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Abstract

The sterile insect technique (SIT) is an effective, environmentally friendly method for
insect control whose success depends on the sexual performance and survival of ster-
ile males. These two parameters are influenced by environmental conditions of target
areas, and releasing insects with a higher tolerance to stressful environments can im-
prove SIT efficiency. Directional selection can be used to produce insect strains with
higher tolerance to extreme environmental conditions, such as low humidity, for ex-
tended periods. We evaluated, under field cage conditions, the sexual competitive-
ness, sexual compatibility, and survival of strains of Anastrepha ludens (Loew) selected
for desiccation resistance to determine the value of directional selection as a possible
approach to enhance SIT efficiency. Fly strains (selected and unselected and those
mass-reared) were exposed to stressful conditions of low humidity and food and water
deprivation for 24 hr before test. As a control, mild conditions without the stressors
were used. No differences in sexual competitiveness and sexual compatibility between
selected, nonselected, and mass-reared strains were observed when previously ex-
posed to mild conditions. Thus, selection for desiccation resistance does not modified
negatively the sexual performance. However, when insects were exposed to stressful
conditions, males of selected strains sexually outperform mass-reared males.
Additionally, selected strains presented higher survival than mass-reared flies. The ap-
proach to integrate directional selection with other technologies in the SIT as well as
the implications of using a desiccation-selected strain in the current pest management

program is discussed.
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1 | INTRODUCTION

The sterile insect technique (SIT) is one of the most effective, spe-
cific, and environmentally friendly method of insect control (Dyck,
Hendrichs, & Robinson, 2005; Klassen, 2005). SIT bases in the mass
production of males that are sterilized and released in the field, where
they compete with wild males for wild female mates. The success of
SIT depends on the ability of sterile males to compete for mates with
wild males. Copulations between sterile males and fertile wild females
must results in the production of no offspring and the consequent
reduction in insect pest population on target areas (Knipling, 1955,
1979). Additionally, SIT entails maintaining a high ratio of sterile to
fertile males on target areas to increase the probability of sterile male/
wild female copulations (Barclay, 2005; Knipling, 1968). To efficiently
sustain the population of sterile males in the field, a balance between
the quantity of insect released and the frequency of releases needs to
be found (Hendrichs, Vreysen, Enkerlin, & Cayol, 2005). As this balance
largely depends on sterile males survival, it has been noted that a slight
increment in daily insect survival has a greater impact in SIT efficiency
than a great increment in the number of individuals released (Liedo,
Oropeza, & Carey, 2010). Thus, the survival of these sterile male is
crucial to uphold the sterile to fertile male ratio over time (Calkins &
Parker, 2005; Lance & Mclnnis, 2005; Vreysen, 2005).

Relative humidity and water availability are factors that affect the
survival and reproduction of organisms (Begon, Townsend, & Harper,
2006). Because of their small size and large area to volume ratio, in-
sects are especially susceptible to water loss (Price, 1997), a condition
that leads to desiccation. For their ecological relevance, desiccation
resistance has been earmarked as a life history character capable of
determine the distribution, permanence, and abundance of species
(Kellermann, van Heerwaarden, Sgré, & Hoffmann, 2009; Marron,
Markow, Kain, & Gibbs, 2003). For insect pests like fruit flies, their
innate capacity to maintain a population in a given place is related to
abiotic factors like relative humidity, and to intrinsic factors that con-
strains or shapes the response to environmental conditions (Meats,
1989a, 1989b). Thus, desiccation resistance can also be classified as a
relevant ecological trait for pest management strategies. When using
SIT as a control method, it is important to take into account traits like
desiccation resistance because several release areas imposes stressful
conditions (Rempoulakis & Nestel, 2012; Vanoye-Eligio, Mora-Olivo,
Gaona-Garcia, Reyes-Zepeda, & Rocandio-Rodriguez, 2017) that can
affect the performance of laboratory insects. Furthermore, the oper-
ative importance of traits like desiccation resistance is accentuated
when consider that rearing insects in the laboratory leads to a decrease
in their stress resistance (Hoffmann, Hallas, Sinclair, & Partridge, 2001;
Weldon, Yap, & Taylor, 2013) and that wild populations can present
some degree of local adaptation to stressful conditions (Gilchrist et al.,
2008; Karan et al., 1998).

The SIT has proved to be a specific and ecologically friendly
method for insect pest control; however, a reduced ability to survive
in the field of mass-reared insects is a pitfall that needs attention
(Serensen, Addison, & Terblanche, 2012; Terblanche & Chown, 2007).

In the case of desiccation resistance, several genes are involved
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in their expression (Foley & Telonis-Scott, 2011; Kang, Aggarwal,
Rashkovetsky, Korol, & Michalak, 2016; Kawano et al., 2010; Sinclair,
Gibbs, & Roberts, 2007; Sgrensen, Nielsen, & Loeschcke, 2007;
Telonis-Scott & Hoffmann, 2003; Telonis-Scott, Gane, DeGaris, Sgro,
& Hoffmann, 2011). Thus, directional selection stands as a proper
strategy to increase desiccation resistance of strains that already
have adapted to the mass rearing environment (Falconer & Mackay,
1996; Hendry et al., 2011; Lommen, de Jong, & Pannebakker, 2017).
In the model insect Drosophila melanogaster [Meigen], experimental
evidence has shown that selection for desiccation and starvation has
a positive impact on longevity and confers resistance for other stress-
ors (Archer, Phelan, Beckman, & Rose, 2003; Bubliy & Loeschcke,
2005; Harshman, Hoffmann, & Clark, 1999; Hoffmann & Parsons,
1993; Rose, Vu, Park, & Graves, 1992; Telonis-Scott, Guthridge, &
Hoffmann, 2006). Therefore, selection of stress resistance stands as a
promising application to enhance SIT efficiency.

