (FIG. 1). Symptomatic live oaks were
identified by the characteristic veinal  chlorosis, veinal
necrosis, and tip necrosis leaf symptoms diagnostic of
oak wilt disease in this species. Spanish oaks exhib-
iting water soaking, chlorosis, bronzing, and margin-
al leaf necrosis were considered symptomatic and po-
tentially infected with the oak wilt fungus. The flag-
ging symptom of Spanish oaks caused by the death
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TABLE I. Sources of Texas strains of C. fagacearum used in
the triazole screening trials

Iso-
late” Strain
no. designation

County
source

Mat-
ing

Host source type

1 SHL-TX-09 Kerr Quercus  virginiana
2 SHL-TX-10 Williamson Quercus virginiana
3 SHL-TX-13 Bexar Quercus  virginiana
4 SHL-TX-15 Hood Quercu.5  virginiana
5 SHL-TX-17 Coryell Quercus texana
6 SHL-TX-19 Burnet Quercus texana
7 SHL-TX-22 Lampasas Querc~s  virginiana
8 SHL-TX-24 Colorado Quercus  virginiana
9 SHL-TX-25 Comanche Quercu.5  virginiana

10 SHL-TX-36 Travis Quercus  virginiana

*Isolate numbers correspond with numbers shown at
county locations on the Texas map (Fig. 1).

of leaves on individual limbs could often be observed
from a distance. The presence of fungal  mats on red
oaks provided conclusive evidence of oak wilt. Bole
samples were collected with 2.5 X 15.0 cm cuts 1.5-
2.0 cm deep into the sapwood  of symptomatic trees
using a wood chisel sterilized with 0.525% NaClO
(10% commercial bleach). Root segments were col-
lected from l-4 cmdiam roots located up to a meter
deep using a backhoe for digging and lopping shears
to cut the segments. In addition, fungal  mats forming
under the bark of declining Spanish oaks were col-
lected for hyphal and conidial isolations from coni-
diogenous growth developing on the surface of the
mats in the spring. All samples were placed in sealed
plastic bags or wide-mouth bottles on ice before they
were transported back to the laboratory.

Bole and root samples were processed by removing
the outer and inner bark from each sample, cutting
the xylem tissue into 2-5 mm-square pieces, surface
sterilizing with agitation 3-7 min in a solution of
0.525% NaClO (10% commercial bleach) for bole
samples and 1.05% NaClO (20% commercial bleach)

for root samples. The disinfested wood pieces were
blotted on sterile tissues to remove excess bleach so-
lution and plated without rinsing by embedding the
pieces into homemade potatodextrose agar isolation
medium (PDA), prepared as described by Dhingra
and Sinclair (1985) for medium no. 153, amended
with 0.05% w/v streptomycin sulfate after autoclaving
at 15 psi for 35 min. All dishes were sealed with Par-
afilm@ to protect them from contamination and ex-
cess drying. The dishes were incubated at 25 C in a
dark growth chamber. The mycelium of C. fagacear-
urn usually grew from the wood chips within 3-7 d
after plating, although 2-3 wk incubations usually
were required before conidial sporulation began.
Fungal  mat isolations from Spanish oaks were ob-
tained by picking off small masses of conidia or hy-
phae from the mat surface and transferring them to
the PDA isolation medium. Colonies growing on iso-
lation medium were subcultured from hyphal tips to
ensure purity. All isolates were maintained and stored
at 4 C on PDA slants and on agar plugs stored in
sterile distilled water within cryovials as described by
Burdsall and Dorworth (1994). Cultures of the ten
strains of C. fagacearum used in this study have been
deposited with the American Type Culture Collection
(ATCC 200423-200432).

Ttiazole sensitivity studies.-The ten strains of C. fa-
gacearum, isolated from live oaks and Spanish oaks
in ten counties throughout the Edwards Plateau Re-
gion of Texas ( TABLE I), were tested for their sensi-
tivity in vitro to five triazole fungicides including: pro-
piconazole (Alamo), difenoconazole (Dividend), my-
clobutanil (Systhane) , terbuconazole (Folicur) , and
triadimefon (Bayleton) (TABLE II, FI G. 2). The effects
of these triazoles on linear (radial) growth of the iso-
lates on PDA, without antibiotic added, and on dry
weight accumulation in Neopeptone broth (NPB) af-
ter a 6-wk incubation period at 24 C were compared.
Two stock solutions of each fungicide were prepared
using either emulsifiable concentrate, flowable  sus-

TABLE II. Triazole fungicides screened in C. fagacearum sensitivity tests

Common name Trade name Distributor Formulationa Solubility” Emnirical  formula StructureL

