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Abstract

Torres-Calzada, C., Tapia-Tussell, R., Higuera-Ciapara, 1., Martin-Mex, R., Nexticapan-Garcez, A., and Perez-Brito, D. 2015. Sensitivity of Colleto-
trichum truncatum to four fungicides and characterization of thiabendazole-resistant isolates. Plant Dis. 99:1590-1595.

Anthracnose, caused by Colletotrichum truncatum (syn. C. capsici), has
become a common disease of tropical crops, severely affecting the quantity
and quality of fruit and seed and, therefore, reducing their market value. For
years, chemical control has been extensively used for managing this disease.
However, the appearance of isolates that are resistant to the most commonly
employed fungicides is increasingly widespread. Twenty C. truncatum iso-
lates from pepper, papaya, and physic nut were tested in vitro against four
fungicides to determine their sensitivity. All evaluated isolates were resistant to

azoxystrobin and thiabendazole and susceptible to cyprodinil + fludioxonil
and mancozeb. To determine the molecular mechanism conferring thiaben-
dazole resistance, the TUB-2 gene was characterized, revealing a glutamic
acid to alanine substitution at position 198 in 6 of the 20 isolates that were
tested. This work confirms the emergence of benzimidazole-based fungi-
cide resistance in C. truncatum populations and highlights the need for
monitoring fungicide sensitivity as an essential activity for the develop-
ment of effective control schemes.

Anthracnose, caused by species in the genus Colletotrichum, is
one of the most common diseases affecting plants (Bailey and Jeger
1992). The losses caused by this disease are mainly due to the direct
reduction in the quality and quantity of the harvested product. Usually,
the fungus infects more than one part of the plant, which results in mul-
tiple cycles of infection throughout the growing season (Waller 1992). In
Mexico, Colletotrichum truncatum (Schwein.) Andrus & W. D. Moore
(syn. C. capsici (Syd. & P. Syd) E. J. Butler & Bisby) (Damm et al.
2009) was identified as the causative agent of anthracnose in multiple
hosts, including pepper (Capsicum annuum L. and C. chinense Jacq.),
papaya (Carica papaya L.), and physic nut (Jatropha curcas L.). This
pathogen severely affects the quantity and quality of the fruit and seed,
reducing their market value.

Effective control of the disease includes a set of chemical, cultural,
and biological practices. For chemical control, several fungicides,
mainly in the benzimidazole class, have been extensively used in
the field. However, it is increasingly common to find isolates that
are less sensitive or even resistant to these fungicides, as has been
seen in populations of Colletotrichum gloeosporioides (Astia et al.
1994; Peres et al. 2004; Solano and Arauz 1995). The benzimidazole
fungicides act by binding to the B-tubulin molecule and disrupting
microtubule-based processes, which inhibits nuclear division (Brennan
et al. 2007). Resistance to benzimidazole fungicides is conferred by
a single nucleotide mutation in the B-tubulin gene, and different levels
of resistance have been reported in several fungal pathogens (Chung
et al. 2006; Wong et al. 2008). This resistance has been attributed to
missense point mutations in DNA, resulting in amino acid exchanges
in the B-tubulin protein (Ma and Michailides 2005). Molecular anal-
ysis revealed four amino acid substitutions that led to the develop-
ment of resistance to thiabendazole. The substitutions of glutamic
acid (E) by alanine (A), glycine (G), or lysine (K) at position 198
or of phenylalanine (F) by tyrosine (Y) at position 200 conferred re-
sistance. Previous studies proposed that these resistance-conferring
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mutations enabled the formation of hydrogen bonds, closing off
the tubulin-binding pocket and, thus, decreasing the binding affinity
(Brennan et al. 2007).