For the tephritid Anastrepha ludens [Loew], a set of desiccation-
resistant selected strains has been established recently. These se-
lected strains show twice of the resistance to desiccation of that
observed in control populations after ten generations of selection
(Tejeda et al., 2016). Similarly to Drosophila, the desiccation resistance
strains of A. ludens exhibit an extended longevity in both sexes as a
correlation response to selection, a positive character for SIT (Tejeda
et al., 2016). However, there exists the concern that directional se-
lection modifies, directly or indirectly, sexual behavior and propitiate
assortative matings reducing the effectiveness of SIT (Cayol, 1999;
Mclnnis, Shelly, & Komatsu, 2002; Miyatake, 1998; Sgrensen et al.,
2012). For example, Miyatake (1997, 2002) observed that the selec-
tion for development period altered the time of mating and circadian
rhythm of Bactrocera cucurbitae [Coquillett] and that this changes de-
rives in a premating isolation between strains (Miyatake et al., 2002).
However, evidence of interaction of desiccation resistance with mat-
ing success is somewhat variable. In Drosophila, a positive interac-
tion has been reported in one study (Gefen & Gibbs, 2009) but not in
others (Hoffmann & Parsons, 1993; Kwan & Rundle, 2010). Because
matings are intimately linked with the suppression of pest popula-
tions in SIT (Calkins & Parker, 2005; I1t6 & Yamamura, 2005; Lance &
Mclnnis, 2005; Vreysen, 2005), detailed information about the ability
of desiccation-selected strain to sexually compete with wild popu-
lations for mates is mandatory and sorely needed for operative pest
management programs.

In this study, we evaluated the sexual performance of a
desiccation-resistant selected strain of A. ludens. This species is a po-
lyphagous, multivoltine, highly plastic fruit fly that can be found in a
wide range of environments, from the semiarid lands of south of Texas
to the tropical rain forests of Costa Rica (Hernandez-Ortiz & Pérez-
Alonso, 1993). It is considered a pest of several economically import-
ant fruit crops such as citrus and mangoes (Norrbom & Foote, 1989;
Norrbom & Kim, 1988). To protect the fruit industry, A. ludens are
subject to an area-wide integrated pest management program where
more than 120 million flies are produced, sterilized, and released per
week (Gutiérrez-Ruelas, 2010). The large scale and sustained applica-
tion of SIT has been a key factor to maintain and expand the pest free
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areas (Liedo, 2016), and importantly, their also had gathered data of
how SIT efficiency could be enhanced. While male life expectancy in
the laboratory has been observed between 39 and 130 days (Carey
et al., 2005, 2008; Liedo, Carey, Celedonio, & Guillen, 1992; Tejeda
et al., 2016), in field evaluations, where variable environmental condi-
tions prevails, life expectancy oscillate around 2-10 days (Flores et al.,
2015; Hernandez, Orozco, Breceda, & Dominguez, 2007; Thomas &
Loera-Gallardo, 1998; Utgés, Vilardi, Oropeza, Toledo, & Liedo, 2013).
The contrasting male life expectancies between laboratory and field
indicate the possibility that sterile males are exposed to stress once re-
leased in the field. Thus, desiccation-resistance males may represent a
technical advantage in stressful environments. Based on this, we aimed
at three objectives: (i) determining the effect of selection upon the
ability to compete for mates (selected strain vs. control [no-selected]
strain), (ii) ascertaining the competitiveness and compatibility of se-
lected strains and compare it with that of the currently released strain
(selected strain vs. mass-reared strain), and (iii) comparing the survival
and competitiveness between selected and mass-reared strains when

facing a stressful environment.

2 | METHODS

2.1 | Insects

Four groups of A. ludens flies were used: (i) selected, (i) control (unse-
lected), (i) mass-reared (Moscafrut), and (iv) wild flies. Selected flies
(i) were obtained from five populations, D1-D5, where the 10% of
the population had survived a desiccation stress (20%-30% relative
humidity). Control flies (ii) were obtained of five populations, C1-C5,
in which the desiccation stress was absent and flies mated randomly
each generation. Both strains were established from the mass-reared
flies of the Moscafrut factory (Tejeda et al., 2016). At the time of the
study, flies were of the 13 and 14 generations of the evolutive ex-
periment. A pool of flies was generated for each evolutive regimen
(selected or control) using pupa of five independent populations (D1-
D5 and C1-C5, respectively). For the third group, Moscafrut (iii), we
used individuals of the mass rearing process of Moscafrut facilities at
Metapa de Dominguez, Chiapas, Mexico (Dominguez, Artiaga-Lopez,
Solis, & Hernandez, 2010). Finally, Wild flies (iv) were obtained of
naturally infested fruits of Citrus aurantium L. (bitter orange) collected
in the Soconusco region of Chiapas, Mexico. Infested fruits were dis-
sected in the laboratory, and mature larva were allowed to pupate in
moisten vermiculite.

2.2 | Rearing and handling

To simulate the conditions in which the insects are used on the SIT,
laboratory insects (selected, control, Moscafrut) were exposed, in hy-
poxia and 48 hr before emergence, to the standard sterilization dose
of 80 Gy using a ¢0Co irradiator (model GB-127, Nordion International
Inc., Ottawa, ON, Canada).

Once emerged, we separated the insects by sex. Each sex was kept
in 30x30x30 c¢cm cubic wood framed-mesh covered cages. Insects were

provided with water and standard food (sugar and hydrolyzed yeast
[MP 126 Biomedicals; LLC, Santa Ana, CA, USA] in a 3:1 ratio) and
maintained in 12:12 light-dark photoperiod, 60%-80% relative hu-
midity, and 25 + 2°C temperature. Laboratory insects were maintained
in a density of 150-200 individuals per cage. To avoid over-stressing
the wild flies in the laboratory, wild flies were kept at a density of 100
individuals per cage.

The insects were properly marked according to treatment a day
before field cage tests by attaching a small printed label that had a
number or letter on the thorax (Food and Agriculture Organization
of the United Nations/International Atomic Energy Agency/United
States Department of Agriculture [FAO/IAEA/USDA], 2014). This
type of mark does not interfere with mate choice (Mclnnis, Rendon,
& Komatsu, 2002; Meza, Diaz Fleischer, & Orozco, 2005). On the ex-
perimental day, marked insects were transferred per sex and strain to
cubic 15-cm cages following the experimental protocols. This proce-
dure was carried out to replace damaged insects, facilitate the trans-
port and release. Wild insects were between 15 and 18 and laboratory
insects between 11 and 14 days old, age at they reach sexual maturity
(FAO/IAEA/USDA, 2014).

