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Abstract

Background Chagas disease, transmitted by triatomine bugs, is a major vector-borne parasitic disease in Latin
America. Triatoma infestans, the principal vector in the Southern Cone, is primarily controlled through residual insecti-
cide spraying. However, resistance to pyrethroids, especially in Northern Argentina and Southern Bolivia, has emerged.
Resistant T. infestans populations exhibit reduced fitness, including impacts on reproductive success and dispersal
capacity. This study investigates the flight potential and morphological changes in T infestans populations with vary-
ing levels of insecticide resistance, hypothesizing that resistance may induce morphological changes in wing

and head structures related to dispersal.

Methods We analyzed three resistance profiles of T. infestans—susceptible (S), moderately resistant (MR), and highly
resistant (HR)—collected from ten domestic or peridomestic sites in two municipalities from Chaco province,
Argentina. We registered flight muscle development and measured flight-related traits (wings, heads, and the stiff
and membranous portions of the wing) using a landmark-based methodology. We also assessed morphological dis-
parity and covariation of these traits across toxicological groups.

Results Significant morphological differences were found between resistant and susceptible populations. The
frequency of insects with and without muscle varied across toxicological groups only for females, exhibiting the high-
est proportion of HR insects with fight muscle (86.21%). MR and HR males exhibited smaller stiff portions of the wing
and heads than S males. Shape variation analysis showed that S females had wider forewings than resistant females,
while HR females had narrower wings with a wider stiff portion. Susceptible males had wider and longer wings com-
pared with resistant groups. Additionally, resistant populations showed greater morphological disparity and reduced
covariation between flight-related traits.

Conclusions Our study shows that pyrethroid resistance in T. infestans is linked to morphological changes in flight-
related traits. These changes suggest a tradeoff between resistance and flight capacity, with energy allocated to resist-
ance mechanisms potentially limiting flight. The reduced covariation between flight traits in resistant individuals sup-
ports the idea of pleiotropic effects. While resistant individuals may perform better in insecticide treated areas, their
reduced flight capacity could limit long-distance dispersal, affecting population dynamics and vector control efforts.
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Background

Chagas disease remains the most significant vector-
borne parasitic disease in Latin America, primarily
transmitted by various species of triatomine bugs [1].
Among these, Triatoma infestans (Klug, 1834) serves as
the main vector in the Southern Cone of South America
[2]. The adaptability of these vectors to human habitats
and the lack of preventive vaccines have made residual
insecticide spraying of houses the primary strategy for
preventing new cases. Synthetic pyrethroids are the
main class of insecticides employed in the control of
triatomines [3]. Although pyrethroids have been ini-
tially effective in managing vector populations, resist-
ance has emerged, paralleling trends observed in other
pest species treated with these chemicals [4, 5].

Resistance to pyrethroids was first documented as
a significant issue in northern Argentina and south-
ern Bolivia in the early 2000s [6]. While these areas
were identified as hotspots, subsequent reports have
revealed ongoing challenges in vector control asso-
ciated with pyrethroid-resistant populations of
T. infestans [7, 8]. Recent studies have identified new
resistance hotspots in two departments of Chaco Prov-
ince (Gluiemes and Independencia), Argentina [9, 10].
The Giiemes department exhibits a toxicological pro-
file characterized by the highest levels of deltamethrin
resistance [9]. Furthermore, a recent investigation has
linked environmental variables to the observed toxico-
logical heterogeneity in this region [11]. In contrast, the
Independencia department shows incipient-to-moder-
ate pyrethroid resistance, particularly along a rural-to-
urban gradient [10].

The adaptive costs associated with insect-resist-
ant populations in environments devoid of insecti-
cides are often explained through pleiotropic effects
[12, 13]. Viewing the development of resistance as a
microevolutionary process, where natural selection is
a driving force [3, 14], allows for a better understand-
ing of the tradeoffs among phenotypic and physiologi-
cal traits. These traits can confer adaptive advantages,
present negative consequences for resistant individu-
als in insecticide environments, or remain neutral
[15]. The resistant phenotype arises from two primary
physiological and biochemical processes triggered by
insecticide exposure, as well as changes in detoxifica-
tion mechanisms that contribute to resistance [3]. As
noted, genetic background plays a crucial role in these
resistant populations; alterations in these processes

can affect other phenotypic traits or reduce energetic
investments. Recent studies on resistant 7. infestans
populations have revealed that resistant individu-
als often experience reduced fitness, as evidenced by
prolonged nymphal stage durations, fewer reproduc-
tive days, and lower hatching success [16]. Laboratory
investigations have further demonstrated diminished
fecundity and fertility, alongside increased nymphal
stage durations [17, 18]. Additionally, variations in
active dispersal and reproductive output have been
observed [19-21], as well as changes in the timing of
excretion/defecation and chemical communication
[22-24]. Collectively, these findings support the pleio-
tropic hypothesis regarding 7. infestans populations,
which is increasingly relevant for the development of
new vector control strategies, particularly in light of
altered vectorial capacity [25].