Propiconazole Alamo Ciba Geigy 14.3% MEC 110 C,,H,,Cl,N,O, A
Difenoconazole Dividend Ciba Geigy 3 FS 3 C,,H,&l,N,O, B
Myclobutanil Systhane Rohm & Haas 2 EC 142* C,,H,&lN, C
Terbuconazole Folicur Bayer 3.6 F 32 C,,H,,ClN,O D
Triadimefon Bayleton Bayer 95.6% TG 64 C,,H,&lNsO~ E

* Formulations: MEC = microencapsulated emulsifiable concentrate, FS = flowable  suspension, F = flowable, TG = tech-
nical grade crystals.

h ppm in water at 20 C or 25 C (*).
c Chemical structures of triazoles (A-E) correspond to those presented in Fig. 2 A-E.
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FIG. 2. Chemical structures of triazoles: (A) propicona-
zole; (B) difenoconazole; (C) myclobutanil; (D) terbucon-
azole; (E) triadimefon.

pensions, or pure technical grade material in sterile
distilled water at concentrations of 10 ppm and 1000
ppm, one for each final test concentration in the
ranges of 0.1-10 and 100-1000 ppb, respectively. An
appropriate aliquot of a stock solution was added sin-
gly with vigorous vortexing after autoclaving to sep-
arate 1-L flasks of homemade PDA medium to final
concentrations of 0.1, 1, 10 and 100-600 ppb active
ingredient. Additional tests at higher rates allowed
determinations of minimum effective concentrations
(MEC) for total growth inhibition when growth oc-
curred within the initial test range. A 5 mm PDA in-
oculum plug from a 1-wkold  PDA culture was placed
inoculum down onto the surface at the edge of each
plate containing one of the respective triazole fun-
gicides. Four measurements per isolate were record-
ed for each treatment from two replicate plates of
each strain. Two linear measurements separated by
45” were recorded for each plate by measuring the
distance between the edge of the agar plug and the
edge of the colony. Accumulated linear growth, week-
ly linear growth rates, and growth inhibition in re-
sponse to each fungicide were measured and calcu-
lated at weekly intervals for 6 wk and analyzed using
standard errors of means (mean ? SEM). Percent
growth inhibition (relative to controls) was calculated
by taking the difference between mean growth on
control and fungicide-amended plates and express-
ing the difference as a percentage of mean growth
of the control cultures. Accumulated growth re-
sponses of strains from each mating type also were
compared using t-tests analyses to determine whether
triazole sensitivity could be linked with mating in-
compatibility alleles. Statistical comparisons of mean
linear growth rate responses of individual isolates rel-
ative to fungicide concentration were made using
polynomial regression analyses of growth rates dur-
ing the first 2 wk of exponential growth. Agar plugs
were taken from plates with no growth and trans-
ferred inoculum down onto the surface of fresh PDA
plates without fungicide (unamended) and observed
for 3 wk to determine if the fungicide was fungistatic
or fungicidal at each concentrated tested at or above
the MEC.

The effect of the five triazoles on dry weight ac-
cumulation of fungal  mycelium in unshaken Neopep-
tone broth cultures after 6-wk incubation at 24 C was
determined to compare with growth on solid medi-
um. The NPB medium was prepared according to
Waksman (1991) in 50-mL aliquots in separate
125-mL  Erlenmeyer flasks. Appropriate volumes of
fungicide stock solutions, as described previously,
were added to final concentrations of 1.0 to 500 ppb.
A 5 mm PDA inoculum plug from I-wk-old  PDA cul-
tures was placed into each flask containing one of
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TABLE III. Effects of triazole fungicides on in vitro accumulated linear growth of C. fugucearum

Accumulated mean linear growth (mm)d

Fungicide 0.1 1 10

Fungicide concentration (ppb)

100 200 300 400 500 600

Propiconazole M M 25.6 ? 2.2 0.1 5 0.1 - - - - -
Difenoconazole M M 29.0 * 1.7 7.5 * 1.0 3.8 2 0.7 2.8 ? 0.5 2.8 5 0.5 1.5 ? 0.3 1.9 * 0.3
Myclobutanil M M 47.9 1- 3.6 0.2 2 0.1 - - - - -
Terbuconazole M M 68.3 2 2.4 6.5 2 1.8 0.2 ? 0.1 - - - -
Triadimefon M M M M M 63.2 ? 3.9 60.2 ? 4.8 44.5 ? 3.5 44.5 * 3.0

*Accumulated linear growth (x -C SEM) of ten isolates (four replicate measurements per isolate) at 24 C after 6wk
incubation on homemade PDA amended with the respective fungicide to the indicated concentrations (ppb). M = growth
exceeded the edge of the plate (90 mm) and was not measured. Dash (-) indicates no growth.

the respective triazole fungicides. One flask was pre-
pared for each of the ten isolates (serving as repli-
cations) per fungicide concentration. The flasks were
incubated without shaking because previous tests in-
dicated that there was no significant difference in ac-
cumulated growth between shaken and unshaken
NPB cultures. After the cultures had incubated for 6
wk, the mycelial growth was filtered onto a preweigh-
ed 5.5 cm No. 1 Whatman  filter paper and dried in
an oven at 100 C overnight. Dry weight measure-
ments were determined to 0.1 mg for each treatment
and statistically compared using standard errors of
means.