2.3 | Field cages set up

All the evaluations of insect’s sexual behavior were performed under
the seminatural conditions of walk-in field cages. The field cage used
for quality control tests consisted of a cylindrical grid of 3 m diam-
eter and 2 m high with an artificial canopy made of host trees inside
(Calkins & Webb, 1983). Although it is impossible to reproduce the
exact characteristics of a cage, we recognized a priori two groups of
field cages. In one group, potted trees of orange and mango were
arranged around the inner circumference and on the center of the
cage (Diaz-Fleischer & Arredondo, 2011; Meza-Hernandez & Diaz-
Fleischer, 2006). In the other group, the host tree was planted in the
ground at the center of the cage, forming a canopy 1.5 m above the
ground that cover approximately 80% of the top surface of the cage.
Taking into account the above and to avoid bias, we balanced the pos-
sible effect of cage: all treatments were conducted on each field cage
type, and treatments were alternated within cages each trial.
Bioassays started at 16:00 by releasing males first to allow them
to acclimatize and set territories. Females were released 1 hr later. As
A. ludens flies copulate at dusk (Aluja, Pifiero, Jacome, Diaz-Fleischer,
& Sivinski, 1999), they were constantly monitored until 20:00 hr. All
mating pairs were individually collected in petri dishes for treatment

identification.

2.4 | Experimental designs

2.4.1 | Effect of selection on competitiveness

To evaluate the effect of selection on male sexual competitiveness, 25
selected males and 25 control (unselected) males were released into
each field cage where they competed for mating with 25 wild females.
Fifteen replicas were carried out.
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2.4.2 | Compatibility of selected strain

The compatibility of the selected desiccation resistant strain with wild
population was compared to Moscafrut flies. The compatibility test
consisted of releasing, in a field cage, the laboratory strain (females
and males) and the wild strain (females and males) (Cayol, Vilardi, Rial,
& Vera, 1999; FAO/IAEA/USDA, 2014). With such a scheme, we es-
tablished two treatments. In the first treatment, 20 selected females
and 20 selected males were released together with 20 wild males and
20 wild females. The second treatment consisted of 20 females and
20 males of the Moscafrut mass-reared strain released together with
20 wild males and 20 wild females. A total of 28 experimental units
(cages) were observed (2 treatments x 14 replicates).

2.4.3 | Survival and competitiveness under
stressful conditions

To assess the potential benefits of releasing a desiccation resist-
ant phenotype, the sexual competitiveness between the selected
and Moscafrut mass-reared males was evaluated under two experi-
mental scenarios. First, released insects were exposed to a stressful
environment of low relative humidity (30%-40%) environment and
no water or food was available 24 hr before field cage bioassay.
Second, mild environment, the insects were plenty of water and
food and were exposed to a relative humidity (60%-80%) before
test.

Low relative humidity environment was attained by the introduc-
tion of a desiccator substance (silica gel) inside a cubic Plexiglas cage
of 25 cm enclosed with a plastic, 30 males were placed inside, and the
cage represented the experimental unit (Tejeda et al., 2014). The silica
gel (150 g) was distributed in three plastic containers covered with a
mesh lid to avoid contact with the flies. For the “mild” (un-stressful)
environment treatment, the cages were kept under laboratory envi-
ronmental condition (60%-80% relative humidity and 25+2°C tem-
perature) and not enclosed with a plastic cover, and additional water
and food was provided ad libitum. Moscafrut and selected males were
exposed to treatments in separate cages. Survival of individuals was
recorded for each plexiglas cage after 24 hr of exposure. We assayed
three different cohorts of each strain for a total of 54 experimental
units.

After environmental treatment, we released 25 Moscafrut males,
25 selected for desiccation males, and 25 wild (nonstressed) females
inside a field cage to measure competitiveness. This bioassay was re-
peated for each environmental treatment. A total of eight mild treat-

ment and six stressful treatment field cages were observed.

2.5 | Indexes of sexual performance

Following practices for mating behavior analysis of tephritid fruit flies
of economic importance (FAO/IAEA/USDA, 2014), male sexual com-
petitiveness and strain sexual compatibility were calculated using the
indexes of frequencies per mating type (Cayol et al., 1999; Mclnnis,
Lance, & Jackson, 1996; Meza-Hernandez & Diaz-Fleischer, 2006).
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Four mating type categories were possible: SS, SW, WS, WW, where
first letter indicates male, second letter females, “S” sterile, and “W”
wild.

The relative sterility index (RSI) was used to compare male sex-
ual competitiveness for their capability to express the proportion of
matings obtained for each male in competition. Values of RSI can vary
from O to 1, where O indicates that all of the wild females that mated
in the cage mated with wild males, 1 indicates that they all mated with
sterile males, and .5 indicates that half mated with sterile males and
half with wild males and that sterile males are equally competitive with
wild males.

The sexual compatibility between strains was evaluated by the
index of sexual isolation (ISI) which values range from -1 (negative
assortative mating, all heterotypic matings) to O (random mating, full
sexual compatibility) to +1 (positive assortative mating, i.e., total sex-
ual isolation). Additionally, the male and female relative performance
indexes (MRPI and FRPI) were computed to account from mating dif-

ferences between sexes on the compatibility test.

sw

RSI= ————
SW+Ww

_ SS+WW-—SW-WS

ISI=
SS+WW+SW+ WS

SS+SW-WS—-WW

MRPl=—/—— 00—
SS+WW+SW+ WS

SS+WS—-SW-WW
SS+WW+SW+ WS

FRPI=

2.6 | Data analysis

Once indexes of competitiveness and compatibility were computed
for each field cage (experimental unit), a one-sample Student’s t
test was performed to determine whether the index (RSI, ISI, MRPI,
or FRPI) differs significantly from the theoretical value expected for
equal competitiveness or random mating. Additionally, a Welch t test
was performed to determine whether the indexes statistically differ
between desiccation-selected and Moscafrut mass-reared strains. For
the experimental design (2.4.1) where selected males competed with
control (unselected) males, the RSI was calculated by considering the
selected strain as the “S” and control strain as the “W” on the formula
of the RSI.

