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Evolution of insecticide resistance in non-target black flies
(Diptera: Simuliidae) from Argentina
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Black flies, a non-target species of the insecticides used in fruit production, represent a severe medical and vet-
erinary problem. Large increases in the level of resistance to the pyrethroids fenvalerate (more than 355-fold) and
deltamethrin (162-fold) and a small increase in resistance to the organophosphate azinphos methyl (2-fold) were ob-
served between 1996-2008 in black fly larvae under insecticide pressure. Eventually, no change or a slight variation
in insecticide resistance was followed by a subsequent increase in resistance. The evolution of pesticide resistance
in a field population is a complex and stepwise process that is influenced by several factors, the most significant of
which is the insecticide selection pressure, such as the dose and frequency of application. The variation in insecticide
susceptibility within a black fly population in the productive area may be related to changes in fruit-pest control.
The frequency of individuals with esterase activities higher than the maximum value determined in the susceptible
population increased consistently over the sampling period. However, the insecticide resistance was not attributed
to glutathione S-transferase activity. In conclusion, esterase activity in black flies from the productive area is one
mechanism underlying the high levels of resistance to pyrethroids, which have been recently used infrequently. These
enzymes may be reselected by currently used pesticides and enhance the resistance to these insecticides.
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Black flies (Diptera: Simuliidae) are found world-
wide, in America from north (Canada) to south (Argen-
tina) as well as in Europe, Africa, Asia, Oceania and
Antarctica continents (Crosskey & Howard 2004, Currie
& Adler 2008). Black flies breed in fast-flowing streams
and they are usually pests of medical and veterinary
importance, with approximately 2,000 nominal species
(Currie & Adler 2008). Black flies are nuisance insects
and some species are fierce biters that cause allergic reac-
tions and dermatitis in sensitised individuals (De Villiers
1987, Williams 1991, Youssefi et al. 2008). Some black
flies are also vectors of human diseases in many coun-
tries (Hougard et al. 1992, Shelley 2002). They also at-
tack livestock, causing economic losses due to reductions
in milk and beef production (Schmidtmann et al. 2001).

Black fly control programmes have primarily been
implemented to arrest the transmission of Onchocer-
ca volvulus in Africa and Central and South America
through the use of larvicides or adulticides (McMa-
hon 1967). Some of the larvicides have included the
organochlorines DDT, HCH and dieldrin, the organo-
phosphates temephos and chlorphoxim, the carbamate
carbosulfan and the pyrethroid permethrin (McMahon
1967, Yamagata et al. 1987, Hougard et al. 1992, Paugy
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et al. 1999). In addition, biological control with Bacillus
thuringiensis var. israelensis has been successfully im-
plemented in Africa (Rivers-Moore et al. 2008), Brazil
(Regis et al. 2000) and other countries such as Lithuania,
where outbreaks of bloodsucking black flies affect daily
human activities (Bartninkaité et al. 2006). Because
of the success of the Onchocerciasis Control Program
in West Africa and Central and South America, which
utilises both biopesticides against the vector (B. thu-
ringiensis) and the parasite (ivermectin) (Etya’ale 2001),
there have only been a few reported cases of insecticide
resistance in black fly populations that are vectors of O.
volvulus (Ruas Neto 1984, Hougard et al. 1992).

Three species of black flies have been identified in
the Rio Negro and Neuquén Valley (Coscaron 1997):
Simulium bonaerense (Coscarébn and Wygodzinsky),
Simulium wolffhuegeli (Enderlein) and Simulium nigris-
trigatum (Wygodzinsky and Coscardn). All three species
are nuisance and biting pests of humans and livestock.
These non-target species are found from spring to au-
tumn and their development overlaps with the seasonal
pesticide spraying used to control Cydia pomonella (L.)
and other fruit tree pests in the Rio Negro and Neuquén
Valley. C. pomonella has three generations per year and
pest control programmes in the previous century have
included several applications of broad-spectrum insec-
ticides, principally pyrethroids. During the 1993-1994
growing season, many farmers began to report control
failures with pyrethroids, especially esfenvalerate. Sub-
sequently, azinphos methyl was primarily recommended
for codling moth management along with other uncon-
ventional insecticides. In recent years, although con-
ventional pesticides such as azinphos methyl, carbaryl
and pyrethroids are still applied, neonicotinoids (acet-
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amiprid, thiacloprid), rynaxypyr, insect growth regula-
tors (novaluron) and microbial insecticides (spinosad)
are the primary choices for many farmers.