When two or more structures within an organism serve
a common function, their phenotypic relationship is
termed morphological integration [26, 27]. This integra-
tion is typically assessed by examining the degree of asso-
ciation or covariation between these structures. A strong
covariation indicates that the structures are highly inte-
grated, working together to optimize a specific function
(e.g., flight). In contrast, weaker covariation may suggest
more independent functioning of these traits, poten-
tially reflecting reduced functional synergy [26, 27]. The
degree of morphological integration can, therefore, pro-
vide insights into the evolutionary constraints and trade-
offs influencing the development of functionally related
traits.

While numerous studies have examined morphological
changes in triatomines, emphasizing their role as indi-
cators of microevolutionary processes, there is a lack of
research specifically addressing the morphological effects
of insecticides. For instance, alterations in cuticle thick-
ness, wing size, and wing shape in pyrethroid-resistant
populations of T. infestans exposed to sublethal doses of
deltamethrin were reported [28]. Additionally, evidence
of reduced dispersal capacity in pyrethroid-resistant indi-
viduals, compared with their susceptible counterparts,
highlights phenotypic modifications in the wings, head,
and antennae among populations from Chaco Province,
Argentina [29]. Flight dispersal is recognized as the pri-
mary mechanism for colonization and reinfestation in
triatomine populations [30, 31]. The substantial flight
potential of T. infestans has been highlighted, reinforcing
the notion that flight dispersal is critical after insecticide
spraying [32]. Reports indicate that the dispersal flight
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range for 7. infestans can vary from 200 m to 1500 m
[33, 34]. This capacity for dispersal is vital for under-
standing historical vector prevalence and the dynamics
of insecticide resistance. Understanding the constraints
and tradeoffs associated with the pyrethroid-resistant
phenotype is crucial for predicting reinfestation dynam-
ics and resistance prevalence following insecticide appli-
cation. The primary aim of this study is to characterize
the flight potential of T. infestans field populations with
differing insecticide resistance profiles. We register the
flight muscle development and measure the shape and
size of the head and wings, guided by the central hypoth-
esis that resistance may incur in differences in flight mus-
cle development and morphological changes in wing and
head structures, which could affect dispersal capacity.
We expect to find the greatest differences between highly
resistant individuals and susceptible ones.

Methods

Study area and insects

Fieldwork was carried out in two municipalities (Avia
Terai and Juan José Castelli) of Chaco province, Argen-
tina, as described elsewhere [10, 16, 35]. These locali-
ties were located approximately 80 km apart. Adults
from T. infestans used in the current study were col-
lected during cross-sectional surveys of house infesta-
tion with triatomines between February and May 2018
by timed-manual collection. Insects used for this study
were collected from ten domestic or peridomestic sites
(i.e., three in Juan José Castelli and seven in Avia Terai)
(Table 1). Collected T. infestans adults were trans-
ported to the insectary at the Facultad de Ciencias Exac-
tas y Naturales, Universidad de Buenos Aires (FCEN
UBA) and maintained according to the collection sites
as free-mating separate stocks with an average room
temperature of 24.5 °C+3 °C and relative humidity of
56.7% + 13%. Insects were regularly fed on live chickens,
with restricted movement (methodology described in
[7]). The emerging I nymphal stage individuals from each
collection site were tested for deltamethrin susceptibility
at the reference laboratory (Centro de Investigaciones de
Plagas e Insecticidas, Villa Martelli, Argentina) following
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a standardized protocol [36]. This standardized protocol
was used for monitoring, and evaluation of pyrethroid
resistance allows for comparison of the results obtained
by different laboratories.

Studying triatomine insecticide resistance. Results from
the deltamethrin susceptibility test allow us to define
three toxicological groups according to the observed
survival [9]; the susceptible group (S) exhibited a sur-
vival < 20%, whereas the highly resistant (HR) and moder-
ately resistant (MR) group exhibited a survival >80% and
between 20% and 80%, respectively (Table 1).

Data collection

A total of 140 females and 167 males belonging to
the three toxicological groups were included in this
study (i.e., FO). At the laboratory, frozen females and
males were dissected by removing the head and pro-
notum, and the thoracic cavity, where flight muscles
are located, was observed under a stereomicroscope
(Zeiss SV11, Germany). The presence or lack of devel-
oped muscles was determined for each individual. Digi-
tal images of the dorsal view of the right forewing and
head were taken using a digital camera (model S9900;
Nikon Corp., Tokyo, Japan) mounted on a stereomi-
croscope (model Stemi SV-11; Carl Zeiss AG, Jena,
Germany) at 6 X magnification. All images included a
reference scale. For assessing wing size and shape vari-
ation across toxicological groups, we used landmark-
based geometric morphometry. For the forewing, we
collected ten type I landmarks positioned at vein inter-
sections as described elsewhere [37] (Additional file 1)
(Fig. 1a). For studying morphometry variation of the
contour of membranous and stiff portions of the fore-
wing, a combination of landmarks and semilandmarks
were used. Semilandmarks were used to analyze the
lateral contour of both the membranous and stiff por-
tion of the forewing, where no sufficient homologous
points were detected to characterize the morphology
of the specimens using traditional landmarks (Fig. 1b).
For the membranous part, six type I landmarks were
used to characterize the shape of the boundary between
the stiff and membranous parts, and ten equidistant