The strobilurins (quinone outside inhibitors [Qol]) are a different
group of fungicides that are used against many diseases, including
anthracnose (Avila-Adame et al. 2003). These fungicides inhibit mi-
tochondrial respiration by binding to the Qo center of cytochrome b,
thereby blocking the transfer of electrons between cytochromes b and
c1 and halting the production of ATP (Fernandez-Ortufio et al. 2012).
Several phytopathogenic fungi have developed resistance to Qol fun-
gicides and, for most of them, the mechanism of resistance is the amino
acid substitution of glycine by alanine at position 143 (G143A) of the
cytochrome b protein (Banno et al. 2009; Farman 2001; Gisi et al.
2002; Grasso et al. 2006; Kim et al. 2003; Ma et al. 2003). The
F129L and G137R mutations have been reported as mechanisms for
Qol tolerance in Alternaria solani and Pyrenophora teres but these
changes are considered of lesser importance because they lead to lower
resistance levels than the G143 A mutation (Stammler et al. 2013).

Monitoring fungicide resistance is crucial to achieving effective
control of anthracnose disease. No previous reports have explored
the resistance in the C. truncatum populations in Mexico. Thus,
the objectives of this study were to (i) determine the sensitivity of
C. truncatum isolates obtained from various host species (papaya,
pepper, and physic nut) to four different fungicides (thiabendazole,
azoxystrobin, mancozeb, and cyprodinil + fludioxonil) and (ii) char-
acterize the thiabendazole-resistant genotypes based on amino acid
sequence comparisons of the TUB-2 gene.

Materials and Methods

Isolate collection and molecular characterization. C. rruncatum
isolates were selected from previously collected samples that were
obtained from lesions on leaves, fruit, and seed from diseased plants
of papaya, pepper, and physic nut, which were sampled in five differ-
ent states in Mexico (Table 1). Pure cultures were obtained by single-
spore isolation and maintained on potato dextrose agar (PDA) plates
at 25°C. The identity of the isolates was determined by polymerase
chain reaction (PCR) using species-specific primers. The conditions
of the PCR (25-p.1 final volume) were as follows: 25 ng of DNA, 1x
PCR buffer (pH 8.4; stock number CAUB1g; Invitrogen, Sao Paulo,
Brazil), 0.20 mM each dNTP (Invitrogen, Carlsbad, CA), 1.5 mM
MgCl,, 1 uM primers, and 1 U of Tag polymerase (Invitrogen).
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DNA amplification was performed in a GeneAmp 9700 DNA Thermal
Cycler (PE Biosystems, Foster City, CA). The protocol consisted of an
initial denaturing step at 95°C for 5 min; 25 cycles of 30 s at 94°C,
2 min at 62°C, and 2 min at 72°C; and a final extension step of
5 min at 72°C. The PCR products were separated by electrophoresis
in 1.5% (wt/vol) agarose gels and visualized by ethidium bromide
staining (Torres-Calzada et al. 2011).

Selection of fungicides. Four fungicides were selected, based on
their current use to control the disease in Mexico. Commercial for-
mulations were used and obtained from local suppliers (Table 2).
The ability to observe a more accurate response of the pathogen
would be achieved by using the commercial formulations instead
of the active ingredient. Thiabendazole and mancozeb were prepared
from commercial formulations dissolved in dimethyl sulfoxide
(DMSO) as stock solutions of 10,000 and 1,000 wg/ml, respectively.
Azoxystrobin was diluted in methanol as a stock solution of
10,000 pg/ml. The final concentration of DMSO was 0.05% and
of methanol was 0.07%. Cyprodinil + fludioxonil was prepared at
a concentration of 100 pwg/ml in sterile distilled water.

In vitro assessment of fungicide sensitivity. The sensitivity of
the Colletotrichum isolates to the different fungicides was deter-
mined with mycelia growth assays. Each isolate was plated onto
PDA at 25°C. Plugs (5 ml) were punched from actively sporulating
areas near the growing edge of a 5-day-old culture of these isolates.
Mycelia plugs were placed upside down onto PDA dishes treated
with cyprodinil + fludioxonil at 0, 0.01, 0.1, 1, and 10 g active in-
gredient (a.i.)/ml; mancozeb at 0, 0.1, 1, 10, and 100 pg a.i./ml; or