Because black fly populations breed successfully in
the channel network that was implemented to manage
water for fruit production, they are subjected to pesticide
residues via spray drift and run-off. Pesticide spraying
also reaches adult black flies at their resting sites.

High levels of resistance to DDT and pyrethroids were
found in non-target black flies from the Rio Negro and
Neuquén Valley by the end of the previous century (Mon-
tagna et al. 1999, 2003). Other authors have also attributed
insecticide resistance in black flies (Andrade & Branco
1990, Osei-Atweneboana et al. 2001) and mosquito popu-
lations (Diabate et al. 2002) to agricultural pesticide use.

The aim of this study was to evaluate the develop-
ment and mechanisms of fenvalerate, deltamethrin and
azinphos methyl resistance in non-target black fly popu-
lations from a fruit production area in Northern Patago-
nia (Argentina) over a period of 13 years.

MATERIALS AND METHODS

Chemicals - The insecticides fenvalerate [93.9-97%
active ingredient (AI)], deltamethrin (96.5-99.8% Al)
and azinphos methyl (96.5-99% AI) were purchased from
AccuStandard Inc, New Haven, CT, USA and Chemical
Service Inc, West Chester, PA, USA. Reduced glutathi-
one, 1-chloro-2,4-dinitrobenzene (CDNB), a-naphthyl
acetate, a-naphthol (a-N), Fast Garnet GBC salt, Triton
X-100, bovine serum albumin (BSA) and 1,5-bis(4-al-
lyldimethylammonium phenyl)pentan-3-one dibromide
(BW284C5) were purchased from Sigma Chemical Co,
St. Louis, MO, USA.

Study area - The insecticide-exposed population was
collected from an important irrigation channel at Fernan-
dez Oro (FO) (38°16’S 67°45°W). A population collected
upstream at Piedra del Aguila (PA) (lat. 42°2°S 70°5°W),
which had no history of pesticide application and thus
had a more susceptible population, was used as a field-
reference population (Montagna et al. 1999, 2003). Lar-
vae of Simulium spp were collected from the studied areas
(from October-early March) and were attached to aquatic
weeds, such as Potamogeton pectinatus and Chara vul-
garis L., or submerged branches of Salix babylonica L.
and transported to the laboratory inside a cool box. The
larval sample size was always variable (from approxi-
mately 100-600 larvae) and depended on the weather
conditions and the available vegetation (vegetation from
the channel is periodically removed mechanically).

Toxicity assays - Bioassays were performed im-
mediately after the selection of fifth instars with white
histoblasts. The bioassays on field populations of the
Simulium larvae were performed according to a previ-
ously described procedure (Montagna et al. 1999, 2003).
Groups of 20 larvae were exposed to > four concentra-
tions (except in those cases in which the larvae exhibited
a very homogeneous response) of technical-grade insec-
ticide dissolved in 0.1 mL acetone in a final volume of
200 mL filtered dechlorinated water. Each test was rep-
licated at least three times on different days. The larvae

were maintained at 15+ 1°C for 24 h with a photoperiod
of 16:8 (L:D) h. The mortalities of both the treated and
control larvae were determined after this treatment.