Table 1 Details from the origin of the studied individuals of Triatoma infestans from the three toxicological studied groups

Toxicological group  Municipality of origin Collection habitat Wings Head

Females Males Females Males
HR Castelli Domicile and peridomicile 29 30 44 36
MR Avia Terai Peridomicile 29 49 37 56
S Avia Terai Domicile and peridomicile 58 73 59 75

HR high resistance, MR moderate resistance, S susceptible
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1.5 mm

Fig. 1 Landmark (open circles) position for the stiff and membranous portions of the forewing (A), landmark and semilandmark (grey-filled dots)
position in the contour of the stiff (brown) and membranous (light orange) portions of the forewing (B), and landmark position for the right side

of the head (C) for studied T. garciabesi individuals

semilandmarks were used to characterize the lateral
contours (Additional file 1) (Fig. 1b). For the stiff por-
tion, six type I landmarks were used to characterize the
shape of the boundary between the stiff and membra-
nous parts, and nine equidistant semilandmarks were
used to characterize the lateral contours of this part
(Additional file 1) (Fig. 1b). Semilandmarks were trans-
formed to landmarks and analyzed together with tra-
ditional landmarks [38]. For the head, seven coplanar
type II landmarks on the right side of the ventral view
of the head were defined and collected; these landmarks
included the anterocular, ocular, postocular, and neck
regions (Additional file 1) (Fig. 1c). Landmark and sem-
ilandmark collection was carried out using TPSdig 2.31
software [39]. When a structure or part of a structure
was damaged, it was not included. The final number of
the structures included for each toxicological group is
presented in Table 1. Data on forewing, stiff and mem-
branous portions, and head shape were extracted with a
generalized full Procrustes fit and a projection.

Data analysis

All analyses were done for females and males separately
since T. infestans was reported as a sexual dimorphic
species for morphometric traits (e.g., [29, 40, 41]). Chi-
squared tests were used to compare the frequency of
females and males with and without flight muscles across
toxicological groups using the package dplyr of R, run-
ning on RStudio (RStudio Inc., Boston, MA, USA). To
quantify variation in the forewing, membranous and
stiff portions of the forewing, and head size and shape, a
quantitative shape analysis was also performed using geo-
metric morphometry on the basis of the statistical analy-
sis of landmark coordinates. We computed centroid size
(CS) (i-e., the square root of the sum of squared distances
from each landmark to the centroid of the configuration)
as a measure of size for each structure or portion of the
structures measured [42]. We first compared forewing
shape variation for females and males with and without
flight muscles for each toxicological group, since a previ-
ous study had detected wing shape differences associated
with flight muscle dimorphism [43]. Our analysis showed
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no significant (p>0.05) Procrustes and Mahalanobis
distances in all cases, and morphometric analysis was
done without considering the presence or absence of
flight muscles. Data on forewing, membranous and stiff
portions of the wings, and head were extracted with a
generalized full Procrustes fit and a projection to shape
tangent space and Procrustes coordinates, as shape vari-
ables were used. To analyze differences in shape configu-
ration across toxicological groups for each flight-related
trait structure or portion, we performed canonical
variant analyses (CVA) and calculated Procrustes and
Mahalanobis distances between toxicological groups,
and evaluated the significance of these distances via a
non-parametric test on the basis of permutations (1000
runs). These steps of morphometric analysis were per-
formed using Morpho] version 1.07a software [44]. We
explored CS differentiation across toxicological groups
after testing for normality of the CS data with the Sha-
piro—Wilks and one-way analysis of variance (ANOVA).
Shapiro-Wilks and ANOVA analyses were done with the
R Stats Package. For the study of variation for each flight-
related trait measured, we performed analyses of mor-
phological disparity. Disparity was calculated for size and
shape measurements with the R package geomorph using
the morphol.disparity function. Allometric relationships
between forewing, membranous and stiff portion, and
head shape and CS for females and males for each toxi-
cological group were checked with a multivariate regres-
sion of Procrustes coordinates on CS. Regression results
confirmed significant allometric effects only in 1 of the
24 multivariate regressions performed (P<0.01), with
relatively small allometric effect (7.11%).