Table 1. Colletotrichum truncatum isolates selected for the in vitro sensitivity

assays

Isolate Host Origin” Collection year
CCP4 Carica papaya Champoton, CAM 2009
CCP6 C. papaya Morelos, ROO 2009
CCP27  C. papaya Tizimin, YUC 2012
CCP31 C. papaya Balankan, TAB 2012
CCP43  C. papaya Arriaga, CHS 2013
CCG9 Capsicum annuum  Peto, YUC 2008
CCG12 C. annuum Tekax, YUC 2008
CCC3 C. annuum Balankan, TAB 2012
CCC18 C. annuum Balankan, TAB 2012
CCC30 C. annuum Calkini, CAM 2012
CCC33 C. chinense Chiapa de Corzo, CHS 2012
CCC38  C. chinense Chiapa de Corzo, CHS 2012
CCC43  C. annuum Conkal, YUC 2012
CCC60  C. chinense Solidaridad, ROO 2013
CCGl14  Jatropha curcas Uman, YUC 2008
CCI2 J. curcas Muna, YUC 2012
CCJ11 J. curcas Tekax, YUC 2012
CCJ13 J. curcas Merida, YUC 2012
CCJ19 J. curcas Opichen, YUC 2012
CCJ20 J. curcas Chiapa de Corzo, CHS 2013

z CAM = Campeche, CHS = Chiapas, ROO = Quintana Roo, TAB = Tabasco,
and YUC = Yucatan.

Table 2. Fungicides used in the Colletotrichum truncatum assays.

azoxystrobin or thiabendazole at 0, 10, 100, 1,000, and 10,000 g
a.i/ml. For the azoxystrobin sensitivity assay, an additional test
was performed. Salicylhydroxamic acid (SHAM), at a final concen-
tration of 100 pg/ml, was added to the culture media instead of the
fungicide to observe the effect of the alternative oxidase on in vitro
growth. The plates were incubated at 25°C for 5 days. Control plates
consisting of a plug (5 mm in diameter) of the isolates were placed
onto nonamended PDA. The experiment was repeated twice, with
four replicates per isolate and concentration. The diameter of each
colony was used to calculate the percent relative growth (%RG) com-
pared with the control and the percent relative growth inhibition (%
RGI =100 — %RG). The 50% effective dose (EDs() value was deter-
mined by plotting the %RG on each fungicide-amended medium
compared with the growth on the control versus the log concentration
of the fungicide treatment; then, the regression line through the linear
portion of the dose-response curve was calculated (Wong et al.
2008). A one-way analysis of variance was conducted to determine
the significance of differences. Means were compared using Tukey’s
multiple range tests with the statistical software R v. 2.14.0 (R Core
Team).

For all assays, isolates with EDs, values <10 pg/ml were consid-
ered susceptible, and isolates with EDs( values of 10 to 100 pg/ml
were grouped as intermediate resistant. Finally, isolates with EDsq
values greater than 100 wg/ml were considered highly resistant
(Chung et al. 2006).

Molecular identification of thiabendazole-resistant isolates.
The resistance or sensitivity of the isolates to thiabendazole was fur-
ther evaluated by sequencing the TUB-2 gene. Total genomic DNA
was extracted according to the method described by Tapia-Tussell
et al. (2006) and diluted to a final concentration of 50 ng/wl. The
PCR mixture and reaction program used were those reported by
Wong et al. (2008). The TUB-2 gene, including the amino acid
codons 198 and 200, was amplified using the TUB2-1 and TUB2-
2 primer pair (Wong et al. 2008). DNA amplification was performed
in a C1000 Touch Thermal Cycler (Bio-Rad). The protocol consisted
of an initial denaturing step at 95°C for 1 min; 30 cycles of 1 min at
94°C, 1 min at 57°C, and 1 min at 72°C; and a final extension step of
1 min at 72°C. The PCR products were separated by electrophoresis
in 1.5% (wt/vol) agarose gels and visualized by ethidium bromide
staining. The PCR products were purified and sequenced by Macro-
gen Inc. (Seoul, Korea). Alignment was performed with the BioEdit
Sequence Alignment program (Altschul et al. 1990).