Enzyme activity - Fifth instar larvae with white his-
toblasts were selected immediately after the field collec-
tion and individually frozen at -20°C for a few days until
the enzyme assays were performed. The non-specific
esterase activity was determined individually (Dary et
al. 1990). The larvae were homogenised with a Teflon
homogenisation rod in 100 uL 0.1 M sodium phosphate
buffer (pH 6.5) containing 0.5% Triton X-100. Each
sample was centrifuged at 700 g for 20 s and the super-
natant was used as the enzyme source. A 20-uL aliquot
of the supernatant was diluted into the homogenisation
buffer to obtain values within the linear range of the as-
say. Aliquots of 50 uL. were loaded in a 96-well ELISA
plate incubated on ice. The reaction was initiated in each
well by the addition of 100 uL developing solution. The
developing solution contained distilled water, 0.1 M so-
dium phosphate buffer (pH 6.5), 0.5% Triton X-100, fi-
nal concentration 2 mM a-NA in ethanol and 0.002 mM
BW284CS5 in ethanol. The microplate was then removed
from the ice and its contents were mixed; esterase hydro-
lysis was allowed to proceed for 15min. Next, 100uL 2.5
mM Fast Garnet GBC salt was added and the absorbance
at 550 nm was recorded after 10 min with a microplate
reader (Molecular Devices, Sunnyvale, CA, USA). The
absorbance values were transformed to pmoles of o-N
according to an a-N standard curve. Each enzyme prep-
aration was replicated twice.

Glutathione S-transferase (GST) activity towards
CDNB (0.5 mM in acetonitrile) was determined with
batches of 25 larvae homogenised in 66 mM phosphate
buffer containing 25 mM sucrose (pH 7.0) according to
the method described by Habig et al. (1974). Each sam-
ple was centrifuged at 10,000 g for 20min at 4°C and the
supernatants were used without further purification. The
reaction mixture consisted of 2.77 mL 0.1 M phosphate
buffer (pH 6.5), 50 uL. enzyme source, 30 uLL CDNB and
150 uL 2.5 mM reduced glutathione in a final volume
of 3 mL. The absorbance was recorded continuously at
340 nm for 2 min with a ultra-violet/visible spectropho-
tometer (Shimadzu, Kyoto, Japan). The rate measure-
ments were corrected for the non-enzymatic reaction.
The absorbance values were transformed to umoles of
CDNB conjugates with an extinction coefficient of 9.6
mM! ecm™. At least five different enzyme preparations
for each population were assayed.

The protein preparations were assayed for esterase
or GST activity according to the method of Lowry et al.
(1951) individually or as a batch of supernatants from
25 larvae, respectively. The absorbance at 750 nm was
measured and transformed into a protein concentration
according to a BSA standard curve.

Statistical analysis - Lethal concentration fifty (LC, )
values were calculated from a probit analysis as imple-
mented in the BASIC program, St. George d’Orques,
France (Raymond 1985). The correction for control mor-
tality, which was always below 10%, was analysed with
the same program using Abbot’s formulae. The calcu-
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lated LC,, values were considered different if their 95%
confidence intervals (CIs) did not overlap. Because there
had been a very low population density of black flies in
PA over the past few years, the resistance ratios (LC,,
of the resistant population/LC,  of the field-reference
population) were calculated with the latest LC, value
recorded for the field-reference population. The mean
esterase activities from both the individual resistant and
field-reference populations were compared by non-par-
ametric ANOVA (Kruskal Wallis) followed by Dunn’s
multiple comparison test. The mean GST activities were
analysed by two-way ANOVA followed by Fisher’s least
significant difference test.

RESULTS

Toxicity assays - The concentration mortality lines
for fenvalerate are shown in Fig. 1, together with com-
plementary results from 1997 and 1999 that have been
published elsewhere (Montagna et al. 1999, 2003). The
FO population mortalities in 2002, 2005 and 2008 were
42% or less at the highest concentration of fenvalerate
assayed (2.5 mg L' was the maximum soluble concen-
tration) and subjected to a probit analysis. The mortal-
ity at the highest concentration of fenvalerate assayed
was 38.5% in 2002, 42.3% in 2005 and 21% in 2008.
These results indicated a small increase in the suscep-
tibility to fenvalerate in the FO population collected in
2005 relative to 2002, followed by a decreased suscep-
tibility in 2008; because a probit analysis could not be
performed, the significance of this value is unknown.
The LC,, and slope value for the field-reference popula-
tion (PA) recorded in 2005 were 0.0045 mg L' and 3.1,
respectively. Considering the entire monitoring period,
including the previously published results from 1997
and 1999 (Montagna et al. 1999, 2003), a significant in-
crease in fenvalerate resistance was observed in the FO
population from 1997-2008. Three stages in the process
of resistance development were apparent. At first, the
LC,, values increased significantly from 0.15 mg L' in
1997 to 0.76 mg L' in 1999 (Table) and to even higher
values in 2002, according to the probit analysis (Fig. ).
The resistance ratios at the LC, level were 88 and 395 in
1997 and 1999, respectively (Table). During this stage, a
shallow slope (1.4) was followed by a steep slope (3.2),
suggesting an increase in homogeneity. Subsequently,
there was a small initial increase in the susceptibility to
fenvalerate in 2005 and a decrease in 2008.