The effect of a stressful environment on survival was analyzed
using an ANOVA where survival was fitted as the dependent variable
and environmental treatment, strain, and the interaction between
them were fitted as predictors. Treatment comparisons were per-

formed using the exact F test.

3 | RESULTS

3.1 | Effect of selection on competitiveness

Along the test of sexual competition between selected and con-

trol (unselected) males, we obtained, on average, 38.6% of possible
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mating pairs in the field cages, which is higher than the minimum
20% recommended for analysis by the FAO/IAEA/USDA (2014)
and common for this species. Considering the selected strain as
the laboratory material on the formula of RSI, we obtained a RSI
of .53 +.04 (mean + SE), indicating that selected males secured,
on average, 53% of the matings per cage. The computed RSI was
not statistically different from the theoretical expected value of
.5 where selected males equally compete with control males (one-
sample t test, t,; = 0.73, p = .48); thus, no significant differences
on competitiveness were detected between selected and control

strains (Figure 1).

All pairings by Equal sexual All pairings by
Control males competitiveness  Selected males
RSI
Selected vs
control males | |'T|
\
\
1 : 1 : ‘ 1 : 1
0.00 0.25 0.50 0.75 1.00

FIGURE 1 Effect of selection on sexual competitiveness. The
relative sterility index (RSI) indicated that desiccation-selected males
secured a similar proportion of wild females mates when competed
with control (unselected) males under field cage conditions. Dot and
error bars indicate mean and standard error, respectively

3.2 | Compatibility of selected strain

An average of 37% possible matings between Moscafrut mass-reared
strain and wild flies and 33% of possible matings between desiccation
selected and wild flies were recorded in the field cages. In the pres-
ence of wild males, laboratory males secured about 35% of mates with
wild females: RSI of Moscafrut mass-reared strain = .36 + .07 and RSI
of selected strain = .35 + .05. The statistical analysis pointed mixed re-
sults. While RSI of the Moscafrut strain was not significantly different
from the expected on equal competitiveness between laboratory and
wild males [theoretical value for equal competitiveness = .5] (t,, = 1.9,
p = .08), statistical differences were recovered for the selected strain
(t;3 =2.96, p = .01). However, the direct contrast of the competitive-
ness index between strains indicated that RSIs were not statistically
different from each other (Welch Test, t,, . =0.03, p = .97), suggest-
ing that males of both strains are equally competitive with wild males
(Figure 2a).

In respect of the sexual compatibility between laboratory strains
and wild flies, we found close to zero values on the ISI. We recov-
ered an IS] of -.02 £ .06 for Moscafrut strain, while for selected strain,
we recovered .04 + .07. Statistical analysis indicated that ISI values
were not significantly different from those expected for random mat-
ing [theoretical value for random mating = 0] (t,, = 0.3, p =.76 and
t,3=.5, p = .63 for Moscafrut and selected strains, respectively). The
direct contrast of the compatibility between strains indicated that
the observed ISIs were not statistically different from each other
(Welch Test, t,, , = 0.57, p = .57), suggesting that both Moscafrut and

Negative Positive
All pairings by Equal All pairings by assortative Random assortative
wild males competitiveness laboratory males mating mating mating
(a) T L] T L] T L] T (b) T L] T L] T L] T
RSI ISI
Moscafrut - H—| . I-?-I
\ \
Selected I—*—| . IJ‘-?-I
[ Il
1 : HI : 1 { 1 1 : 1 ‘:‘ 1 : 1
0.00 0.25 0.50 0.75 1.00 -1.0 -0.5 0.0 0.5 1.0
(C) T L] T L] T L] T (d)
MRPI FRPI
Moscafrut - I-?-| 1 |'?'|
\ \
Selected - I-?-I 1 I-?-Il
I (.
1 : Il : 1 : 1 1 : 1 : ‘ I‘ : 1
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
All pairings by Random All pairings by All pairings by Random All pairings by
Wild males Mating Laboratoy males Wild females Mating Laboratoy females

FIGURE 2 Sexual compatibility with wild population. Comparisons of the relative sterility index (RSI) (a), Index of sexual isolation (ISI) (b),
Male relative performance index (MRPI) (c), and Female relative performance index (FRPI) (d) of Moscafrut and desiccation-selected strains. For
each index, the value obtained was not different between strains. Dot and error bars indicate mean and standard error, respectively
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desiccation-selected strains are equally sexual compatible with the
wild population (Figure 2b).

To obtain information of each sex performance, MRPI and FRPI
were analyzed. We found negative values of MRPI on both Moscafrut
(-.24 £ .08) and selected strains (-.23 +.07). The analysis indicated
that MRPI were statistically different from the theoretical value ex-
pected on equal participation in matings between wild and sterile males
[0] (t;; =9.2,p < .01land t,, = 3.4, p < .01, for Moscafrut and selected
strains, respectively), revealing that wild males were engaged in more
mating pairs. The direct contrast indicated that MRPI were not differ-
ent between laboratory strains (Welch Test, t,,, =.04, p = .96), sug-
gesting that selected and Moscafrut mass-reared males presents equal
mating propensity in the field cages (Figure 2c). Similar, positive values
of FPRI were obtained for both Moscafrut (.26 + .07) and desiccation-
selected (.14 +.07) strains. The statistical analysis recovered mixed
results. While significant differences from the theoretical expected
for equal participation in matings between wild and sterile females [0]
were recovered for Moscafrut strain (t test, t;, =3.5p< .01), the FRPI
of selected lines adjusted to the theoretical expected (t test, t;;=1.9,
p =.07), indicating a relatively higher participation of sterile females
on matings for the evaluation of the Moscafrut strain. However, the
direct contrast of relative performance revealed no significant differ-
ences between FMRIs (Welch Test, t,,, = 1.19, p = .24), suggesting
that females of both, Moscafrut and desiccation-selected strains, pre-

sented a similar mating propensity in the field cages (Figure 2d).

