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Abstract

Background: The persistence of Triatoma infestans and the continuous transmission of Trypanosoma cruzi in the
Inter-Andean Valleys and in the Gran Chaco of Bolivia are of great significance. Coincidentally, it is in these regions
the reach of the vector control strategies is limited, and reports of T. infestans resistance to insecticides, including in
wild populations, have been issued. This study aims to characterize the susceptibility to deltamethrin of wild and
domestic populations of T. infestans from Bolivia, in order to better understand the extent of this relevant problem.

Methods: Susceptibility to deltamethrin was assessed in nine, wild and domestic, populations of T. infestans from
the Gran Chaco and the Inter-Andean Valleys of Bolivia. Serial dilutions of deltamethrin in acetone (0.2 plL) were
topically applied in first instar nymphs (F1, five days old, fasting, weight 1.2 + 0.2 mg). Dose response results were
analyzed with PROBIT version 2, determining the lethal doses, slope and resistance ratios (RR). Qualitative tests were
also performed.

Results: Three wild T. infestans dark morph samples of Chaco from the Santa Cruz Department were susceptible to
deltamethrin with RRsq of <2, and 100% mortality to the diagnostic dose (DD); however, two domestic populations
from the same region were less susceptible than the susceptibility reference lineage (RRsy of 421 and 5.04
respectively and 93% DD). The domestic population of Villa Montes from the Chaco of the Tarija Department
presented high levels of resistance (RRso of 129.12 and 0% DD). Moreover, the domestic populations from the
Valleys of the Cochabamba Department presented resistance (RRso of 849 and 62% DD), the wild populations were
less susceptible than SRL and T. infestans dark morph populations (RRsq < 5).

Conclusion: The elimination of T. infestans with pyrethroid insecticides in Brazil, Uruguay, Chile, and its drastic
reduction in large parts of Paraguay and Argentina, clearly indicates that pyrethroid resistance was very uncommon
in non-Andean regions. The pyrethroid susceptibility of non-Andean T. infestans dark morph population, and the
resistance towards it, of Andean T. infestans wild and domestic populations, indicates that the Andean populations
from Bolivia are less susceptible.
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Background

Triatoma infestans (Hemiptera, Reduviidae) is the main
vector of Trypanosoma cruzi (Trypanosomatidae), patho-
genic agent of Chagas disease in the countries of the
Southern Cone of Latin America [1,2]. Traditionally, the
vector control programs focus on the interruption of
transmission cycles using insecticides with residual action,
especially pyrethroids [2]. Triatominae control strategies
were originally based on ecoepidemiological characteris-
tics of the group, such as their slow reproduction and
vulnerability to chemical control, and aimed to eliminate
T. infestans, despite the fact that this species has restricted
wild foci [3]. Thereby in the last decades, Uruguay, Chile
and Brazil were certified as free of transmission of 7. cruzi
by T. infestans [4,5].

However, in the Gran Chaco in Argentina, Bolivia and
Paraguay and in some areas of the Inter-Andean Valleys of
Bolivia, despite the constant efforts to control T. infestans
the success of these actions was limited and thus the spe-
cies still persists [6,7]. In addition to this important prob-
lem, in the last few years, wild foci of T. infestans have
been described, mainly in the Inter-Andean Valleys and
in the Gran Chaco [8,9]. This fact was also observed
in Argentina, Paraguay and Chile, showing that wild
T. infestans have dispersed more widely than expected
[10-14]. In Bolivia, the epidemiological significance of wild
foci of T. infestans has been stressed [10].

The process of reinfestation of houses treated with in-
secticides is a serious phenomenon, and it is occurring
quickly in the Gran Chaco [6,15-17]. It is considered that
vector control failures, are due to high levels of insecticide
resistance in this area [18-21]. In the last few years, more
studies demonstrated that the phenomenon of resistance
to insecticides in domestic 7. infestans populations pre-
sents an extensive distribution in southern Bolivia and
northern Argentina [21-23], with high resistance ratios,
and different toxicological profiles [14,18,19,24-26]. Re-
cently, susceptibility and resistance to deltamethrin and
fipronil were detected in wild populations of T. infestans
from Bolivia [14,27].