RESULTS

Triazole effects on accumulated growth.-The sensitivity
of the Texas strains of C. fagacearum to five triazoles
was compared based on mean accumulated linear
growth responses during prolonged exposure over a
6-wk period on PDA. None of the triazoles had mea-
surable affects on accumulated linear growth at con-
centrations of 0.1 ppb and 1.0 ppb after 6-wk incu-
bation (TABLE III). Growth responses to the fungi-
cides were compared with growth on control plates
(lacking fungicides) only during the first 3 wk of in-
cubation since the growth of controls exceeded the
edge of the plate within 3 wk after plating. All of the
five triazoles tested, with the exception of triadime-
fon, significantly reduced accumulated growth in the
lo-100 ppb range. Little or no accumulated growth
occurred in response to propiconazole, myclobutan-
il, and terbuconazole at 200 ppb. Very low amounts
of growth accrued in the presence of difenoconazole
at concentrations of 200 ppb up to 1100 ppb. Tria-
dimefon began to appreciably reduce accumulated
growth at concentrations >400 ppb, but substantial

mean linear growth accumulation (22.7 mm) was
measured at 1100 ppb after 6 wk.

A comparison of accumulated growth responses
among the ten isolates during 6-wk exposure to the
triazoles at a single concentration of 10 ppb indicated
considerable variability in sensitivity of individual
strains to the fungicides (TABLE IV). For example,
isolate no. 8 (strain SHL-TX-24) exhibited the high-
est sensitivity to the fungicides with no growth at all
on PDA amended with propiconazole and myclobu-
tanil, and had a slower growth response to four of
the five triazoles than the other isolates. Isolate no.
2 (strain SHL-TX-lo)  also displayed higher than av-
erage sensitivity to the triazoles. Isolates no. 4 and 9
(strains SHL-TX-15 and 25) exhibited intermediate
sensitivity to the triazoles, while isolates no. 3 and 5
(strains SHL-TX-13 and 17) showed some tolerance
to the triazoles at 10 ppb with lower than average
sensitivity relative to the other isolates. None of the
isolates were appreciably affected by triadimefon at
10 ppb, including isolate no. 8. T-test analyses for
each fungicide, comparing the sensitivity of strains
with different mating types (see TARLE I), indicated
no significant difference in the sensitivity of strains
of one mating type over the other for any of the five
triazoles at the concentrations tested (P > 0.37).

The triazoles had similar effects on accumulated
growth of C. fagacearum isolates in NPB culture, al-
though the isolates generally exhibited greater sen-
sitivity to the triazoles in liquid culture as evident by
the lower MECs required for total growth inhibition
(TABLE V) . Propiconazole totally inhibited growth
and dry weight accumulation after 6-wk incubation
at 10 ppb in liquid culture, and only slight accumu-
lated growth was measured at 10 ppb and 100 ppb
concentrations for difenoconazole. Difenoconazole
slowed growth accumulation more effectively at 10
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ppb than myclobutanil or terbuconazole, but a high-
er MEC was required to totally inhibit growth with
difenoconazole than with the other two triazoles.
Triadimefon did not prevent growth accumulation
up to 500 ppb, although dry weight accumulation at
500 ppb was less than half of the amount measured
for control cultures.

Growth inhibition.-The effects of each fungicide on
growth at concentrations of 0.1-600 ppb after 2-wk
incubation at 24 C on PDA were expressed in terms
of percent growth inhibition relative to controls to
further evaluate the minimum effective concentra-
tions required for total growth inhibition. Propicon-
azole and myclobutanil totally stopped growth of all
isolates at 100 ppb (TABLE VI). Similarly, difenocon-
azole and terbuconazole inhibited growth in the
100-200 ppb range, but there was more variability of
sensitivity among individual isolates as indicated by a
range of MECs for these triazoles. The MEC of tria-
dimefon required for total inhibition of growth of
the isolates was >600 ppb. Subsequent measure-
ments indicated that the MEC for triadimefon was
actually >llOO ppb, at least five to ten times higher
than the MECs of the other triazoles tested.