3.3 | Survival and competitiveness under
stressful conditions

In the field cages where selected and Moscafrut mass-reared males
competed for wild female mates, we recovered 39% and 23% of pos-
sible matings for the mild (un-stressful) and stressful environment
treatment, respectively. Selected males secured 59% of matings on
the mild treatment and 88% of matings on the stressful treatment. On

the un-stressful treatment, the competitiveness index (RSl = .59 + .25)

All pairings by Equal sexual All pairings by
Moscafrut males competitiveness Selected males
RSI
Stressful - I-’-I *

\
ind - \
Mild H—| |
\ \
1 : 1 : ‘ 1 : I‘

0.00 0.25 0.50 0.75 1.00

FIGURE 3 Competitiveness on stress. Comparison of the
relative sterility index (RSI) of Moscafrut and desiccation-selected
males competing for wild females mates after mild and stressful
environmental conditions. Dot and error bars indicate mean

and standard error, respectively. For the stressful treatment
*indicates significant deviation from the expected on equal sexual
competitiveness
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was not statistically different from the expected on equal competitive-
ness between males [.5] (t, =1, p = .36). On the stressful treatment
however, the competitiveness index (RSI = .88 + .09) was significantly
different from the expected (t; = 10.1, p < .001); indicating that males
of the selected strain sexually outperform Moscafrut mass-reared
males when previously exposed to stressful conditions (Figure 3).

The analysis of the effect of contrasting environments on survival
indicated that strains were differently affected for the environmental
conditions (Strain: treatment interaction F,_,; = 36, p <.001). While
survival under mild un-stressful conditions was not different between
strains (F1—48 = 0.5, p = .48), the survival of the selected strain was sig-
nificant higher that the Moscafrut mass-reared strain when exposed
to stressful conditions (F,_,5 = 101, p < .0001) (Figure 4).

4 | DISCUSSION

Desiccation resistance selection did not lead to precopulatory sexual
isolation with the wild population of A. ludens. Evaluations in the field
cages confirmed equivalent or superior sexual behavior parameters
of the selected strain compared to those obtained for the strain cur-
rently used in the SIT program against A. ludens in México. The main
advantage of the desiccation-selected strain was observed when flies
were exposed to adverse environmental conditions before competing
for mating with wild females. Selected males presented higher survival
and secured more mates with wild females than the Moscafrut male
counterparts.

The estimated ISIs and RSIs values obtained in the three different

experiments suggest total compatibility between the selected strain
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FIGURE 4 Comparative survival of Moscafrut and desiccation-
selected males in plexiglas cages under mild and stressful conditions.
Dots and error bars indicate mean and standard error, respectively.
Within environmental treatment *indicates significant differences
between strains



TEJEDA ET AL.

02
02 |y y- e —

and the wild population of A. ludens studied here. Additionally, the
MRPIs did not differ from the expected, indicating comparable male
mating competitiveness of control, mass-reared and selected flies.
This pattern of sexual competitiveness, however, becomes favorable
for selected flies when exposed to a harsh environment before sex-
ual competition. Sexual advantage may be consequence of not only
for the innate resistance to the low humidity conditions of selected
flies but also for the higher levels of nutritional reserves that allow
them to endure starvation (Tejeda et al., 2014, 2016). These results
indicate that selection of desiccation resistance is a promising strat-
egy to improve the efficiency of sterile males.

From a SIT application view, the extended survival of selected
strain instantly translates into a positive impact on efficiency by re-
ducing the frequency of releases needed to maintain a fixed num-
ber of sterile males in the field (Hendrichs et al., 2005; Liedo et al.,
2010) and thus reducing the cost associated to release activities.
Furthermore, in the long term, higher survival in the field also rep-
resents a reduction in the absolute quantity of sterile males needed
to accomplish the pest control objective. Additionally, as selected
males obtained more mating pairs, it can be expected than in adverse
environments the release of resistant males will induce more steril-
ity on the target population. In the case of A. ludens, the Campaign
against Fruit Flies is currently using SIT in northern and central re-
gions of Mexico (Gutiérrez-Ruelas, 2010), where dry climate with an
average annual precipitation lower than 600 mm and temperatures
that can exceed 30°C predominates (Comisidon Nacional del Agua
[CONAGUA], 2015). Thus, if the field survival of the standard strain is
compromised, the release of desiccation resistant males promises to
be a more efficient strategy, leading to lesser frequency of releases,
less sterile insects to be produced for the biofactory and more infer-
tile matings in the field per released male.

Desiccation resistance has been repeatedly successful selected in
Drosophila and Anastrepha (Archer et al., 2003; Bubliy & Loeschcke,
2005; Gefen, Marlon, & Gibbs, 2006; Hoffmann & Parsons, 1993;
Rose et al., 1992; Telonis-Scott et al., 2006; Tejeda et al., 2016) and
apparently does not generates precopulatory sexual isolation (Kwan
& Rundle, 2010). Therefore, it is likely that the extended survival and
competitiveness showed by resistant insects can be replicated in other
biological systems (e.g., Lommen et al., 2017) and thus, several pest
management programs could benefits from the evolutionary approach.
In addition, directional selection strategies for specific characters, like
desiccation resistance, can be combined with other genetic strategies
that improve SIT efficiency. For example, genetic sexing strains and ge-
netically modified insects, both highly valuables for SIT, often present
less than optimal performance for some biological parameters (Cayol
et al., 1999; Meza, Nirmala, Zimowska, Zepeda-Cisneros, & Handler,
2011; Meza et al., 2014). Performance on these strains can be im-
proved with directional selection. However, as several of these strains
were originated from a single or from very few individuals, a suitable
approach could involve the selection on lines with richer genetic pool
and the subsequent introgression of the character (cross of strains
following by repeated backcrossing). From a practical point of view,

candidate characters that potentially increase SIT efficiency include

desiccation and/or temperature tolerance (Sgrensen etal., 2012;
Tejeda et al., 2014; Wang, Johnson, Daane, & Nadel, 2009), avoidance
of predators capabilities (Dor, Valle-Mora, Rodriguez-Rodriguez, &
Liedo, 2014; Hendrichs & Hendrichs, 1998; Hendrichs, Wornoayporn,
Katsoyannos, & Hendrichs, 2007; Rao, Aguilar-Argliello, Montoya, &
Diaz-Fleischer, 2014) or even the selection of complex and diffuse
characteristics such as sexual competitiveness (Mclnnis, Shelly et al.,
2002; Quintero-Fong et al.,, 2016; Sanchez-Rosario, Pérez-Staples,
Toledo, Valle-Mora, & Liedo, 2017).