Coincidence or not, it is in those regions that the
reach of the vector control strategies is limited, and in-
secticide resistance in 7. infestans populations has been
reported, including wild populations [14,27-29]. Thus,
this study proposes to characterize the susceptibility to
deltamethrin of wild and domestic T. infestans from the
Gran Chaco and Inter-Andean Valleys in Bolivia, in
order to understand better the extent of this relevant
problem.

Methods

Populations of T. infestans

Nine populations of T. infestans five wild (S) and four
domestic (D) were collected in the period from 2010 to
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2011, in the region of Gran Chaco and Inter-Andean
Valleys in Bolivia.

Wild T. infestans were captured using traps described
by Noireau et al. [30,31]. In the Gran Chaco, they were
captured in hollow tree trunks, whereas in the Inter-
Andean Valleys in rock outcrops.

The collection of the domestic 7. infestans, both in the
Inter-Andean Valleys and in the Gran Chaco, was per-
formed through active searches in intradomicile and peri-
domicile, with assistance of technicians from the National
Chagas Disease Control Program of Bolivia (NCHDCP)
(Table 1).

All insects collected were identified using the taxonomic
key of Lent and Wygodzinsky [35] and maintained under
controlled conditions of temperature and humidity (25°C
+1°C; 60% +10% RH). They were fed weekly with chicken
blood (Gallus gallus), ethical approval Comissio de Etica
no Uso de Animais (PROTOCOL N° 41/14-2).

Insecticide

Deltamethrin (pyrethroid) technical grade (S) — cyano-3-
pehoxybenzyl (1R) -cis-3- (2,2-dibromovinyl) -2,2-dimethyl-
cyclopropane Carboxylate, (99.6% - Bayer®, Brazil) was used.

Bioassays

The susceptibility reference lineage (SRL) of T. infestans
came from Centro de Investigaciones de Plagas e Insec-
ticidas (CIPEIN) [36], preserved in the laboratory for
more than 30 years, without contact with insecticide and
inclusion of external material was used.

Serial dilutions of deltamethrin in acetone were prepared.
For each concentration, three repetitions were carried out
with ten first instar nymphs of F1 generation (five days old,
fasting, weight of 1.2 £ 0.2 mg). The treatment consisted of
the application of 0.2 pL of insecticide dilution on the dor-
sal abdomen, according to the World Health Organization-
WHO [37] and Pessoa [38] procedures, with the aid of a
Hamilton micro-syringe mounted on a repeating dispenser.
For each population, a minimum of eight doses of insecti-
cide active ingredient (a.i.) ranging from 0.42 to 300 ng and
killing between >0% to <100% of the individuals, were ap-
plied per insect. Acetone was applied to the control group.
The mortality was assessed 72 hours after application and it
was determined by the inability or lack of coordination of
the nymphs to move from the center to the edge of the fil-
ter paper (7 cm diameter). Signs of paralysis and lack of re-
sponse to external stimuli was considered as well. During
and after the experiment, the insects were kept under con-
trolled conditions of temperature and humidity (25°C +1°C;
60% +10% RH).

Diagnostic dose
The diagnostic dose (DD) applied was twice the mini-
mum concentration of the insecticide that causes 99% of
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Table 1 Samples of wild (S) and domestic (D) populations of Triatoma infestans, geographical origin, capture site
(ecotope), morphs and cytogenetic classification

Site of collection Department/Province Latitude/longitude  Altitude meters Capture site Ecotope Morphs® Cytotypeb

CIPEIN [SRL] Susceptible reference strain - - - - -

San Silvestre - S Santa Cruz de la 19°21'21"5/62°3410"W 400 Tree trunk Dark morph Non-andean
Sierra/Cordillera

Terra Plem =S Santa Cruz de la 19°0927"5/62°38'8"W 400 Tree trunk Dark morph Non-andean
Sierra/Cordillera

Tita Chaco - S Santa Cruz de la 18°55'39"5/62°34'28"'W 400 Tree trunk Dark morph Non-andean
Sierra/Cordillera

Mataral - S Cochabamba/Aiquile 18°36'06"5/65°0720'W 1,700 Rock outcrop Mataral morph ~ Andean

Cotapachi - S Cochabamba/Quillacollo 17°25'29"S/66°15'56"W 2,556 Rock outcrop Common morph Andean