Triazole effects on growth rates.-The effects of each
triazole on mean weekly growth rates were deter-
mined during 6-wk incubation at 24 C on PDA to
assess the variability of growth response to exposure
over time. Control colonies expanded linearly at rates
of 25-37 mm/wk  and typically grew to the edge of
the plate within 3 wk after plating (TABLE VII). All of
the triazoles increased the duration of the lag phase
of growth as fungicide concentration increased. This
proportional increase in the length of the lag phase
with increasing fungicide concentration resulted in
an increase in the time required to reach the maxi-
mum exponential growth rate as fungicide concen-
tration increased. For example, the maximum expo-
nential growth rates achieved at fungicide concentra-
tions up to 1 ppb for all of the triazoles occurred at
2 wk after plating. The maximum exponential growth
rates attained when exposed to each fungicide at con-
centrations of 10 ppb and 100 ppb, with the excep-
tion of triadimefon, occurred at 4-6 wk after incu-
bation. For triadimefon, maximum exponential
growth of the isolates occurred at 2 wk after plating
when exposed at the 10 ppb and 100 ppb concentra-
tions, and at six wk after plating when exposed at the
1000 ppb concentration.

Cumulative mean weekly growth rates, averaged
over the 6-wk incubation period, decreased propor-
tionally with increasing concentration of each fungi-
cide. Propiconazole and myclobutanil caused similar
patterns of reductions in weekly growth rates as con-
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TABLE V. Effects of triazole fungicides on in vitro accumulated dry weight of C. fugaceurum in neopeptone broth culture

Fungicide Control 1 10

Dry weight accumulation (mg)”

Fungicide concentration (ppb)

100 200 300 400 500
MEC
(PPb)

Propiconazole 52.3 -C 1.2 58.4 ? 2.6 - - - - - - 10
Difenocona-

zole 67.1 ? 1.5 34.4 + 8.4 1.3 +- 0.3 0.7 -e 0.2 - - - - 100-200
Myclobutanil 44.8 ? 3.8 49.1 -c 5.2 16.8 -c 7.1 - - - - - 100
Terbuconazole 64.1 ? 1.2 56.9 ? 3.4 10.2 % 5.5 - - - - - 100
Triadimefon 48.4 ? 2.8 46.8 ? 2.5 45.7 t 2.1 33.2 % 3.8 32.6 +- 3.2 24.4 ? 4.0 18.3 2 3.1 19.8 2 4.5 >500

a Dry weight accumulation (2 + SEM) of ten isolates after 6 wk of growth at 24 C in 50 mL of unshaken Neopeptone
broth (NPB) amended with the respective fungicide to the indicated concentrations. Dash (-) indicates no growth.

centration increased up to 100 ppb. Very low growth
rates were achieved by the sixth week of incubation
in the presence of these two triazoles at the 100 ppb
concentration. Similarly, difenoconazole and terbu-
conazole caused a comparable pattern in growth rate
reductions vs. concentration, although the decrease
in growth rates occurred at a less accelerated rate
with increasing concentrations up to 100 ppb when
compared with propiconazole and myclobutanil. The
effects of triadimefon on linear growth rates were rel-
atively consistent and invariable up to 100 ppb. A ten-
fold higher concentration (1000 ppb) was required
to have a comparable effect on growth rates with tria-
dimefon than with the other triazoles at 100 ppb. All
of the Texas strains of C. fagacearum had much high-
er tolerance and less sensitivity to this triazole.

The growth responses of the Texas strains to each
triazole were further compared by polynomial re-
gression analyses to establish best-fit equations to de-
scribe growth rates as a function of concentration for
each fungicide during the first 2 wk of linear growth
on PDA at 24 C. The resulting growth response
curves constructed by plotting linear growth rate vs.
fungicide concentration demonstrated significant dif-
ferences in the rates of decline in growth rates with
increasing concentrations of the five triazoles (FI G.
3). The polynomial regression equations that best
predicted growth rates of the Texas strains when ex-
posed to the range of fungicide concentrations tested
here are presented in TABLE VIII. Growth rate re-
sponses to tested concentrations of propiconazole
and difenoconazole were best described with third
order (cubic) regression equations. Second order
(quadratic) regression equations provided the best fit
of the data for growth rate responses to concentra-
tions of myclobutanil and terbuconazole. The growth
rate responses to concentrations of triadimefon were

relatively linear and best described with a first-order
regression equation. Pair-wise comparisons of the
negative slopes of regression curves for each fungi-
cide indicated that all of the slopes of the regression
curves for the five triazoles were significantly differ-
ent from each other (P < 0.01). The order of mag-
nitude by which the rates of decline in growth rates
occurred in response to increasing concentrations of
the fungicides were as follows (from highest to low-
est) : difenoconazole, propiconazole, myclobutanil,
terbuconazole, and triadimefon. However, all of the
triazoles except triadimefon either totally stopped
growth or reduced growth rates to very low levels at
100 ppb.