To examine the covariation across forewing, stiff and
membranous portions of the forewing, and heads across
females and males of each toxicological group, we ran a
series of.

pairwise comparison using partial least squares (PLS)
between pairs of sets of landmarks (shape covariation)
and CS (size covariation). We then statistically compared
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the effect sizes of PLS analyses. These steps of analysis
were conducted using the two.b.pls and compare.pls func-
tions of the package geomorph.

Results

Flight-related trait differentiation and variation

across deltamethrin-resistant and susceptible Triatoma
infestans

Dimorphisms in flight muscle were exhibited in the three
toxicological groups (Table 2). The frequency of insects
with and without muscle varied across toxicological
groups only for females, and none exhibited significant
differences between sexes. Females of the MR group
exhibited the highest proportion of insects with flight
muscle (86.21%) (Table 2).

For females, size of the wings, membranous and stiff
portions, and head did not show significant differences
across toxicological groups (P>0.01 in all cases). For
males, size of wings and membranous portion did not
exhibit significant differences (P>0.01 in both cases).
However, size of the stiff portion and heads exhibited sig-
nificant differences across toxicological groups (P<0.01
in both cases). Post hoc Tukey tests showed that the sus-
ceptible phenotype exhibited stiff portions bigger than
the other groups (S versus MR P<0.01; S versus HR
P<0.05), while the susceptible and moderate resistant
groups exhibited bigger heads than highly resistant group
(S versus HR P<0.01; MR versus HR P<0.01).

Forewing shape differed across toxicological groups,
both for females and males. For females, the first two
axes of the CVA accumulate 100% of the total differen-
tiation (first axis 81.25%, second axis 18.75%) (Goodall’s
F: 3.492, P=0.0007). Both Procrustes and Mahalanobis
distances exhibited significant differences across groups
(Additional file 2 and 3) (Fig. 2a). The wings of suscepti-
ble females appear to be wider than those from females of
resistant groups. Females from the highly resistant group
exhibited narrower wings (Fig. 2a). For males, the first
two axes of the CVA also accumulate 100% of the total

Table 2 Number, percentage and results of the Chi-square goodness-of-fit test for females and males of Triatoma infestans with and
without flight muscles according to the three toxicological studied groups

Toxicological group Sex Number (%) of individuals with  Chi-square between sexes Chi-square across toxicologic groups
flight muscles
HR Female 12 (43.86%) Chi-square: 0, p= Chi-square: 25.51, p=0.000
Male 12 (43.86%) Chi-square: 1.95, p=0.3763
MR Female 25 (86.21%) Chi-square: 5.04, p=0.3763
Male 29 (59.18%)
S Female 15 (28.30%) Chi-square: 3.549, p=0.06
Male 39 (54.93%)

Toxicological groups names are as Table 1
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CV2 (18.75 %)

CV2 (19.48 %)

CV1 (80.52 %)

Fig. 2 Factorial maps in the plane of the two first axes of a canonical
variate analysis for shape measurements of the forewings

from females (A) and males (B) of T. infestans belonging to the three
toxicological phenotypes (susceptible (green dots), moderate
resistant (violet dots), and highly resistant (lilacs dots)). Mean shape
configuration for each group was shown

differentiation (first axis 80.52%, second axis 19.48%)
(Goodall's F: 7.228, P<0.0001). Males from the suscep-
tible groups exhibited wider and longer wings than the
resistant groups (Fig. 2b). Procrustes and Mahalanobis
distances exhibited significant differences across toxi-
cological groups (Additional file 2 and 3) (Fig. 2b). For
membranous and stiff portions, the same tendency as
for forewing shape was observed. For females, the first
two axes of the CVA for the membranous portion accu-
mulated 100% of the differentiation (89.42% and 10.58%
for the first and second axes, respectively) (Goodall’s F:
14.951, P<0.0001). Both Procrustes and Mahalanobis
distances exhibited significant differences across toxico-
logical groups (Additional file 2 and 3) (Fig. 3a). Females
from the susceptible group exhibited a wider and shorter
contour of the membranous portion than the other two
groups (Fig. 3a). The CVA performed for males showed
a Goodall's F of 11.222 with a P<0.0001. The first axis
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CV2 (10.58 %)

CV2 (11.06 %)

CV1(88.94 %)

Fig. 3 Factorial maps in the plane of the two first axes of a canonical
variate analysis for shape measurements of the membranous
portion of the forewing from females (A) and males (B) of T. infestans
belonging to the three toxicological phenotypes (susceptible (green
dots), moderate resistant (violet dots), and highly resistant (lilacs
dots)). Mean shape configuration for each group was shown

accumulated 88.94% of the differentiation while the sec-
ond axis the 11.06%. Procrustes and Mahalanobis dis-
tances exhibited significant differences only between
moderate resistant and highly resistant groups with sus-
ceptible group (Additional file 2 and 3) (Fig. 3b). For sus-
ceptible males, the contour of the membranous portion is
wider and shorter than for the other two groups (Fig. 3b).
For the stiff portion, the first two axes of the CVA per-
formed for females showed that the first two axes accu-
mulated 100% of the differentiation (80.96% and 19.04%
for the first and second axes, respectively) (Goodall’s F
of 4.731 with a P<0.0001). Procrustes and Mahalanobis
distances exhibited significant differences across toxico-
logical groups (Additional file 2 and 3) (Fig. 4a). The con-
tour of the stiff portion of the females from the resistant
groups are wider than the susceptible females (Fig, 4a).
For males, the first axis accumulated 82.67% and the sec-
ond 17.37% (Goodall’s F: 11.188, P<0.0001). Procrustes
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CV2 (19.04 %)
2