Mataral - D Cochabamba/Aiquile 18°35'44"S/65°08'58"W 1,750 Domestic (intra Common morph  Andean

and peridomicile)

Tamachindi - D Santa Cruz de la 19°28'41"5/19°28'41"W 410 Domestic (intra Common morph  Non-andean
Sierra/Cordillera and peridomicile)

Rancho Nuevo -D  Santa Cruz de la 19°26'22"S/62°34'05"W 410 Domestic (intra Common morph Non-andean
Sierra/Cordillera and peridomicile)

Villa Montes - D Tarija/Gran Chaco 21°09'02"S/63°21'56"W 463 Domestic (peridomicile) Common morph  Intermediate

“Morphs classification according to Noireau et al. [32], Cortez et al. [33].
PCytotypes classification according to Panzera et al. [34].

mortality in the susceptible laboratory strain [21,39].
According to the World Health Organization [39], when
mortality is <80% the tested population is considered
resistant, and if >98% it is considered as susceptible. The
LDgy to deltamethrin of the SRL was determined (5.50 ng
(a.i.) per insect) and with it the DD was estimated.

Data analysis

Data from dose — response tests from each population
were analyzed using the PROBIT program version 2
[40]. The slope and the lethal doses required to kill 50%
of treated individuals (LDs,) were estimated, as well as
the Resistance Ratio (RRs5), which was calculated by div-
iding each field population LDsq by the SRL LDs, value.

Results

Wild populations

From the five wild populations studied, the ones collected
at the San Silvestre, Terra Plem and Tita Chaco communi-
ties (Chaco region) were identified as 7. infestans dark
morph. These populations had a RRsq lower or equal to
the SRL, and 100% mortality to DD (Table 2). In agree-
ment with PAHO criteria, they were considered as suscep-
tible to deltamethrin since all had a RR <5.

Regarding the populations from the Inter-Andean
Valleys, T. infestans from the Cotapachi community were
identified as common morph and presented a RR5, of 2.90
and 100% mortality to the DD. Furthermore, Mataral com-
munity 7. infestans individuals were identified as Mataral
morph and presented a RRsq of 4.24 and 96% mortality to
the DD (Table 2).

Interestingly, we observed that 7. infestans dark
morph from the Chaco had lower slopes than the SRL
(<2.83), whereas Mataral and Cotapachi populations had
higher slopes (4.36 and 4.69, respectively).

Domestic populations

Out of the four domestic populations studied, all bugs
were identified as T. infestans common morph. Domes-
tic populations from Mataral had a RRs, of 8.49 and
62% mortality to the DD. In the Rancho Nuevo and
Tamachindi populations the RRs5y was 4.21 and 5.04 re-
spectively with 93% mortality to the DD for both com-
munities. The level of resistance estimated for the Villa
Montes population (RRso=129.12) and the mortality %
to the DD (0%) drew our attention (Table 2).

Regarding the estimated slopes, the Tamachindi and
Rancho Nuevo populations presented higher values than
the SRL (5.46 and 4.43 respectively). On the other hand, re-
sistant individuals from Mataral and Villa Montes presented
slopes similar to the SRL (2.92 and 2.25 respectively).

Discussion

This study shows the high susceptibility to deltamethrin
determined for three wild populations of T. infestans dark
morph from the Gran Chaco region of Bolivia, which in
turn corresponds to the non-Andean region according to
the cytogenetic classification of Panzera et al. [34]. These
populations presented RRs, values equal to or less than
the SRL. According to the criteria established by PAHO
[41] they were considered susceptible to the tested insecti-
cide (RRsq < 5). Notwithstanding, wild Andean populations
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Table 2 Toxicological profile to deltamethrin in wild and domestic Triatoma infestans from Gran Chaco and the

Inter-Andean Valleys of Bolivia

Population N° Slope +/— SD X2 (df) P LDs, (95% Cl) RRs, (95%) DD% (N°)
CIPEIN (SRL) 240 283 +/-004 343 (4) 042 (035 - 0.49) - -