The results of transfers of agar plugs from plates
with no growth, in cases where the triazole concen-
trations were at or above the MEC, provided evidence
that the fungistatic vs. fungicidal effects of the tria-
zoles were dependent on fungicide concentration
and individual responses of each strain. The triazoles
were invariably fungistatic at the lower concentra-
tions at or immediately above the MEC as indicated
by resumed growth on unamended, fungicide-free
PDA. However, the fungicidal effect appeared to in-
crease or at least sufficiently impair anabolic process-
es to prevent growth as concentration increased
above the MEC. Again, there was considerable vari-
ability in the effects of fungicide exposure at concen-
trations above the MEC on growth of individual iso-
lates after transfer to unamended PDA. In general,
propiconazole, myclobutanil,  and terbuconazole
were apparently fungicidal at the higher concentra-
tions (400-600 ppb) tested based on no growth for
3 wk after transfer, although difenoconazole contin-
ued to have only fungistatic carryover effects on
growth after agar plugs were transferred from these
higher concentrations. No results were available for
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triadimefon since growth occurred at all concentra-
tions up to 1100 ppb and the MEC was not deter-
mined for this fungicide.

DISCUSSION

Fungicide sensitivity tests with ten geographically di-
verse strains of C. fugucearum  from locations through-
out Texas confirmed preliminary results (Wilson,
1994) indicating that the triazole class of fungicides
is extremely effective in inhibiting vegetative growth
of the fungus in vitro at very low concentrations. The
very high sensitivity of Texas strains to four of the
five triazoles tested demonstrated that these fungi-
cides should be very effective in preventing growth
of the oak wilt fungus in vivo if an adequate prophy-
lactic treatment is applied to assure that sufficient
systemic distribution to all susceptible tissues, es-
pecially the root system, is achieved prior to infec-
tion. These results indicate that difenoconazole, my-
clobutanil, and terbuconazole are additional triazoles
besides propiconazole that are potentially useful for
oak wilt control. All of the triazoles except triadime-
fon significantly reduced accumulated growth after 6
wk incubation when exposed to concentrations of
~200 ppb active ingredient. The range of triazole
concentrations (lo-200 ppb) required for total
growth inhibition of the Texas strains was consider-
ably lower than the concentrations required to effec-
tively stop growth of many other pathogenic fungi
with the same or similar triazoles (Kuck and Schein-
pflug, 1986; Whitson  and Hine, 1986))  although sim-
ilar sensitivities have been reported for certain other
plant pathogens (Comstock et al., 1984).

A major objective of this study was to determine
the MECs of alternative triazoles required for total
growth inhibition of C. fagacearum. Determinations
of MECs for each fungicide screened are necessary
for a highly virulent necrotrophic pathogen such as
the oak wilt fungus because of its capability of causing
rapid death of its hosts within a few months after
infection. Since much less inoculum potential is
needed to initiate infections with exceptionally viru-
lent pathogens, a reduction in the growth of the fun-
gus by 50%, the median effective concentration
(EC,,,), is not sufficient to achieve effective control
in field situations. Appel and Kurdyla (1992) report-
ed that the EC,,, of propiconazole required for four
Texas isolates of the fungus ranged from 2 ppb to
15.7 ppb. This is useful information, but not very
practical in terms of providing the information need-
ed for effective control. A determination of an ap-
plication rate that kills 50% of the inoculum (LD,,,),
although more difficult to measure, would be more
useful, yet this application rate still may not prevent
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TABLE VII. Effects of triazole  fungicides on in vitro weekly growth rates of C. fuguceurum  strains

Fungicide
Conc.h
(Ppb) 1 2

Mean weekly growth rates (mm/wk)”