The concentration mortality lines for deltamethrin are
shown in Fig. 2 with complementary results from 1997
that have been published elsewhere (Montagna et al. 1999).
The LC, (mg L") and slope values (in parentheses) for del-
tamethrin for the FO population were 0.010 (4.5), 0.0052
(2.5) and 0.0065 (1.3) in 1999, 2002 and 2008, respectively.
The LC, value for the field-reference population collected
in 1999 was 4.0 x 10° mg L. The resistance ratios at the
LC,, level were 250, 130 and 162 for the sampling periods
of 1999, 2002 and 2008, respectively. Considering the en-
tire monitoring period, including the previously published
results from 1997 (Montagna et al. 1999), the trend of del-
tamethrin resistance was quite similar to that observed
for fenvalerate in the FO population (Figs 1, 2). The LC,
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Fig. 1: concentration-mortality regression lines for fenvalerate against
field-reference (open symbol) and resistant (solid symbol) larvae of
black flies from the sampled years. Data of collection in 1997 and
1999 are from Montagna et al. (1999, 2003), respectively.

values significantly increased from 0.0027 mg L' in 1997
to 0.010 mg L' in 1999 and the slopes of the regression
lines were shallow (2.0) and steep (4.5) in these two years,
respectively (Table), suggesting an increase in the homo-
geneity towards resistance. The FO population was 90
and 250-fold more resistant at the LC, level than the PA
populations collected in 1997 and 1999, respectively. Sub-
sequently, there was a non-significant decline in the LC,
value between 1999-2002, according to the Cls. Finally,
there was a small increase in the LC, value in 2008 that
was significantly different from that in 1999, but not that
in 2002. The LC, values recorded for the field-reference
population (PA) were 3.0 x 10° mg L in 1997 and 4.0 x
10° mg L in 1999; the differences were not significant.
The concentration mortality lines for azinphos meth-
yl are shown in Fig. 3 with complementary results from
the sampling periods of 1996 (Montagna et al. 1999) and
2005 (Anguiano et al. 2008). The LC, (mg L") and slope
values (in parentheses) recorded for the FO population
for azinphos methyl were 0.024 (4.7) and 0.042 (6.4) in
2000. In contrast, the LC, value for the field-reference
population was 0.0090 mg L' in 2000, which, according
to the CI, was significantly different from that of the re-
sistant population. The resistance ratios at the LC, level
were 2.7 and 4.6 for the sampling periods of 2002 and
2008, respectively. Collectively, the new results and the
previously published results from 1996 and 2005 (Mon-
tagna et al. 1999, Anguiano et al. 2008) indicate that the
FO population exhibited a small but significant increase
in azinphos methyl resistance from 1996-2002 compared
with the field-reference population. The resistance ratios
at the LC, values were 1.7, 2.7 and 4.6 in 1996, 2000 and
2002, respectively. Conversely, the FO population exhib-
ited a significant increase in the susceptibility to azinphos
methyl from 2002 (0.042 mg L) to 2005 (LC,, = 0.021
mg L. In contrast to the response of the larvae from FO
to pyrethroids, small changes in the regression slopes for
azinphos methyl were observed during the sampling pe-
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Comparative toxicity of several insecticides to resistant Fernandez Oro (FO) and field-reference Piedra del Aguila (PA) larvae
of Simulium spp of those bioassays where data were complete for probit analysis