Although the desiccation resistant selected strain presents several
advantages for field application, other relevant biological traits will
have to been considered before their generalized use in the control
program. A small-scale demography evaluation of the selected strains
points to an increased development time as a correlated response
to selection (Tejeda et al., 2016). If this trait remains constant once
the strain are scaled up to mass rearing, the longer development
time could imply either the increase on rearing rooms capacity or the
decrease of insect quantity produced by the biofactory. Although is
highly probable that the field benefits of resistance strains outweigh
the production costs (Barclay, 2005; Mumford, 2005), it will be im-
portant to gather information about their performance under mass
production. Similarly, other relevant operative parameters such as dis-
persal and field survival (Flores et al., 2015), or their ability to inhibit
female remating (Pérez Staples et al., 2017), will be useful to assert-
ively determine the technological value of desiccation strains for the
pest management program.

Finally, mass rearing processes enclose selection pressures that
promotes high fertility, early sexual maturation and short life-cycle
times, which impacts insect life history (Cayol, 1999; Hernandez,
Toledo, Artiaga-Lopez, & Flores, 2009; Miyatake, 1998; Sgro &
Partridge, 2000). Consequently, other life history traits could de-
crease, as it happens in the case of tolerance to natural environment
stressors (Hoffmann et al., 2001; Weldon et al., 2013) that reduce the
performance of sterile insects. Artificial directional selection can be
used to restore those characters lost during the mass rearing process.
Furthermore, the highly controlled environments of laboratories and
biofactories offer a unique opportunity to modify the resource and
time constrains that shapes the evolution of life histories. This advan-
tage, together with a strategically crossbreeding, make possible the
production of phenotypes that even surpass the performance of wild
individuals for a desirable trait (Folk & Bradley, 2005; Garland & Rose,
2009). Some evidences of the technical value of artificial selection
as a strategy to enhance the efficiency of SIT have been performed
in mass-reared strains of Ceratitis capitata [Wiedemann] (Mclnnis,
Shelly et al., 2002), Cochliomyia hominivorax [Coquerel] (Baumhover
& Spates, 1965), B. cucurbitae [Coquillett] (Miyatake, 1996) and
A. ludens [Loew] (Quintero-Fong et al., 2016; Sanchez-Rosario et al.,
2017; Tejeda et al., 2016). Furthermore, the understanding of genetic
mechanisms on specific characters surely would improve the use of
artificial selection as a tool to improve the quality of mass-reared in-
sects used in pest management programs, especially those that incor-
porate the massive releases of sterile insects or parasitoids (Lommen
et al., 2017).



TEJEDAET AL.

ACKNOWLEDGEMENTS

We are grateful to Javier Trujillo, Director of Plant Health at the
Secretaria de Agricultura, Ganaderia Desarrollo Rural, Pesca y
Alimentacion (SAGARPA), to José Manuel Gutiérrez Ruelas, Director
of the National Campaign against Fruit Flies, and to Pablo Montoya,
Head of Methods Development Sub-Direction for permissions and
support at Moscafrut facilities. We gratefully acknowledge the valu-
able assistance of technicians of Department of Biology, ecology and
behavior and Department of Technology validation during the experi-
ment. Special thanks to Chantel De Beer and J. Salvador Meza for
constructive comments on the manuscript. Thanks are given to the
Mexican Council of Science and Technology (CONACyT) for partially
supporting the research through the project CB-2011-169887 and
providing a scholarship (229665) to MTT. This work forms part of
MTT'’s PhD Thesis.

DATA ARCHIVING STATEMENT

Data for this study are available at the Dryad Digital Repository:
https://doi.org/10.5061/dryad.r1s25

REFERENCES

Aluja, M., Pifiero, J., Jicome, |., Diaz-Fleischer, F., & Sivinski, J. (1999).
Behavior of flies in the genus Anastrepha (Trypetinae: Toxotrypanini).
In M. Aluja & A. L. Norrbom (Eds.), Fruit flies (Tephritidae): Phylogeny and
evolution of behavior (pp. 375-406). Boca Raton, FL: CRC Press. https:/
doi.org/10.1201/9781420074468.ch15

Archer, M. A, Phelan, J. P,, Beckman, K., & Rose, M. R. (2003). Breakdown
in correlations during laboratory evolution. Il. Selection on stress resis-
tance in Drosophila populations. Evolution, 57, 536-543.

Barclay, H. J. (2005). Mathematical models for the use of sterile insects.
In V. A. Dyck, J. Hendrichs & A. S. Robinson (Eds.), Sterile insect tech-
nique: Principles and practice in area-wide integrated pest management
(pp. 147-174). Dordrecht, the Netherland: Springer. https:/doi.
org/10.1007/1-4020-4051-2_6

Baumhover, A. H., & Spates, J. G. E. (1965). Artificial selection of adult
screw-worms for extended survival without food and water. Journal of
Economic Entomology, 58(4), 645. https://doi.org/10.1093/jee/58.4.645

Begon, M., Townsend, C. R., & Harper, J. L. (2006). Ecology: Form individuals
to ecosystems, 4th ed. Oxford, UK: Blackwell Publishing Ltd.

Bubliy, O. A., & Loeschcke, V. (2005). Correlated responses to selection for
stress resistance and longevity in a laboratory population of Drosophila
melanogaster. Journal of Evolutionary Biology, 18, 789-803.