CV1 (80.96 %)

CV2 (17.37 %)
o

CV1 (82.67 %)

Fig. 4 Factorial maps in the plane of the two first axes of a canonical
variate analysis for shape measurements of the stiff portion

of the forewing from females (A) and males (B) of T. infestans
belonging to the three toxicological phenotypes (susceptible (green
dots), moderate resistant (violet dots), and highly resistant (lilacs
dots)). Mean shape configuration for each group was shown

and Mahalanobis distances exhibited significant differ-
ences across toxicological groups, except for the Pro-
crustes distances between moderate and resistant groups
(Additional file 2 and 3). Males from the resistant groups
exhibited a wider stiff portion than the susceptible males
(Fig. 4b). Head shape exhibited the same tendency as
forewing both for females and males (Goodall’s F: 7.926,
P<0.0001; Goodall’s F: 14.301, P<0.0001, for females and
males, respectively). For females, the first axis explained
62.51% of the variation and the second axis 37.49%, and
Procrustes and Mahalanobis distances exhibited signifi-
cant differences across toxicological groups (Additional
file 2 and 3) (Fig. 5a). Head shape from the susceptible
females showed a larger eye—ocelli distance and a shorter
anteocular distance than the females of the other two
groups (Fig. 5a). For males, the first two axes explained
the total differentiation (93.13% and 6.87% for the first
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CV2 (37.49%)
o

CV1(62.51 %)

CV2 (6.87%)

CV1(93.13 %)

Fig. 5 Factorial maps in the plane of the two first axes of a canonical
variate analysis for shape measurements of the head from females
(A) and males (B) of T. infestans belonging to the three toxicological
phenotypes (susceptible (green dots), moderate resistant (violet
dots), and highly resistant (lilacs dots)). Mean shape configuration
for each group was shown

and second axes, respectively). Procrustes and Mahalano-
bis distances exhibited significant differences across toxi-
cological groups (Additional file 2 and 3). As for males,
susceptible males exhibited a greater eye—ocelli distance
and a shorter anteocular distance than males of the other
groups (Fig. 5b).

Morphological disparity across phenotypic toxicolog-
ical groups for the size of the forewing, head, and mem-
branous and stiff portions of the forewing did not show
significant differences (Table 3). For shape measure-
ments, morphological disparity analysis showed that
only males exhibit disparity across toxicological groups
(Table 4). Susceptible males showed significant dis-
parity with either one or both resistant groups for the
different measures; in all significant disparities, males
from the susceptible group exhibited lower variance
than resistant groups (results not shown).
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Table 3 Pairwise absolute differences between variances

(x 10%) derived from a morphological disparity analysis across
phenotypic toxicological groups of Triatoma infestans for the size
of the flight-related traits: forewing, head and membranous and
stiff portions of the forewing.

Measurement Sex Toxicological group
MR HR
Forewing Female S 0.195 0.297
MR 0492
Male S 0436 0.783
MR 0.348
Head Female S 0.051 0.067
MR 0.118
Male S 0310 0.162
MR 0471
Membranous portion Female S 1.104 1.929
MR 3.033
Male S 1.603 2141
MR 0.538
Stiff portion Female S 0.639 0.150
MR 0.789
Male S 0.774 1273
MR 0.499

Toxicological groups names are as Table 1

Table 4 Pairwise absolute differences between variances

(x 10%) derived from a morphological disparity analysis across
phenotypic toxicological groups of Triatoma infestans for

the shape of the flight-related traits: forewing, head and
membranous and stiff portions of the forewing.