Population LC,, (95% CI)
Insecticide (year of collection) n Slope + SE (mg/L) LC,, (95% CI) 2 R/S
Fenvalerate PA (19979) 480 2.1+0.19 0.0017 (0.0015-0.0020) 0.011 (0.0079-0.016) 6.66 -
PA (1999%) 359 2.8+0.26 0.0019 (0.0017-0.0022) 0.0074 (0.0058-0.010) 017 -
PA (2005) 300 3.1+0.95 0.0045 (0.00021-0.091) 0.015 (0.00003-17) 5.8 -
FO (19979) 419 14+0.17 0.15 (0.12-0.19) 2.05 (1.17-4.91) 1.04 88.23
FO (1999 399 32+0.26 0.76 (0.68-0.86) 2.45(2.02-3.14) 2.07 400
Deltamethrin PA (19979 299 3.8+0.78 0.000030 (0.000003-0.00028) 0.000082 (0.000001-0.0003) 1.1 -
PA (1999) 360 4.6 +0.50 0.000040 (0.000036-0.000044) 0.000091 (0.00008-0.00011) 0.75 -
FO (19979 560 2.0+0.14 0.0027 (0.0023-0.0032) 0.018 (0.014-0.025) 3.67 90
FO (1999) 400 4.5+0.40 0.010 (0.0096-0.0111) 0.024 (0.021-0.029) 4.61 250
FO (2002) 360 2.5+0.29 0.0052 (0.0044-0.0060) 0.023 (0.017-0.035) 5.68 130°
FO (2008) 279 1.3+0.59 0.0065 (0.0058-0.0072) 0.015 (0.012-0.017) 0.014 162¢
Azinphos methyl PA (19969) 300 4.9+0.51 0.0068 (0.0062-0.0075) 0.015 (0.012-0.019) 381 -
PA (2000) 300 8.7+0.97 0.0090 (0.0085-0.0096) 0.014 (0.013-0.016) 0.64 -
PA (2005) 240 5.6+0.68 0.011 (0.010-0.012) 0.022 (0.018-0.029) L13 -

FO (1996 360 7.8+0.72
FO (2000) 300 4.7+ 0.64
FO (2002) 299 6.4+0.70
FO (2005) 239 5.87+0.87

0.012 (0.011-0.013)
0.024 (0.022-0.027)
0.042 (0.038-0.045)
0.021 (0.019-0.022)

0.020 (0.018-0.022) L1517
0.054 (0.043-0.078) 1.33 2.6
0.075 (0.066-0.090) 1.57 4.6¢

0.40 (0.34-0.53) 1.74 19

a: from Montagna et al. (1999); b: from Montagna et al. (2003); c: resistance ratios were calculated using the LC, of the field-
reference population from 1999; d: resistance ratios were calculated using the LC, of the field-reference population from 2000;
CI: confidence interval; R/S: resistance ratios [lethal concentration fifty (LC, ) of the resistant population/LC, of the field-

reference population]; SE: standard error.

riod. The LC,; values for the field-reference population
(PA) ranged from 0.0068 mg L' in 1996 t0 0.011 mg L' in
2005. There were no significant differences between the
LC,, values calculated in 1996 and 2000. However, ac-
cording to the confidence limits, there was a significant
increase in the LC, in 2005 relative to 1996 and 2000.

Enzyme activity - The general esterase activity from
individual larvae in the resistant and field-reference
populations, along with complementary results from
the sampling periods of 1999 and 2005 that have been
published elsewhere (Montagna et al. 2003, Anguiano et
al. 2008), are illustrated in box-and-whisker plots in Fig.
4. The mean esterase activity = standard deviation (SD)
(ng min' mg") of the FO population in 2009 (2.85 + 1.51)
was significantly higher (p < 0.05) than that of the PA
population in 2005 (0.86 £ 0.35) (Anguiano et al. 2008).

Considering the entire monitoring period, includ-
ing the previously published results from 1999 and 2005
(Montagna et al. 1999, Anguiano et al. 2008), the average
esterase activity in the resistant population consistently
increased throughout the sampling period, although the
differences between 2005 (2.17 + 1.71 pg min' mg™') and
2009 were not statistically significant. The mean activi-
ties in 1999 (1.29 + 1.13 pg min' mg"') and 2005 may
be overestimated as a result of a few very high values.
Indeed, the distribution of esterase activities of the FO
population collected in 2009 exhibited a much smaller
departure from normality (skewness = 0.72) than those
measured in 1999 (skewness = 3.62) and 2005 (skew-

ness = 3.31). The mean + SD esterase activities (ug min’!
mg') in the field-reference population were 0.46 +0.25
in 1999 and 0.86 + 0.35 in 2005 and the differences were
not significant. The frequency of individuals from the
resistant population with esterase activities higher than
the maximum value observed in the PA population were
9.6% in 1999, 29.7% in 2005 and 55.8% in 20009.