Calkins, C. O., & Parker, A. G. (2005). Sterile insect quality. In V. A.
Dyck, J. Hendrichs & A. S. Robinson (Eds.), Sterile insect technique
principles and practice in area-wide integrated pest management
(pp. 269-296). Dordrecht, the Netherland: Springer. https:/doi.
org/10.1007/1-4020-4051-2_10

Calkins, C. O., & Webb, J. C. (1983). A cage and support framework for
behavioral tests of fruit flies in the field. The Florida Entomologist, 66,
512. https://doi.org/10.2307/3494025

Carey, J. R,, Harshman, L. G., Liedo, P., Miiller, H. G., Wang, J. L., & Zhang,
Z. (2008). Longevity-fertility trade-offs in the tephritid fruit fly,
Anastrepha ludens, across dietary-restriction gradients. Aging Cell, 7(4),
470-477. https://doi.org/10.1111/j.1474-9726.2008.00389.x

Carey, J.R,, Liedo, P, Miiller, H. G., Wang, J. L., Senturk, D., & Harshman, L. G.
(2005). Biodemography of a long-lived tephritid: Reproduction and lon-
gevity in a large cohort of female Mexican fruit flies, Anastrepha ludens.

T\ || £y

Experimental Gerontology, 40, 793-800. https://doi.org/10.1016/j.
exger.2005.07.013

Cayol, J. P. (1999). Changes in sexual behavior and in some life history traits
of Tephritid species caused by mass- rearing processes. In M. Aluja &
A. L. Norrbom (Eds.), Fruit flies (Tephritidae): Phylogeny and evolution
of behaviour (pp. 843-860). Boca Raton, FL: CRC Press. https:/doi.
org/10.1201/9781420074468.ch31

Cayol, J. P, Vilardi, J., Rial, E., & Vera, M. T. (1999). New indices and method
to measure the sexual compatibility and mating performance of
Ceratitis capitata (Diptera: Tephritidae) laboratory-reared strains under
field cage conditions. Journal of Economic Entomology, 92(1), 140-145.
https:/doi.org/10.1093/jee/92.1.140

Comisién Nacional del Agua [CONAGUA]. (2015). Retrieved from https:/
smn.conagua.gob.mx/es/

Diaz-Fleischer, F., & Arredondo, J. (2011). Effects of post-eclosion light-
dark regimes on mating performance of mass-reared tephritid fly
Anastrepha ludens. Entomologia Experimentalis et Applicata, 141, 52-58.
https:/doi.org/10.1111/j.1570-7458.2011.01168.x

Dominguez, J., Artiaga-Lépez, T., Solis, E., & Herndndez, E. (2010). Métodos
de colonizacién y cria masiva. In P. Montoya, J. Toledo & E. Hernandez
(Eds.), Moscas de la Fruta: Fundamentos y Procedimientos para su manejo
(pp. 259-276). México, DF: S y G Editores.

Dor, A., Valle-Mora, J., Rodriguez-Rodriguez, S. E., & Liedo, P. (2014).
Predation of Anastrepha ludens (Diptera: Tephritidae) by Norops ser-
ranoi (Reptilia: Polychrotidae): Functional response and evasion abil-
ity. Environmental Entomology, 43(3), 706. https:/doi.org/10.1603/
EN13281

Dyck, V. A., Hendrichs, J., & Robinson, A. S. (Eds.) (2005). Sterile insect tech-
nique principles and practice in area-wide integrated pest management.
Dordrecht, the Netherland: Springer.

Falconer, D. S., & Mackay, T. F. C. (1996). Introduction to quantitative genet-
ics. Essex, UK: Longman.

Flores, S., Campos, S., Gémez, E., Espinoza, E., Wilson, W., & Montoya,
P. (2015). Evaluation of field dispersal and survival capacity of the
genetic sexing strain Tapachula-7 of Anastrepha ludens (Diptera:
Tephritidae). Florida Entomologist, 98(1), 209-214. https:/doi.
org/10.1653/024.098.0136

Foley, B. R., & Telonis-Scott, M. (2011). Quantitative genetic analysis sug-
gests causal association between cuticular hydrocarbon composition
and desiccation survival in Drosophila melanogaster. Heredity, 106, 68-
77. https://doi.org/10.1038/hdy.2010.40

Folk, D. G., & Bradley, T. J. (2005). Adaptive evolution in the lab: Unique
phenotypes in fruit flies comprise a fertile field of study. Integrative
and Comparative Biology, 45(3), 492-499. https://doi.org/10.1093/
icb/45.3.492

Food and Agriculture Organization of the United Nations/International
Atomic Energy Agency/United States Department of Agriculture [FAO/
IAEA/USDA]. (May 2014). Product quality control for sterile mass-reared
and released tephritid fruit flies, Version 6.0. Vienna, Austria: International
Atomic Energy Agency. 164 pp. Retrieved from https:/www-naweb.
iaea.org/nafa/ipc/public/QualityControl.pdf

Garland, T., & Rose, M. R. (Eds.) (2009). Experimental evolution: Concepts,
methods, and applications of selection experiments. Berkeley, CA:
University of California Press.

Gefen, E., & Gibbs, A. G. (2009). Interactions between environmental stress
and male mating success may enhance reproductive isolation of stress-
resistant Drosophila populations. Evolution, 63, 1653-1659.