Measurement Sex Toxicological group
MR HR
Forewing Female S 0.226 0.066
MR 0.160
Male S 0.379* 0.159
MR 0539"
Head Female S 0.226 0.066
MR 0.160
Male S 0071 0.482"
MR 0489
Membranous portion Female S 1.556 0.550
MR 1.006
Male S 2562" 3203
MR 0.064
Stiff portion Female S 0424 0518
MR 0.942
Male S 1.965 7.834"
MR 5.868

Toxicological groups names are as Table 1
“p<0.01,*p<0.05
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Covariation across flight-related traits

in deltamethrin-resistant and susceptible Triatoma
infestans

PLS analyses across the size of flight-related traits within
each toxicological group are presented in Table 5. Almost
all correlations across traits for the three toxicological
groups showed significant association (except for the cor-
relation between stiff portion of the forewings and heads
for males of the highly resistant group) (Table 5). When
comparing the magnitude of the PLS analyses through the
effect size, between toxicological groups for females and
males, none of the comparisons showed significantly dif-
ferent effect sizes (P> 0.01 in all cases, results not shown).
For shape, PLS analyses across flight-related traits for
females showed that the highly resistant group showed
only two significant PLS, between head and membranous
portion of the wing and between membranous and stiff
portions (Table 6), while for the other two toxicological
groups, all the PLS analyses showed significant associa-
tions (Table 6). Males of the susceptible group did not
show significant association between head and forewing
and membranous portion of the forewing and between
membranous and stiff portion (Table 6). For moderate
resistant males, heads were not significantly correlated
with forewing or its parts, and for highly resistant males,
no significant correlation was present except for forewing
and head (Table 6). When comparing the magnitude of
the PLS, for females the PLS analysis between the fore-
wing and membranous portion between the susceptible
and highly resistant groups showed significant differ-
ences (P<0.01). Moreover, the PLS analysis between the
forewing and stiff portion showed significant differences
between the susceptible and highly resistant groups and
between moderate and highly resistant groups (P<0.01 in
both analyses). For males, the PLS analysis between the
forewing and membranous portion showed significant
differences between the susceptible and highly resistant
groups (P<0.01). The PLS analysis between the forewing
and stiff portion showed significant differences between
the susceptible and highly resistant group and between
moderate and highly resistant groups (P<0.0001 and
P<0.01, respectively). Head and stiff portion showed
significant differences between the moderate and highly
resistant groups (P <0.05).

Discussion

Flight is a key active dispersal mechanism in triatomines,
playing a significant role in the spread and survival of
species such as T. infestans [30, 31]. The evolution of
dispersal traits in a population is driven by changes in
locomotor and navigation abilities [45]. In T. infestans,
flight dispersal is influenced by a combination of factors,
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Table 5 Results of the partial least square analyses (PLS) between size measurement of forewing, head and membranous and stiffy
portions across toxicological groups for females and males of Triatoma infestans

Toxicological group Sex Measurement Head Membranous portion Stiff portion
r-PLS r-PLS r-PLS
S Female Forewing 0649™ 0917 0.803™
Head 0614™ 0662
Membranous portion 0832
Male Forewing 0585 0931 0893
Head 0572 0600
Membranous portion 0867
MR Female Forewing 0565 0899 0.889™
Head 0.589" 0.449*
Membranous portion 0821
Male Forewing 0.655%** 0939 0877
Head 0572 0667
Membranous portion 0833
HR Female Forewing 0.558** 0919 0837
Head 0479 0502"
Membranous portion 0878
Male Forewing 0.585** 0926™ 0682
Head 0.537" 0.340
Membranous portion 0765

Toxicological groups names are as Table 1
" p<0.001,** p<0.01, * p<0.05

Table 6 Results of the partial least square analyses (PLS) between shape measurement of forewing, head and membranous and stiffy
portions across toxicological groups for females and males of T. infestans

Toxicological group Sex Measurement Head Membranous portion Stiff portion
r-PLS r-PLS r-PLS
S Female Forewing 0531" 0.742" 0819™
Head 0614 0374
Membranous portion 0.339
Male Forewing 0420 0699™ 0865™
Head 0.386 0.567""
Membranous portion 0427"
MR Female Forewing 0699” 0643 0944
Head 0.691" 0676
Membranous portion 0652"
Male Forewing 0436 0.700™" 0864
Head 0455 0.489
Membranous portion 0.520"
HR Female Forewing 0.540 0.510 0.584"
Head 0.654" 0.545
Membranous portion 0.653
Male Forewing 0689 0.606 0.506
Head 0433 0.595
Membranous portion 0.597

Toxicological groups names are as Table 1
" p<0.0001, ** p<0.001, * p<0.05
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including wing morphology, head structure, and the
development of flight muscle. These morphological
traits not only contribute to the insect’s ability to dis-
perse through flight but also interact with insecticide
resistance. For instance, previous studies (e.g., [29]) have
suggested that certain morphological adaptations may
facilitate or hinder dispersal in populations with vary-
ing levels of insecticide resistance, with potential changes
in the dynamics of vector spread. The size and shape of
wings are crucial for flight performance. In hemipterans,
the forewings, or hemelytra, consist of a stiff proximal
region and a more flexible membranous apex. This mor-
phological design is integral to their function: the flex-
ible portion allows for deformation under aerodynamic
forces, while the stiff portion provides structural support
and restricts unwanted deformation [46]. Therefore, the
shape, size, and development of the forewing parts are
critical determinants of flight efficiency. In our study, we
found that male T. infestans from susceptible (S) popula-
tions exhibited a larger stiff portion of the forewing com-
pared with moderately resistant (MR) and highly resistant
(HR) groups. Shape variation analysis revealed that S
females had wider forewings than resistant females, and
HR females exhibited more narrowly shaped wings with
a wider contour of the stiff portion. In males, suscepti-
ble individuals had wider and longer wings compared
with resistant groups, which also displayed a broader
stiff portion. These differences in wing morphology sup-
port the hypothesis that longer, narrower wings are more
efficient for long-distance flights due to their increased
capacity for deformation with lower energy costs [46].
Previous studies have similarly shown that pyrethroid-
resistant T. infestans exhibit smaller wings and altered
wing shapes—narrower and longer wings compared with
susceptible individuals—which can be attributed to the
tradeoffs associated with resistance [29].