Results

Colletotrichum isolates were collected from papaya, pepper, and
physic nut (Table 1). Each isolate was subjected to PCR with the
species-specific primers CcapF and CcapR. All isolates amplified
a 394-bp DNA fragment that was indicative of C. truncatum
(Torres-Calzada et al. 2011) (Fig. 1).

In vitro assessment of fungicide sensitivity. Differences in the
sensitivities to the fungicides were observed for all isolates
(Table 3). The calculated EDs, for the thiabendazole experiment
were 6.6 to 2,673.9 pg/ml. Most of the isolates had intermediate or
high resistance to this fungicide. Similar results were obtained with
the isolates evaluated against azoxystrobin. The EDsq values for this

Trade FRAC Maximum Mode of action,
Active ingredient Manufacturer name group rate Chemical group target site
Thiabendazole (60%) Syngenta Crop Tecto 1 2.0 kg/ha  Benzimidazoles B1: B-tubulin assembly in
Protection mitosis
Mancozeb (80%) BASF, Corporation  Dithane M13 2.5 kg/ha  Dithiocarbamates Multisite contact activity
Azoxystrobin (50%) Syngenta Crop Amistar 11 500 mg/ha Methoxy-acrylates C3: complex III cytochrome
Protection bel at the Qol site
Cyprodinil (37.5%) + Fludioxonil (25%) Syngenta Crop Switch 9 1.0 kg/ha  Anilino-pyrimidines ~ D1: methionine biosynthesis
Protection
12 Phenylpyrroles E2: MAP/ Histidine- kinase in

osmotic signal transduction
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fungicide were 37.2 to 6,318.7. The 1,000 pg/ml concentration was
effective at inhibiting the growth of most of the isolates but five of the
total analyzed isolates were resistant and required higher doses of the
fungicide (Table 4). Previous assays indicated that the addition of
SHAM was not necessary because its absence did not enable the
pathogen to grow in the presence of the fungicide (data not shown).
With mancozeb, 90% of the isolates were susceptible, showing EDsy,
values between 0.6 and 7.4 pg/ml, and only two isolates had interme-
diate resistance, with EDs, values between 23.30 and 36.50 pg/ml.
No highly resistant isolates were found with this fungicide. All
isolates were susceptible to cyprodinil + fludioxonil, with the EDs,
values ranging from 0.007 to 0.37 pg/ml. Generally, the CCC38,
CCC43, CCJ11, and CCJ13 isolates were the most sensitive to the
four fungicides and exhibited the lowest EDsy values in the
experiments.

Importance of host in C. truncatum resistance. Results from the
sensitivity bioassay showed that isolates of C. truncatum that were
collected from physic nut were more sensitive to azoxystrobin than
isolates from papaya and pepper (Table 5).

According to the results of the thiabendazole assay, 80% of iso-
lates from papaya were highly resistant, and similar levels of resis-
tance were found in the pepper isolates, with only two of the
isolates considered susceptible. In contrast, 67% of the isolates
collected from physic nut were classified as susceptible to thiabenda-
zoles. In general, the isolates had low levels of resistance (suscepti-
ble) against mancozeb. Among them, however, the isolates from

Fig. 1. Amplification products obtained using the species-specific primers CcapF and
CcapR for detecting Colletotrichum truncatum. Lane MM, DNA marker (1-kb DNA
ladder); lanes 1 to 16, C. truncatum isolates; lane 17, C. capsici ATCC 48574; and
lane 18, negative control.

physic nut required higher doses of this fungicide (Table 3). The low-
est levels of fungicide resistance were obtained with cyprodinil + flu-
dioxonil, showing very low growth in all isolates compared with the
controls.