Weeks
3 4 5 6

Cumul.
Mean

Propiconazole Control 28.9 2 0.9
0.1 24.4 2 0.5
1 15.8 ? 0.6

10 0.8 ? 0.2
100 0.0

Difenoconazole Control 28.7 5 0.8
0.1 25.4 ? 0.6
1 13.9 * 0.4

10 2.0 ? 0.3
100 0.0

Myclobutanil Control 25.4 -c 0.6
0.1 23.0 ? 0.5
1 20.4 2 0.5

10 4.1 + 0.4
100 0.0

Terbuconazole Control 25.2 5 0.6
0.1 24.6 ? 0.6
1 16.5 ? 0.5

10 6.9 5 0.5
100 0.3 t- 0.1

Triadimefon Control 20.7 2 0.4
0.1 21.5 -c 0.5
1 25.8 ? 0.5

10 25.2 ? 0.6
100 19.1 ? 0.8

1000 1.3 ? 0.2

35.1 -c 0.9
30.3 2 0.6
21.3 ? 1.0

3.5 2 0.5
0.0

33.6 2 0.8
29.6 + 0.7
18.8 + 0.4
4.1 ? 0.4
0.3 ? 0.2

M M
M M

18.5 +- 1.1 M
4.2 -t 0.5 5.9 -c 0.7

0.0 0.0

M M
M M

15.9 -c 0.6 15.1 * 0.4
4.2 ? 0.4 5.3 + 0.4
3.0 2 0.6 1.0 +- 0.2

31.9 5 0.8 M
26.9 2 0.7 M
23.3 ? 0.9 20.0 -c 0.7
6.2 + 0.5 9.4 ? 0.9

0.0 0.0

32.2 +- 0.8
32.1 ? 0.6
22.7 + 0.4
11.8 + 0.6
0.4 ? 0.1

M
M

23.0 ? 0.4
15.6 -c 0.7 1

1.0 -c 0.4

24.7 +- 0.5
25.6 2 0.8
30.7 2 0.7
29.6 2 0.7
25.3 ? 0.8

2.5 -c 0.3

25.5 t 0.5 M
24.8 ? 0.9 M
20.8 ? 0.8 M
21.2 * 0.9 M
24.7 -c 0.6 M

3.7 ? 0.5 4.7 2 0.8

M
M
M

9.9 * 1.1
0.0

M
M
M

15.8 ? 0.8
1.4 + 0.4

M
M
M

6.0 ? 0.7
0.0

M
M
M

6.7 2 0.5
1.3 ? 0.2

M
M
M

8.3 2 0.8
0.1 2 0.1

M
M
M

13.9 2 1.2
1.3 ? 0.4

M
M
M
M
M

M 31.8 -c 0.7
M 27.4 ? 0.5
M 18.5 2 0.6

6.1 2 0.6 4.4 * 0.3
0.4 2 0.2 0.1 ? 0.0

M 31.2 + 0.6
M 27.5 ? 0.5
M 15.9 * 0.3

7.0 2 0.6 4.9 ? 0.2
2.0 2 0.4 1.3 + 0.1

M 28.7 ? 0.6
M 24.9 + 0.5
M 21.2 -c 0.4

9.1 2 0.9 7.8 ? 0.3
0.1 ? 0.1 0.0 * 0.2

M 28.7 ? 0.6
M 28.4 ? 0.6
M 20.8 ? 0.4

10.1 ? 1.8 12.4 ? 0.4
2.2 lr 0.6 1.1 * 0.2

M 23.6 +- 0.3
M 24.0 5 0.5
M 25.8 ? 0.5
M 25.3 -c 0.5
M 23.0 + 0.5

6.4 -c 0.9 4.6 2 0.8 3.8 2 0.3

*Mean linear growth (X ? SEM) of ten isolates during 6-wk incubation at 24 C on homemade PDA amended with the
respective fungicide to the indicated concentrations. M = growth exceeded edge of plate (90 mm) and a value could not
be calculated.

h Separate control plates were used for each batch of agar medium prepared for each fungicide treatment.

infection. Consequently, MEC determinations are es-
sential for identifying the minimum target concen-
trations required in vivo for complete chemical pro-
tection. Knowing the MEC target for each fungicide
is useful in efficacy testing for comparisons against
actual concentrations measured in plant tissues via
residue analyses following specific fungicide applica-
tion methods. The MECs  of the five triazoles tested
here ranged from lo-100  ppb for total growth inhi-
bition with propiconazole to >llOO ppb with triadi-
mefon, considerably higher concentrations than
those needed for 50% growth inhibition of C. faga-
cearum with each respective fungicide. Measures of
growth rates of each strain as a function of fungicide
concentration along with MEC data provided a much
more complete indication of fungicide sensitivity.
The regression equations (TABLE VIII) allow accurate
predictions of expected growth rates of C. fagacear-

urn strains for each fungicide concentration. This in-
formation is useful for predicting disease progress in
individual trees and developing fungicide dosage-re-
sponse models from residue data following fungicide
applications with different injection methods.

The notable variability in sensitivity of individual
strains to the triazoles was indicated by MEC ranges
for propiconazole, difenoconazole, and terbucona-
zole, and differences in accumulated linear growth,
linear growth rates, and growth inhibition in re-
sponse to each fungicide. The sensitivity and growth
response of any one strain relative to the other strains
were consistent for all five triazoles tested, indicating
reciprocal cross-susceptibility to compounds having
very similar if not identical modes of action. Certain
strains, notably SHL-TX-10 and 24, exhibited higher
than average sensitivity to the triazoles, while other
strains (SHL-TX-13 and 1’7) were relatively tolerant
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FIG. 3. Effects of triazole fungicides at concentrations of