The GST activities recorded from both populations in
the present study and in a previous study (Montagna et al.
2003) are shown in Fig. 5 as box-and-whisker plots. The
mean = SD enzyme activity recorded for the field-refer-
ence population in 2005 (0.20 + 0.0178 pmoles CDNB
min' mg protein™) was significantly lower (p = 0.011)
than that determined in the resistant population during
the same sampling period (0.23 £+ 0.026 umoles CDNB
min?! mg protein™). Conversely, the mean £ SD enzyme
activity determined for the field-reference population in
2005 was not significantly different (p = 0.76) from that
recorded for the resistant population in 2009 (0.19 + 0.021
pmoles CDNB min"' mg protein'). Unexpectedly, the
mean GST activity of the FO population in 2009 was sig-
nificantly lower (p = 0.005) than that of the 2005 collec-
tion. Moreover, the distribution of this enzyme activity
in the FO population collected in 2009 exhibited a much
smaller departure from normality (skewness = 1.47) than
the population collected in 2005 (skewness = -3.05). Fi-
nally, both the previous (Montagna et al. 2003) and the
present results demonstrated that the GST activities of
the resistant population fluctuated over the years.



462 Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 107(4), June 2012
TF ! 198 _750
0 1997 / 124125 7_“’ c
O 1999 % —— Median x
W 1997 :l,‘-lf 190 104 0O Mean
6 @ 1999 @ T 5-95%
A 2002 - = g i b ¢
* 2008 i 1703 > 8 > Min-max ’
2 > &
g 5+ "Fd:) =4 50 c_—“ $ 6 “'
o N E @©
i ! - q)
F', ! 30 = E 44
4 ‘_' k 4 a ]
s {10 2 a .
.’/ ': 1 %, }—J—|T [ J_, | J._
3L r'"|® 1 1 1 0 |
1E-5 1E-4 1E-3 0.01 T T T T T
) PA 1999 PA 2005 FO 1999 FO 2005 FO 2009
Concentration (mg L) Populations

Fig. 2: concentration-mortality regression lines for deltamethrin
against field-reference (open symbol) and resistant (solid symbol) lar-
vae of black flies from the sampled years. Data of collection in 1997
and 1999 are from Montagna et al. (1999, 2003), respectively.

~198

7 =
O 1996
O 2000
% 2005 190
6- m 199
® 2000 =
170 =
a A 2002 70 ‘;
55t * 2005 1502
o 5
430 =
4+
{10
3 .
0.01 0.1

Concentration (mg L")

Fig. 3: concentration-mortality regression lines for azinphos methyl
against field-reference (open symbol) and resistant (solid symbol) lar-
vae of black flies from the sampled years. Data of collection in 1996
and 2005 are from Montagna et al. (1999, 2003), respectively.

DISCUSSION

Adaptive evolutionary changes that occur within de-
cades or less are defined as contemporary evolution. The
development of resistance in response to intensive pesti-
cide pressure is an example of this adaptive continuous
evolution (Stockwell et al. 2003). The frequency of resis-
tant genotypes increases in populations under insecticide
pressure and the regression lines shift to the right with
lower slope values (Brown & Pal 1971). As the selection
pressure continues, increased LC, and LC,, values as-
sociated with higher slopes are indicative of the progres-
sion of resistance to a higher intensity and frequency of
resistant genotypes (Norris 1957, Immaraju et al. 1989).
A subsequent decrease in the slope value would be in-
dicative of an evolution of resistance to higher intensities
(Immaraju et al. 1989). Increased LC, values and slope