In T. garciabesi, studies have shown that wing shape
variations between different genetic lineages are associ-
ated with environmental factors and dispersal patterns,
with narrower and longer wings in the Western lineage
and broader, shorter wings in the Eastern lineage [47].
These variations likely reflect different flight capacities
tied to the specific ecological contexts of each lineage.
Similarly, in T. infestans, the differences observed in wing
morphology between susceptible and resistant groups
suggest distinct dispersal abilities. These morphological
changes may be pleiotropic effects of pyrethroid resist-
ance, where the biochemical mechanisms conferring
resistance interfere with the development of flight-related
traits. The tradeoff between resistance and dispersal
capacity is a critical evolutionary consideration, as resist-
ance could compromise flight efficiency, and by exten-
sion, dispersal potential. The biochemical mechanisms
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behind insecticide resistance, such as the overproduc-
tion of detoxifying enzymes, may deplete energy reserves
and impose metabolic costs [14, 48]. These costs can
reduce the energy available for other physiological func-
tions, such as flight muscle development and reproduc-
tion, leading to tradeofs in traits critical for survival and
reproduction [48]. Our findings support this idea, with
resistant males showing smaller head sizes and altered
forewing morphology, which may reflect a compromised
flight capacity due to the energy allocation toward resist-
ance mechanisms. These results highlight the potential
adaptive costs of resistance, where energy invested in
detoxification and resistance mechanisms detracts from
the energy available for other key functions such as dis-
persal and reproduction.

Previous studies have shown that variations in head
shape are linked to flight capacity in insects [49, 50]. In
several species, changes in head morphology have been
associated with flight performance (e.g., [45, 49]). In tri-
atomines such as Mepraia spinolai and T. guasayana,
specific head traits, including narrow heads and well-
developed compound eyes, are thought to facilitate flight
dispersal [49-51]. For M. spinolai and T. guasayana,
macropterous individuals with more convex compound
eyes and larger interocular distances may have enhanced
navigational ability and orientation during flight com-
pared with micropterous individuals [49, 50]. In T. gar-
ciabesi, changes in head size and shape were observed,
particularly in males, with more convex eyes linked to
higher levels of anthropogenic disturbance [52]. For
T. infestans, resistant individuals from both sexes had
smaller heads, with changes in shape such as reduced
anteocular distance and smaller eyes in resistant strains
(RR) [29]. In T infestans, it is possible to use wing size as
a proxy of overall organism size [40, 53]. Our results pro-
vide evidence that pyrethroid resistance in 7. infestans
is associated with smaller body size. Additionally, for
T infestans, allometric relationships between body size
and physiological traits such as blood meal content
and female fecundity have been documented [54]. In
T. infestans, these changes in head size and shape may
also reflect the pleiotropic effects of resistance, further
suggesting that resistant individuals may face a tradeoff
between dispersal capacity and resistance.

Our findings also indicate that flight muscle develop-
ment, an essential determinant of flight capacity, did not
show significant differences between male and female
populations. However, both MR and HR females had a
higher proportion of individuals with well-developed
flight muscles than S ones, which suggests that resist-
ance may not directly impede the development of flight
muscles. Whether having developed muscles translated
into more profound reproductive costs deserves further
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studies. It has been well documented that resistant popu-
lations often exhibit reduced dispersal ability and repro-
ductive success compared with susceptible populations
[19-21]. While resistant individuals may invest more
energy in maintaining resistance mechanisms, this could
reduce their capacity for reproductive output and dis-
persal. In contrast, susceptible populations may allocate
more energy toward reproduction, as they do not incur
the metabolic costs of resistance, suggesting a potential
tradeoff between resistance and reproductive success or
flight dispersal.

The study of intraspecific variation in populations is
fundamental to understanding the evolutionary forces
shaping the variability of traits such as dispersal capacity
and resistance. Selection pressures on functional traits,
such as wings and flight muscles, can lead to reduced
phenotypic variance when traits are optimized for a par-
ticular function [55, 56]. Our results suggest that selec-
tion on dispersal-related traits, such as wing and head
morphology, is relaxed or altered in resistant popula-
tions of T. infestans, resulting in greater morphological
variation in these traits compared with susceptible pop-
ulations. This variation may reflect a tradeoff between
flight dispersal ability and the energy invested in resist-
ance mechanisms. The balance between these competing
selective pressures is crucial for understanding the long-
term ecological and evolutionary dynamics of 1. infestans
populations, especially in the context of insecticide
resistance management.