O-100 ppb in homemade PDA on linear growth rate of C.
fagacearum at 24 C during the first 2 wk of exponential
growth. Growth rate (mm/week) in response to propicon-
azole (V), difenoconazole (Cl),  myclobutanil (0), terbu-
conazole ( 0 ) , and triadimefon (A). Error bars indicate
standard deviation (95% confidence interval).

to four of the triazoles at 10 ppb. The relative toler-
ance of certain strains does not imply that they have
resistance to these triazoles because of the very low
concentrations involved. It is inappropriate to use the
term “fungicide resistance” to describe strains that
are sensitive to these materials in the parts per billion
range. All of the isolates showed greater sensitivity in
liquid culture than on solid culture medium, proba-
bly due to higher rates of fungicide diffusion under
aqueous conditions. Fungicide sensitivities in liquid
culture are probably more representative of sensitiv-
ities expected in uiuo because triazoles are mostly
translocated in the aqueous environment of the tran-
spiration stream within the xylem. As a vascular wilt
pathogen, the oak wilt fungus also predominantly re-
sides in the apoplast of the outer sapwood.  This of-
fers promising protection of plant tissues located up-
ward from the injection point, but provides little pro-
tection of root tissues since very limited symplastic
movement of triazoles have been observed (Kuck
and Scheinpflug, 1986).

Fungicide resistance to triazole fungicides does not
yet appear to be a significant problem threatening
oak wilt management in Texas. Despite observations
of variable sensitivities and differential growth re-
sponses of individual strains to the triazoles tested,
no shifts in propiconazole sensitivity have been re-
ported in Texas since 1990 when this material was
first used for oak wilt control. Furthermore, none of
the Texas strains showed evidence of appreciable re-
sistance to the triazoles. The majority of reported
cases of triazole resistance since the early 1980’s have
occurred with powdery mildews on various crops re-
ceiving intensive spray treatments (Butters et al.,
1984; Huggenberger et al., 1984; Schepers,  1985).
Most other phytopathogenic fungi targeted by tria-
zoles and other sterol Cl4 demethylation inhibitors
(DMIs)  have not shown decreased sensitivities to
these materials with exposure over time (Staub,
1991). However, the detection of less sensitive strains

TABLE VIII. Regression equations describing linear growth response of C. fagacearum strains to concentrations of triazole
fungicides during the first 2 wk of growth on homemade PDA at 24 C

Fungicide Polynomial regression equation n R’ h F’ SEE”

Propiconazole y = 30.5 - 13.3x + 1.15x2  - 0.0102x” 100 0.89 270.4 4.54
Difenoconazole y = 30.3 - 14.8x  + 1.33~~  - 0.0119x” 100 0.91 332.1 3.94
Myclobutanil y = 26.2 - 2.26x + 0.0200x’ 100 0.87 332.3 4.35
Terbuconazole y = 26.6 - 1.88x  + 0.0162x’ 100 0.81 208.7 5.22
Triadimefon y = 25.4 - 0.0235x 120 0.78 419.7 4.60

d Predicts linear growth rate (y) relative to fungicide concentration (x) in ppb. Probability values for all equations were (P
< 0.0001).

h Coefficient of determination or square of the correlation coefficient.
c F statistic.
d Standard error of the estimate.
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of certain pathogens can occur without any clear ef-
fects on fungicide performance (Kiiller  and Schein-
pflug, 1987; Stanis  and Jones, 1985). The current ab-
sence of propiconazole resistance in Texas strains of
C. fagacearum might be explained by the low fre-
quency of exposures, since most trees usually are in-
jected only once, or by the low incidence of resistant
strains in the population. Resistance to demethyla-
tion inhibitors of ergosterol biosynthesis is usually a
polygenic trait acquired via small genetic steps (Sche-
pers, 1985; van Tuyl, 1977). These genetic steps in-
volve changes in genetic (fungicide-resistance) fac-
tors that have an additive effect as they accumulate
over time in the population; significant resistance is
observed when the frequencies of incidence of the
most resistant strains in the population become high
enough (Georgopoulos and Skylakakis, 1986; Ler-
oux, 1991; Skylakakis and Hollomon, 1987). Dose-
response curves from field situations usually indicate
a continuum of sensitivities to DMIs, reflecting the
presence of many phenotypic levels of fungicide re-
sistance (De Waard et al., 1993). The biochemical
mechanisms of this polygenic resistance are not yet
known (Skylakakis and Hollomon, 1987).