The results of the comparison of the C. truncatum isolates accord-
ing to the information of fungicide exposure in commercial fields are
presented in Table 5. The isolates were grouped according to their
host, and there were significant differences (P = 0.05) among the
doses employed to reduce their growth at 50% compared with the
control between isolates from physic nut and papaya and pepper iso-
lates using azoxystrobin. There were no differences among the iso-
lates grouped by host against other fungicides. Additionally, there

Table 4. Percent relative growth inhibition (RGI) for all Colletotrichum trun-
catum isolates used in the azoxystrobin assay

RGI (%) for each fungicide concentration (j.g ml—1)

Isolate Control Control + SHAM?* 10 100 1,000 10,000
CCP4 0 1.32 26.86 30 51.25 100
CCP6 0 0.26 37.04 4830 51.11 100
CCP27 0 1.58 2026 22.62 33.03 63.71
CCP31 0 3.0 12.99 2825 4697 72.72
CCP43 0 0.89 1.90 7.70 20.65 70.33
CCG9 0 0.69 10.02 14.31 3259 99.72
CCG12 0 1.99 14.81 37.55 56.19 100
CCC3 0 1.75 3759 4857 69.03 99.39
CCC18 0 0.92 513 13.82 24.68 68.07
CCC30 0 1.26 38.53 49.78 54.59 100
CCC33 0 0.68 32.84 44.06 55.61 100
CCC38 0 1.8 4247 5256 6236 100
CCC43 0 0.96 38.90 50.98 69.88  99.65
CCC60 0 1.76 4278 51.65 87.84 100
CCG14 0 1.71 18.02 47.14 65.73 100
CCJ2 0 1.93 2790 4943 61.36 100
CCJ11 0 2.21 38.24 63.94 7434  95.01
CCJ13 0 1.77 4494 61.38 79.57 100
CCJI19 0 1.72 21.27 45.55 5338 68.01
CCJ20 0 2.33 3337 53.89 6245 98.65

“ SHAM = salicylhydroxamic acid.

Table 3. Value for 50% effective dose (EDs) of four fungicides on the radial growth suppression of isolates of Colletotrichum truncatum grown on fungicide-

amended potato dextrose agar

EDs (pg ml~1y

Isolate Thiabendazole Azoxystrobin Mancozeb Cyprodinil + fludioxonil
CCP4 81.6j (IR) 947.3 e (HR) 3.60 h (S) 0.045 e (S)
CCP6 2673.9 a (HR) 32531 (HR) 0.60 no (S) 0.37 a(S)
CCP27 689.8 g (HR) 5980.0 b (HR) 36.50 a (S) 0.008 h (S)
CCP31 463.5 h (HR) 11459 d (HR) 2205 (S) 0.008 h (S)
CCP43 305.3 i (HR) 6318.7 a (HR) 0.8 mn (S) 0.019 g (S)
CCGY 910.7 d (HR) 3335.1 ¢ (HR) 5.0f(S) 0.027 £ (S)
CCG12 750.4 e (HR) 701.3 £ (HR) 0.70 no (S) 0.009 h (S)
CCcC3 920.6 d (HR) 163.3 k (HR) 4.50¢g(S) 0.009 h (S)
CCC18 1728.1 ¢ (HR) 6252.9 a (HR) 4.60 g (S) 0.008 h (S)
CCC30 700.0 f (HR) 141.3 k (HR) 1.201(S) 0.121 b (S)
CCC33 923.0 d (HR) 563.2 h (HR) 8.0c(S) 0.009 h (S)
CCC38 20.4 k (IR) 77201 (IR) 0.80 mn (S) 0.008 h (S)
CCC43 6.60 1 (S) 92.701 (IR) 0.90 m (S) 0.008 h (S)
CCC60 7.01(S) 83.301 (IR) 7.40d (S) 0.047 e (S)
CCG14 7.601(S) 238.5j (HR) 0.50 o (S) 0.064 d (S)
CCI2 1909.1 b (HR) 143.2 k (HR) 1.401(S) 0.008 h (S)
CCI11 7.701(S) 51.2 m (IR) 5.80¢e(S) 0.009 h (S)
CCIJ13 7.701(S) 37.7n (IR) 1.80k (S) 0.125b (S)
CCI19 8.60 1 (S) 611.8 g (HR) 2701 (S) 0.094 ¢ (S)
CCJ20 8.101(S) 83.01(IR) 23.30 b (IR) 0.007 h (S)

2 Mean values in the same column that are followed by the same letter are significantly different (P = 0.05) according to Tukey s honestly significant difference

test. S = susceptible, IR = intermediate resistance, and HR = high resistance.
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were no observed differences in their response to fungicides among
the isolates according to their location of origin (data not shown).