Fig. 4: trend of esterase activities (umol a-naphthol min™ mg! protein)
from individual larvae of field-reference (1999: n = 96; 2005: n = 80)
and resistant populations (1999: n = 94; 2005: n = 90; 2009: n = 43) of
black flies. Means followed by the same letters were not statistically
different according to Dunn’s multiple comparison test. Data of collec-
tion in 1999 and 2005 are from Montagna et al. (2003) and Anguiano et
al. (2008), respectively. FO: Fernandez Oro; PA: Piedra del Aguila.
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Fig. 5: trend of glutathione S-transferase (GST) activities (pmol
1-chloro-2,4-dinitrobenzene min' mg" protein) from batches of 25
larvae of field-reference (1996: n = 4; 1999: n = 5; 2005: n = 5) and
resistant populations (1996: n = 4; 1999: n = 4; 2005: n = 5; 2009: n =
6) of black flies. Means followed by the same letters were not statis-
tically different according to Fisher least significant difference test.
Data of collection in 1996 and 1999 are from Montagna et al. (2003).
FO: Fernandez Oro; PA: Piedra del Aguila.

changes have already been observed under laboratory
and field insecticide selection in both insect (Georghiou
et al. 1966, Georghiou & Hawley 1971, Sarkar et al.
2009) and mite populations (Sato et al. 2000).

The contemporary evolution of pesticide resistance
in a field population is a complex, stepwise process in-
fluenced by genetic, biological/ecological and opera-
tional factors. Some genetic factors that contribute to the
rapid development of resistance are the dominance, ini-
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tial frequency and number of R alleles and the integra-
tion of R alleles with fitness factors. A high reproduction
potential of the species associated with low mobility and
a lack of untreated reservoirs are some of the biologi-
cal/ecological factors that accelerate the evolution of re-
sistance. The operational factors are related to both the
chemicals and the application procedures. Among these
factors, the development of resistance is favoured if the
pesticide is persistent in the environment, the applica-
tion rate is high and frequent, there is no chemical rota-
tion and the insecticide pressure occurs in more than one
life stage (Georghiou & Taylor 1986).

The rapid evolution of resistance to pyrethroids, prin-
cipally fenvalerate, in black flies from FO observed in
both the present and previous studies (Montagna et al.
1999, 2003) may be explained by both the nature of the
FO population and the control strategies used against the
codling moth. Among black flies from the study area,
the following factors may be related to a high insecti-
cide selection pressure. First, black flies have at least
three generations per year and their life cycle overlaps
with pesticide applications. In the laboratory, a shorter
life cycle results in the faster development of insecticide
resistance (KociSova et al. 1995). Second, there is no ref-
uge for larvae; they remain in the same location for the
entire larval stage and are unable to escape from pesti-
cide applications that reach the irrigation channels by air
drift and natural run-off. Groeters and Tabashnik (2000)
concluded from simulation models that the delay of resis-
tance increases as the refuge size increases. Third, black
fly larvae feed on filtered particulate matter, in which
pesticide accumulation and persistence are greater than
in water. Wauchope (1978) and Schulz (2001) observed
higher levels of organochlorine, organophosphate and
pyrethroid insecticides in the suspended particles than in
the water. Finally, adult black flies from FO may also be
under insecticide pressure either during insecticide ap-
plication or during rest through absorption of the chemi-
cal from fruit leaves. Regarding the operational factors
involved in the rapid evolution of pyrethroid resistance
during the first years of sampling, this family of insec-
ticides (fenvalerate, deltamethrin, cypermethrin and
lambda-cyhalothrin, among others) was introduced in
1982 and used extensively for almost two decades. Fur-
thermore, traditional pest control programmes usually in-
cluded in up to 10 applications of insecticides each grow-
ing season. Pyrethroids were subsequently restricted in
the valley because they failed to control C. pomonella.
Instead, azinphos methyl was principally recommended
for pest management. Since 2005, acetamiprid, rynaxy-
pyr, spinosad and other unconventional pesticides have
been the main insecticides of choice and there are only a
few applications of pyrethroids and azinphos methyl dur-
ing each growing season. Modifications in the pesticide
applications during recent years of sampling may explain
the slight evolution of fenvalerate and deltamethrin resis-
tance over this period. The shallow slope of the regres-
sion line of fenvalerate observed in the FO population in
2008 suggests a vast potential for the enhancement of the
resistance levels. The resistance to azinphos methyl in-
creased until 2002, with a subsequent reversion in 2005.