The levels of fungicide sensitivity, considered in
terms of whether the resulting effects are fungistatic
or fungicidal, also have important implications for
control. If the fungicide is merely fungistatic, the fun-
gus could recolonize the host once the fungicide has
been metabolized, degraded, or diluted to ineffective
concentrations by the transpiration stream. A reap-
plication of the fungicide would be required in this
case. The transfer of agar plugs from fungicide-
amended plates with no growth to unamended plates
mimicked this dilution effect in vitro in this study by
allowing residual fungicide in the agar plugs to dif-
fuse out into the larger volume of unamended agar
medium, presumably permitting growth of inoculum
remaining viable following fungicide exposure. The
results tentatively suggest that the ultimate effect
(fungistatic vs. fungicidal) is concentrationdepen-
dent since several triazoles appeared to become in-
creasingly fungicidal as concentrations increased
above the MEC. However, the results do not conclu-
sively demonstrate fungicidal activity, but may only
indicate fungistasis since the final fungicide concen-
trations that the inocula were exposed to after trans-
fer and incubation were not known. Residual fungi-
cide remaining in the agar plugs after transfer from
media with high fungicide concentrations could have
been sufficient to inhibit growth from the plugs. Di-
fenoconazole remained fungistatic to most isolates at
concentrations up to 600 ppb. Assuming adequate
distribution, fungicidal dosages should kill all inoc-
ulum that the fungicide comes in contact with, re-

quiring retreatment only if new infections occur. Un-
fortunately, no field data are available that indicate
how long fungistatic vs. fungicidal dosages of triazoles
provide protection against oak wilt infections in un-
infected oaks that are challenged by the pathogen.

The variability in activity attributed to individual
triazoles, indicated by differences in growth inhibi-
tion and accumulated dry weight, largely can be ex-
plained by structural differences between these com-
pounds, particularly in substituent R-groups adjacent
to chiral carbons. The triazoles, in general, are a
group of relatively high molecular weight (see TABLE
II), low volatility systemic fungicides, distinguished by
the presence of the trinitrogen azole group, that are
predominantly translocated acropetally in the apo-
plast. The principal mode of action of the triazole
fungicides involves the inhibition of ergosterol bio-
synthesis essential for the physical stabilization of fun-
gal cell wall structure (Berg, 1986). Ergosterol is the
main sterol found in higher fungi (Kato, 1986) which
explains the broad spectrum of activity against many
phytopathogenic fungi. The triazole ring is the nec-
essary component (toxophore) required for inhibi-
tion of ergosterol biosynthesis (Biichel, 1986). The
R-groups attached to chiral carbons modify the activ-
ity of the molecule and impart characteristics
through their influence on the solubility and mobil-
ity of the molecule, and the stereochemistry of the
toxophore. The inhibitory effects of triazoles on sev-
eral demethylation steps in the biosynthesis of sterols
from squalene via the isoprenoid pathway are par-
tially mediated by these substituent groups that affect
stereospecific binding of triazoles to sterol demethyl-
ases  and possibly sterol carrier proteins on the
smooth portion of the endoplasmic reticulum (Rags-
dale, 1977; Siegel, 1981; Biichel, 1986). The interac-
tion is sufficiently specific that differences in activity
have been found even between individual geometri-
cal isomers (enantiomeric forms) of several triazoles.
For example, a comparison of the fungicidal activities
of the four stereoisomeric forms of triadimenol and
bitertanol, both with two chiral carbons, indicated
markedly higher growth-inhibitory activity with the
(-) - lS,2R diastereomere than with the other three
isomers of these triazoles (Biichel, 1986). In the cur-
rent study, differences in growth inhibition observed
in response to the five triazoles appeared to be relat-
ed to the presence of specific R-groups attached to
chiral carbons. The two ketal triazoles, propiconazole
and difenoconazole with the dioxolane ring (see FIG.
2a, b) , had the greatest fungicidal activity and largest
effect on growth rates among the triazoles tested
against the Texas strains. Myclobutanil with nitrilo
and butyl R-groups and terbuconazole with dimethyl-
ethyl and hydroxyl R-groups had intermediate activ-
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ity, while triadimefon with a dimethyl  butanone
group had the lowest activity against the oak wilt fun-
gus (see FI G. 2c-e).  The similarities of the chloro-
phenyl groups on these materials suggested that
these substituents did not contribute significantly to
differences in fungicidal activity. The variability in
fungicidal activity also could not be explained by dif-
ferences in triazole  formulation and solubility  be-
cause all of the triazoles are soluble to concentrations
much higher than the concentrations tested (see TA-
BLE II).

The limited available knowledge of environmental
factors affecting fungicide injections, the distribution
and interactions of systemic fungicide materials with
host transport and biochemical processes, and the ef-
fectiveness of different fungicide application meth-
ods suggest that further research is needed to im-
prove on current chemical control methods to pro-
vide adequate treatment of the root system and to
evaluate new fungicide application methods and ma-
terials for oak wilt control. This effort should include
investigations of other classes of sterol-biosynthesis in-
hibiting fungicides that are effective DMIs such as the
piperazines, pyridines,  pyrimidines, imidazoles, and
morpholines.
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