Molecular identification of thiabendazole-resistant isolates.
Nucleotide sequences were obtained from the amplification of the
TUB-2 gene from the 20 isolates. The deduced amino acid sequences,
corresponding to residues 152 to 303, contained the residues at posi-
tions 198, 200, and 240, which are typically associated with benz-
imidazole resistance. The mutations at the translated sequences of
the isolates are shown in Figure 2 and Table 6: 82% of the isolates
that were classified as highly resistant had a point mutation from
GAG to GCG at codon 198 (E198A), and one of the two isolates with
intermediate resistance retained the glutamic acid (E) at position 198.
However, no mutations were detected at the sequences correspond-
ing to codons 200 (phenylalanine, F) and 240 (leucine, L). The
sequences of six of the isolates revealed base substitutions that led
to four different codon changes, as follows: a serine to phenylalanine
at position 153 (S153F) for isolates CCP4 and CCP®6, an aspartic acid
to asparagine at position 155 (D155N) for isolates CCG9 and
CCP27, a glycine to glutamic acid at position 158 (G158E) for isolate
CCC18, and a glycine to alanine at position 158 (G158A) for isolate
CCJ20. More detailed studies are needed to evaluate these codon
changes and determine their relationship to the thiabendazole-
resistant phenotype of the isolates carrying them.

Discussion

In the present study, C. truncatum isolates from various hosts were
evaluated for their sensitivities to different fungicides with diverse
modes of action. The molecular mechanism conferring resistance
to thiabendazole was also investigated. According to our results, iso-
lates were classified as sensitive or having intermediate or high resis-
tance to four commercial fungicides in a mycelia growth assay, and
the relative growth of these isolates at the discriminatory doses
selected was consistent with previous reports (Chung et al. 2006).
The results strongly suggest the development of resistance to

azoxystrobin and thiabendazole fungicides in populations of C. trun-
catum. All isolates had a similar high resistance to both fungicides,
which was higher than when they were tested with other products.
Additionally, we observed a high frequency (90%) of susceptibility
against mancozeb in every host and location sampled. According
to the results, the site location did not influence the level of resistance
or sensitivity, indicating that the isolates are distinguished based on
their host. This effect may be due to the intensive production of pep-
per and papaya, with a constant use of fungicides during the growing
season, which exposes these isolates to increased contact with these
chemicals. In contrast, isolates from the physic nut had lower chem-
ical exposure because it was only used as a living fence until recently,
with its intense cultivation occurring only over the last few years.

All isolates in this study were sensitive to the fludioxonil + cypro-
dinil fungicide mix, suggesting that fungicide mixtures provide an
adequate control of the pathogen and reduce the risk of fungicide re-
sistance development. Further testing is needed to determine whether
one of the two active ingredients is the most active in the mix or
whether there is some synergy between them.

Qol are site-specific fungicides that inhibit mitochondrial respira-
tion at the ubiquinol oxidation center site of the cytochrome bcl en-
zyme complex. Since their introduction to the market, Qol have been
extensively applied to control most fungal diseases. Azoxystrobin,
the first Qol fungicide, was introduced for agricultural pest manage-
ment in 1996 and is now registered for use on 84 different crops in 72
countries, making it the most commonly used fungicide in the world
(Bartlett et al. 2002). Subsequently, the development of resistance
among many plant pathogens to this material has been reported
(Banno et al. 2009; Yin et al. 2012). A point mutation at codon
143 in the cyt b gene, giving rise to a substitution from glycine to al-
anine (G143A), confers resistance to Qol, and various fungal patho-
gens carrying the mutation have been reported (Heaney et al. 2000;
Sierotzki et al. 2007). There are other reports that F129L and
G137R point mutations in the cyt b gene also confer resistance to