San Silvestre - S 300 197+/-0.05 051 (6) 0.00 026 (021 - 0.32) 062 100 (60)
Terra Plem - S 300 261 +/- 003 272 (6) 0.15 039 (033 - 0.46) 093 100 (60)
Tita Chaco - 270 272+/-0.04 054 (5) 048 (041 - 0.58) 116 100 (60)
Mataral - S 390 436 +/— 002 175 (9) 5.16 178 (163 - 1.93) 424 96 (60)
Cotapachi - S 240 469+/-0.02 1.72 (6) 005 122 (111 -134) 290 100 (66)
Tamachindi - D 390 546 +/— 002 143 (9) 235 175 (162 - 1.87) 421 93(60)
Rancho Nuevo -D 390 443+/- 002 241 (10) 7.94 209 (1.93 - 227) 504 93 (45)
Mataral - D 480 2924/ 030 184 (2) 0.00 352 (3.15 - 402) 849 62 (60)
Villa Montes - D 360 2.25 +/— 004 305 (9) 0.04 5423 (4554 - 63.32) 129.12 0 (50)

SD: standard deviation; X* chi-squared; df: degrees of freedom; P: probability value; LDso: Insecticide dose that killed 50% of the population (ng/insect); Cl: confidence
intervals; RR: resistance ratio; DD: % mortality of the discriminating dose; SRL: susceptible reference lineage; S: Sylvatic (wild); D: Domestic; N°: number of

individuals used.

from Mataral and Cotapachi were less susceptible than
SRL and T. infestans dark morph populations.

Interestingly, wild T. infestans Mataral morph had a
RRs0 =4.24 and thus they are less susceptible than the
SRL, but less thanRRs;,=5 (PAHO criteria) and thus
would be considered as susceptible. However, previous
studies performed by Roca-Acevedo et al. [27] on the
same region had reported individuals resistant to delta-
methrin and fipronil (RR5o=11.9 e 23.4 respectively).
Additionally, in our study of domestic T. infestans in
the same area we observed a deltamethrin RRg, of 8.49
whereas Roca-Acevedo et al. [27] reported a RRsq of
17.4. The differences between the values may be due to
the fact that Roca-Acevedo et al. [27] used a different
SRL to estimate the RRgy,.

Depickere et al. [14] reported 96% mortality to the
deltamethrin DD in individuals from a wild Mataral
population. Our results for individuals from the same
population agree with this report. The same authors re-
ported the susceptibility of eight wild populations of
T. infestans, corresponding to the Andean region [34]
from Bolivia. Among the populations they tested, the
one from Cotapachi, presented a 100% mortality to the
DD. Our study also evaluated a wild population from
the same region, and similar qualitative test results were
obtained (100% mortality to the DD). Nevertheless, the
individuals we tested were less susceptible to delta-
methirn than the SRL (RR5q = 2.90).

The DD is a qualitative method for rapid detection of
resistant populations. Several 7. infestans insecticide re-
sistance studies have evaluated toxicological profiles
using RR and DD criteria [14,18-21,27]. Nevertheless,
the results obtained by both criteria are not always con-
gruent. Thus, Picollo [42] proposed that the single dose
killing 99% of the SRL (1X LDgy) would be a more

appropriate DD value. This dose permits detecting high
mortality among susceptible individuals and low mortal-
ity among resistant. Increasing the DD value to twice
the LDyo, as proposed by Lardeux et al. [21], carries the
risk of identifying resistant individuals as susceptible due
to the high mortality % that would be estimated. This
could occur mainly in populations that are in the
process of selection for the resistance character, popula-
tions in which the toxicological profile would be masked.
In contrast, populations with an established resistance
character would not present this problem.

We consider that the sample number is an important
limiting factor when assessing insecticide resistance. In
addition, stochastic variability sources within the stud-
ied population must be taken into account. The study
developed by Amelotti et al. [43] showed that females
within an age range can produce individuals with dif-
ferent susceptibility profiles. Due to that, they recom-
mended increasing the sample number to at least
60 individuals with no less than 10 females and with
different ages represented per population. This ap-
proach would increase the reliability of the obtained re-
sults, avoiding false negatives and reducing incorrect
interpretation.