Our results showed a general reduction in covaria-
tion between flight-related traits for pyrethroid-resistant
individuals, with the magnitude of these covariations
decreasing in both males and females. These findings,
along with previous data, support the hypothesis that
pleiotropic effects of insecticide resistance influence the
size, shape, variation, and covariation of flight-related
traits, especially in males.

The relationship between flight-related traits and insec-
ticide resistance is complex. While resistance confers
immediate survival advantages in treated environments,
the associated morphological and behavioral changes
may impose costs that negatively impact overall fitness
and dispersion. Our study suggests that resistant indi-
viduals may exhibit reduced flight capacity, which could
translate in their natural habitat to differences in active
dispersal capacity compared with susceptible individu-
als. These differences have implications for population
dynamics, the evolution of insecticide resistance, and the
effectiveness of vector control measures in disease epide-
miology. As T. infestans populations adapt to insecticide
resistance, understanding how these adaptations affect
flight-related traits is crucial for predicting changes in
dispersal patterns and ecological roles. The interaction
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between selective pressures on flight traits and the plei-
otropic effects of resistance is central to understanding
the evolutionary trajectories of insect populations. Con-
sequently, natural selection may favor individuals that
strike a balance between resistance and flight capacity. It
remains challenging to determine whether the morpho-
logical differences observed represent an adaptive cost
for resistant insects.

While our study focused primarily on the morpho-
metric adaptations of flight-related traits and insec-
ticide resistance, it is likely that different ecological
contexts—such as variations in pesticide exposure, host
availability, and different domestic and peridomestic eco-
topes—play a significant role in shaping the evolution-
ary trajectories of dispersal characteristics in 7. infestans
populations (e.g., [37, 57-60]). Analyzing the relation-
ship between resistance and dispersal across different
habitats would offer valuable insights for Chagas disease
control strategies. The characteristics of domestic envi-
ronments, where low-dose insecticide application could
be more frequent [61], could translate into a stronger
selective pressure on resistance traits. In contrast, peri-
domestic environments, which often feature more het-
erogeneous conditions and irregular pesticide exposure,
might impose different selective pressures that influ-
ence dispersal traits, such as flight capacity and heme-
lytra morphology. Speculatively, it is possible that these
habitat-driven differences could lead to the development
of distinct morphotypes within populations, potentially
changing the relationship between resistance and dis-
persal. Therefore, integrating environmental variables
into future research would provide a more comprehen-
sive understanding of the adaptive processes involved
in T. infestans resistance and dispersal, helping to avoid
an oversimplified interpretation of these complex evo-
lutionary dynamics. While our study provides valuable
insights into the variation in flight-related traits associ-
ated with differences in insecticide resistance profiles,
it is inherently observational and cannot identify the
specific resistance mechanisms underlying the distinct
toxicological groups, particularly the characteristics that
define the MR group. Additionally, individuals from the
HR group were sourced from Castelli municipality, while
the MR and S groups came from Avia Terai municipality,
approximately 80 km apart. Despite this geographical dif-
ference, our results suggest that the toxicological groups
differ from one another, even when originating from the
same locality, as observed between the S and MR groups.
We also found common patterns in the flight-related trait
variations between the MR and HR groups, which were
distinct from those of the S group. While this limitation
should be acknowledged, it does not diminish the fact
that flight-related traits varied significantly across the
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toxicological groups, potentially influencing dispersal
capacity in the resistant groups. Further experimental
studies are needed to better understand the relationship
between variations in flight-related traits and dispersal
capacity in 1. infestans.

Conclusions

Our study reveals that pyrethroid resistance in
T. infestans is linked to morphological changes in flight-
related traits, including smaller head size and altered
wing shape. These adaptations suggest a tradeoft between
resistance and flight capacity, with energy allocated to
resistance mechanisms potentially reducing the energy
available for flight and other physiological functions.
The reduction in covariation between flight-related traits
in resistant individuals supports the idea of pleiotropic
effects, where selection for resistance may disrupt the
integration of traits critical for dispersal. While resist-
ant individuals may have an advantage in treated envi-
ronments, their compromised flight capacity could limit
long-distance dispersal, potentially affecting population
dynamics and vector control efforts. Our findings suggest
that resistant insects might be more suited to short-dis-
tance dispersal, while susceptible individuals are better
adapted for longer flights. These insights highlight the
importance of considering the evolutionary tradeoffs in
insecticide resistance when developing pest management
strategies and understanding the long-term dynamics of
T. infestans populations.
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