Table 5. Comparison of Colletotrichum truncatum isolates according to fungicide and information of fungicide exposure from commercial fields*

Cyprodinil +

fludioxonil Mancozeb Azoxystrobin Thiabendazole
Host N EDs N EDs, N EDs, N EDs,
Papaya 3 0.09 a 5 8.74 a 3 2,943.44 a 5 842.82a
Pepper 1 0.027 a 4 3.67 a 2 1,267.81 a 3 662.97a
Physic nut 0 0.051 a 4 59la 0 194.23 b 0 324.81a

# Mean values in the same column and followed by the same letter are significantly
N = number of spray applications per season based on reports by producers and

160 170 180

T R W e [l R g S
CCP4 DPRGFPDRNMATFSVVPSPRVSDIVVEPYNATLSVHQILVENSCATFCICNEALYDICMRTL
PDPRGFPDRNNATFSVVPSPRVSDIVVEPYNATLSVHQLVENSCATFCICNEALYDICMRTL

CCP6

different (P = 0.05) according to Tukey s honestly significant difference test.
EDs indicates mean 50% effective dose (g ml=!).

190 200 210
|scsilainaealiananlaanalasmeleses]

CccP27 CSﬂIPRGEPDBNRATFSVVPSPHVSDIVVEP!NATLSVHQIVENSDATFCIDNEALYDICMRTL
CCP31 CSPDPRGFPDRNMATFSVVPSPRKVSDIVVEPYNATLSVHQLVENSCATFCICNEALYDICMRTL
CCP43 CSPDPRGFPDRMMATFSVVPSPRVSDIVVEPYNATLSVHQIVENSCATFCICNEALYDICMRTL
CCG9 CSﬂIPRGFPDFRNBTFSVVPSEKVSDTVVEPYNATLSVHQIVENSBBTECIBNEBLYDICMRTL
CCGl2 CSPDPRGFPDRMMATFSVVPSPRVSDIVVEPYNATLSVHQIVENSCATFCICNEALYDICMRTL
cces CSPDPRGFPDRNNATFSVVPSPRVSDIVVEPYNATLSVHQIVENSCATFCICNEALYDICMRTL
CCCl8 CSPDPRzFPDRMMNATFSVVPSPRVSDIVVEPYNATLSVHQIVENSCATFCICNEALYDICMRTL
CCC30 CSPDPRGFPDRNMATFSVVPSPRVSDIVVEPYNATLSVHQILVENSCATFCICNEALYDICMRTL
CCC33 CSPDPRGFPDRMNATFSVVPSPRVSDIVVEPYNATLSVHQILVENSDI2TFCICNEALYDICMRTL
CCC38 CSPDPRGFPDRNMATFSVVPSPRVSDIVVEPYNATLSVHQIVENSDI>TFCICNEALYDICMRTL
CCC43 CSPDPRGFPDRNMATFSVVPSPRVSDIVVEPYNATLSVHQIVENSDI>TFCICNEALYDICMRTL
CCC60 CSPDPRGFPDRNMATFSVVPSPRVSDIVVEPYNATLSVHQLVENSDI>TFCICNEALYDICMRTL
CCGl4 CSPDPRGFPDRMMATFSVVPSPRVSDIVVEPYNATLSVHQIVENSDI>TFCICNEALYDICMRTL
ccJ2 CSPDPRGFPDRNNATFSVVPSPRVSDIVVEPYNATLSVHQIVENSDI3TFCICNEALYDICMRTL
CCJ1ll CSPDPRGFPDRMMATFSVVPSPRVSDIVVEPYNATLSVHQIVENSDI>TFCICNEALYDICMRTL
CCJ19 CSPDPRGFPDRNMATFSVVPSPRVSDIVVEPYNATLSVHQLVENSDI>TFCICNEALYDICMRTL
ccJg20 CSEDPEEFPDFNNHTFSVVPSPKVSD'IVVEPYNHTLSVHQIVENS >TFCICNEALYDICMRTL