Previous work (Montagna et al. 2003) has suggested
that target insensitivity and enzyme detoxification are
involved in pyrethroid resistance. The use of the syner-
gists piperonyl butoxide and S,S,S-tributyl phosphoro-
trithioate (DEF) has confirmed the primary contribution
of oxidases and esterases to pyrethroid resistance. In the
present study, the resistant population exhibited 2.5 (2005
collection) and 3.3-fold (2009 collection) higher mean
esterase activities than the field-reference population in
2005. These and previous (Montagna et al. 2003) results
indicate the involvement of these enzymes in pyrethroid
resistance. Conversely, the mean GST activity of the re-
sistant population collected in 2005 was only 1.15-fold
higher than that of the field-reference population in the
same collection year. Moreover, there were no significant
differences between the mean GST activities of the resis-
tant and the field-reference populations between 2009-
2005, respectively. Taking into account previous results
(Montagna et al. 2003), the mean GST activities in the
resistant population were lower (1.15-fold) and higher
(1.26-fold) than the field-reference population in 1996
and 1999, respectively; thus, the role of these enzymes in
pyrethroid resistance in the FO population is negligible.

The enhanced GST activities observed in the FO
populations collected in 1999 and 2005 and the subse-
quent decrease in 2009 may be associated with both the
frequent and occasional use of azinphos methyl.

Pyrethroid resistance has been associated with in-
creased GST and mixed function oxidase activities
(Djouaka et al. 2011, Strong et al. 2008, Morgan et al.
2010) or GST and esterase activities (Munhenga et al.
2008) in mosquitoes. In contrast, increased GST activity
has been associated with azinphos methyl resistance in
two lepidopteran species (Suckling et al. 1990, Fuentes-
Contreras et al. 2007). In black flies, higher levels of es-
terase activity (Magnin et al. 1987, Andrade & Branco
1990, Parker & Callaghan 1997) have been identified in
organophosphate-resistant populations.

Recent studies suggest that esterases provide a
mechanism of resistance that is reselected by the pesti-
cides currently used to control fruit tree pests. Although
mixed function oxidases are involved in the principal
resistance mechanism against acetamiprid in Apis mel-
lifera and spinosad in Spodoptera exigua, a significant
synergism effect of DEF on both pesticides has also been
demonstrated (Iwasa et al. 2004, Wang et al. 2000).

The present results showed that resistance to pyre-
throids in the FO population has evolved very rapidly
during the period in which these pesticides were exten-
sively applied to control C. pomonella and other fruit
pests. Following the introduction of unconventional pes-
ticides, fenvalerate and deltamethrin resistance reached
a relatively steady state and subsequently increased. The
levels of resistance to azinphos methyl were low over the
survey period, regardless of the massive use of this pesti-
cide over a five-year period. Esterase activity is involved
in one of the mechanisms underlying the high levels
of pyrethroid resistance in black flies. These enzymes
may be reselected by currently used pesticides and the
increased activity of these enzymes enhances the pyre-
throid resistance that has been observed recently.
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In response to increasing populations of black flies,
the government of Argentina initiated a pilot programme
in 1991 to evaluate the effectiveness of larval control in
irrigation channels and drainage ditches with B. thuring-
iensis israelensis (Vectobac AS). Although most trials
resulted in effective larval mortality, the projected cost
of the black fly suppression programme in the Rio Negro
Valley with this method was very expensive (Gray et al.
1999). To efficiently decrease black fly populations in
this area at a lower cost than biological control alone,
an array of strategies should be implemented. First, the
breeding sites must be decreased by the systematic and
mechanical removal of channel vegetation, which serves
as a substrate for the immature stages. Second, the black
fly population densities must be monitored so that treat-
ment with B. thuringiensis toxins can be administered
at the peak density. Finally, both the fruit-pest and black
fly chemical controls must be coordinated. In agreement
with the final recommendation, further studies will fo-
cus on the evaluation of black fly sensitivity to more
selective insecticides, such as neonicotinoids and the in-
sect growth regulators that are currently in use.
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