During our study domestic populations of 7. infestans
from the Tamachindi and Rancho Nuevo communities,
both from the Gran Chaco of the Santa Cruz Department
(non-Andean region), were also evaluated. These popula-
tions were less susceptible than the SRL with a RRs5, of
4.21 and 5.04 respectively. They both had 93% mortality
to the DD. In several communities of the same region
Depickere et al. [14] reported reduced susceptibility to
deltamethrin in domestic T. infestans. It is possible that
lower levels of insecticide susceptibility play an important
role in the reinfestation process of domestic dwellings.
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Population genetics studies performed by Quisberth et al.
[44] have confirmed that the reinfestation of houses in
these communities happens due to residual populations
and not due to invasion of wild bugs.

However, the resistance levels registered for populations
collected in communities from the Gran Chaco of the
Santa Cruz Department (non-Andean region) both in
our study and by Depickere et al. [14], are not as high
as the levels we registered for the Villa Montes popula-
tion (RR >129.12 and 0% mortality to the DD). The lat-
ter, is considered as an Intermediate group, a result of
the cross between Andean and non-Andean individuals
[45]. Lardeux et al. [21] and Depickere et al. [14] em-
phasized that T. infestans populations from the Santa Cruz
Department, where non-Andean populations occur, are
more susceptible to deltamethrin. So Tarija populations
(Intermediate), where high levels of resistance have been ob-
served, also show low levels of mortality to the DD (<20%)
[14,19-21]. These observations are very important since they
correspond to a border area between Argentina and Bolivia,
where high resistance levels have been reported [18,20].

Our study has also evaluated different 7. infestans do-
mestic and wild morph populations from different regions
in Bolivia, both from the Inter-Andean Valleys (Andean
region) and Gran Chaco (non-Andean region). For each
population we obtained different susceptibility profiles.
Recent studies indicate that most wild populations of
T. infestans of the Andean regions in Bolivia are susceptible
to deltamethrin [14,21,27]. However, resistance to delta-
methrin and fipronil has also been reported in some wild
populations from the Julo Grande and Kirus Mayu (Potosi
Department) and Mataral (Cochabamba Department) in
Bolivia [14,27]. Thus, our data and the aforementioned re-
ports, support the idea that populations of 7. infestans from
different geographic areas and morphs have different toxi-
cological profiles [15,21,22,27].

Population genetics studies consider Bolivia as a center
of origin and dispersion of T. infestans [8,45-48]. The ex-
istence of wild foci and different morphs of this species,
added to its wide distribution in that country [8-10,49],
suggest a high genetic variability of this species in Bolivia.
Therefore, Dias & Schofield [50] consider that the high
genetic variability of T. infestans would explain why nat-
ural resistance and high levels of resistance to insecticides
have developed in Bolivia.

Slope values have been used as indicators of popula-
tion heterogeneity [27]. High slope values are related to
low genetic variation, whereas populations in process of
selection and thus showing genetic variation relate to
less steep slopes (when compared to SRL slope) [51]. In
this study 4 out of the 9 tested populations had values
that suggest phenotypic variation. The three wild dark
morph susceptible populations, and the domestic Villa
Montes resistant population (Table 1).
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The different toxicological profiles determined for do-
mestic and wild populations of T. infestans could be the
result of selective pressure from insecticide application
plus the genetic variability of the highly structured popula-
tions present in this country [52-56]. Moreover, genetic
studies through chromosomal markers performed by
Panzera et al. [45] suggest that pyrethroid resistant popu-
lations from the Argentinean-Bolivian border are most
likely the result of recent secondary contact between both
chromosomal groups (Andean and non-Andean) suggest-
ing a correlation between genomic variability and insecti-
cide resistant populations.

The origin of resistance is unknown in wild Bolivian
populations, because they have never had contact with
insecticides and is probably due genetic variability. How-
ever, more genetic studies should be performed to
characterize the resistance phenotype.

Conclusion

Wild and domestic T. infestans populations from the
Inter-Andean Valleys (Andean region) and Gran Chaco
(non-Andean region) from Bolivia, have different sus-
ceptibility profiles towards deltamethrin. Although most
wild populations are susceptible, insecticide resistance
was observed in one. The existence of wild foci and dif-
ferent morphs of T. infestans plus its wide distribution
in Bolivia are indicative of genetic variability. This could
explain the occurrence of resistance in wild populations
and thus we suggest that more genetic studies are per-
formed on these populations and the resistance pheno-
types are tested under field conditions.
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