Fig. 2. Amino acid sequences spanning residues 152 to 251 of the B-tubulin protein for 20 Colletotrichum truncatum isolates. Exchanged amino acids are highlighted.
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these fungicides, but at lower levels (Farman 2001; Olaya et al.
2003). In this study, azoxystrobin did not reduce mycelia growth
in all tested isolates, regardless of the location or host origin; and,
according to the EDs( values obtained in the assay, 70% of the iso-
lates were classified as highly resistant. Analysis of the cyr b gene
is needed to identify the mechanism conferring resistance; however,
other studies have suggested that different mechanisms might be in-
volved in the resistance phenotype. Previous reports have described
an alternative respiration pathway sustained by an alternative oxidase
(Bohr and Anson 1999; Miguez et al. 2004; Wood and Hollomon
2003) and the expression of a gene coding an efflux transporter that
is involved in preventing the accumulation of toxic concentrations of
fungicides inside the cells (Andrade et al. 2000; De Waard et al.
2006; Roohparvar et al. 2007). Therefore, we hypothesize that a com-
bination of these mechanisms could be involved in maintaining the
resistance of the isolates in this study.

The phenotypic response of benzimidazole resistance in C. trunca-
tum isolates was supported by the results of the molecular analysis of
the TUB-2 gene. Site-specific mutations in this gene have been iden-
tified for resistance in several fungal species (Downing 2000), and
previous reports determined that mutations leading to the amino acid
substitutions of E198A, E198K, and F200Y are involved in confer-
ring resistance to benzimidazole-based fungicides (Jung and Oakley
1990; Peres et al. 2004; Yarden and Katan 1993). In this study, the
E198A amino acid substitution was observed in the protein sequence
of C. truncatum isolates and, to the best of our knowledge, this is the
first report of the mutation in this species. We found that 82% of the
fungal isolates with the amino acid substitution at position 198 were
considered highly resistant, with EDs values higher than 300 p.g/ml.
The E198K and F200Y amino acid changes were not observed
among the isolates in this study. However, some amino acid substi-
tutions have been noted at other positions that are different from
those that are usually reported with benzimidazole resistance, al-
though more work is needed to determine whether these changes
are involved in the resistant phenotype or just represent normal allelic
variation.

Monitoring fungicide sensitivity is an essential activity for the de-
velopment of effective control schemes. The results described herein
demonstrate the emergence of benzimidazole-based and Qol
fungicide-resistant mutants in the C. truncatum populations in

Table 6. Mutation and deduced amino acid substitutions in the partial se-
quence of the TUB-2 gene in Colletotrichum truncatum isolates with different
in vitro responses to benzimidazole

Sequence in

codon
Isolate ResponseY Relative growth (%)* 198 200
CCP4 IR 41.11 GCG TTC
CCP6 HR 71.46 GCG TTC
CCP27 HR 5791 GCG TTC
CCP31 HR 56.37 GCG TTC
CCP43 HR 52.57 GCG TTC
CCGY HR 76.22 GCG TTC
CCG12 HR 63.25 GCG TTC
CccC3 HR 61.81 GCG TTC
CCC18 HR 88.93 GCG TTC
CCC30 HR 55.04 GCG TTC
CCC33 HR 63.27 GAG TTC
CCC38 IR 40.51 GAG TTC
CCC43 S 17.92 GAG TTC
CCC60 S 24.96 GAG TTC
CCG14 S 26.59 GAG TTC
CCI2 HR 67.42 GAG TTC
CClI11 S 30.63 GAG TTC
CCIJ13 S 23.11 GAG TTC
CCI19 S 32.97 GAG TTC
CCJ20 S 32.18 GAG TTC

¥ HR = high resistance, IR = intermediate resistance, and S = susceptible.
% Percent relative growth calculated for the 10,000 g ml~! concentration.
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Mexico. Continuous monitoring programs, either with bioassays or
PCR methods detecting mutations in the target genes, are essential
to evaluating changes in the effective dose values that lead to the
emergence of resistant phenotypes. Monitoring programs would also
allow us to understand the population dynamics of the pathogen,
according to different chemical control programs, which will aid in
the design of adequate and effective management strategies for an-
thracnose suppression.
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