Gefen, E., Marlon, A. J., & Gibbs, A. G. (2006). Selection for desiccation
resistance in adult Drosophila melanogaster affects larval development
and metabolite accumulation. The Journal of Experimental Biology, 209,
3293-3300. https://doi.org/10.1242/jeb.02397

Gilchrist, G. W, Jeffers, L. M., West, B., Folk, D. G., Suess, J., & Huey, R. B.
(2008). Clinal patterns of desiccation and starvation resistance in an-
cestral and invading populations of Drosophila subobscura. Evolutionary
Applications, 1(3), 513-523.


https://doi.org/10.5061/dryad.r1s25
https://doi.org/10.1201/9781420074468.ch15
https://doi.org/10.1201/9781420074468.ch15
https://doi.org/10.1007/1-4020-4051-2_6
https://doi.org/10.1007/1-4020-4051-2_6
https://doi.org/10.1093/jee/58.4.645
https://doi.org/10.1007/1-4020-4051-2_10
https://doi.org/10.1007/1-4020-4051-2_10
https://doi.org/10.2307/3494025
https://doi.org/10.1111/j.1474-9726.2008.00389.x
https://doi.org/10.1016/j.exger.2005.07.013
https://doi.org/10.1016/j.exger.2005.07.013
https://doi.org/10.1201/9781420074468.ch31
https://doi.org/10.1201/9781420074468.ch31
https://doi.org/10.1093/jee/92.1.140
https://smn.conagua.gob.mx/es/
https://smn.conagua.gob.mx/es/
https://doi.org/10.1111/j.1570-7458.2011.01168.x
https://doi.org/10.1603/EN13281
https://doi.org/10.1603/EN13281
https://doi.org/10.1653/024.098.0136
https://doi.org/10.1653/024.098.0136
https://doi.org/10.1038/hdy.2010.40
https://doi.org/10.1093/icb/45.3.492
https://doi.org/10.1093/icb/45.3.492
https://www-naweb.iaea.org/nafa/ipc/public/QualityControl.pdf
https://www-naweb.iaea.org/nafa/ipc/public/QualityControl.pdf
https://doi.org/10.1242/jeb.02397

TEJEDA ET AL.

028
02 |y ey e —

Gutiérrez-Ruelas, J. M. (2010). El Programa Moscas de la Fruta en México.
In P. Montoya, J. Toledo & E. Hernandez-Ortiz (Eds.), Moscas de La Fruta:
Fundamentos y Procedimientos para su Manejo (pp. 3-10). México, DF:
Sy G Editores.

Harshman, L. G., Hoffmann, A. A, & Clark, A. G. (1999). Selection for star-
vation resistance in Drosophila melanogaster: Physiological correlates,
enzyme activities and multiple stress responses. Journal of Evolutionary
Biology, 12, 370-379.

Hendrichs, M. A., & Hendrichs, J. (1998). Perfumed to be killed:
Interception of Mediterranean fruit fly (Diptera: Tephritidae)
sexual signaling by predatory foraging wasps (Hymenoptera:
Vespidae). Annals of the Entomological Society of America, 91,
228-234.

Hendrichs, J., Vreysen, M. J. B., Enkerlin, W. R., & Cayol, J. P. (2005).
Strategic options in using sterile insects for area-wide integrated pest
management. In V. A. Dyck, J. Hendrichs & A. S. Robinson (Eds.), Sterile
insect technique: Principles and practice in area-wide integrated pest man-
agement (pp. 563-600). Dordrecht, the Netherland: Springer. https:/
doi.org/10.1007/1-4020-4051-2_22

Hendrichs, M. A., Wornoayporn, V., Katsoyannos, B., & Hendrichs, J.
(2007). Quality control method to measure predator evasion in wild
and mass-reared mediterranean fruit flies (Diptera: Tephritidae).
Florida Entomologist, 90(March), 64-70. https://doi.org/10.1653/0015-
4040(2007) 90[64:QCMTMP]2.0.CO;2

Hendry, A. P, Kinnison, M. T., Heino, M., Day, T., Smith, T. B., Fitt, G.,
& Carroll, S. P. (2011). Evolutionary principles and their practi-
cal application. Evolutionary Applications, 4, 159-183. https:/doi.
org/10.1111/j.1752-4571.2010.00165.x

Hernandez, E., Orozco, D., Breceda, S. F., & Dominguez, J. (2007). Dispersal
and longevity of wild and mass-reared Anastrepha ludens and Anastrepha
obliqua (Diptera: Tephritidae). Florida Entomologist, 90, 123-135. https:/
doi.org/10.1653/0015-4040(2007) 90[123:DALOWA]2.0.CO;2

Hernandez, E., Toledo, J., Artiaga-Lopez, T., & Flores, S. (2009). Demographic
changes in Anastrepha obliqua (Diptera: Tephritidae) throughout the
laboratory colonization process. Journal of Economic Entomology, 102,
542-551. https:/doi.org/10.1603/029.102.0211

Hernandez-Ortiz, V., & Pérez-Alonso, R. (1993). The natural host plants
of Anastrepha (Diptera: Teprhitidae) in a tropical rain forest of Mexico.
Florida Entomologist, 76, 447-460.

Hoffmann, A. A., Hallas, R., Sinclair, C., & Partridge, L. (2001). Rapid loss of
stress resistance in Drosophila melanogaster under adaptation to labora-
tory culture. Evolution, 55(2), 436-438. https:/doi.org/10.1554/0014-
3820(2001) 055

Hoffmann, A. A., & Parsons, P. A. (1993). Selection for adult desiccation
resistance in Drosophila melanogaster: Fitness components, larval resis-
tance and stress correlations. Biological Journal of the Linnean Society,
48, 43-54. https://doi.org/10.1111/j.1095-8312.1993.tb00875.x

It6, Y., & Yamamura, K. (2005). Role of population and behavioural ecol-
ogy in the sterile insect technique. In V. A. Dyck, J. Hendrichs & A. S.
Robinson (Eds.), Sterile insect technique: principles and practice in ar-
ea-wide integrated pest management (pp. 177-208). Dordrecht, the
Netherland: Springer. https://doi.org/10.1007/1-4020-4051-2_7

Kang, L., Aggarwal, D. D., Rashkovetsky, E., Korol, A. B., & Michalak, P.
(2016). Rapid genomic changes in Drosophila melanogaster adapting to
desiccation stress in an experimental evolution system. BMC Genomics,
17, 233. https://doi.org/10.1186/s12864-016-2556-y

Karan, D., Dahiya, N., Munjal, A. K., Gibert, P., Moreteau, B., Parkash, R.,
& David, J. R. (1998). Desiccation and starvation tolerance of adult
Drosophila: Opposite latitudinal clines in natural populations of three
different species. Evolution, 52(3), 825-831.

Kawano, T., Shimoda, M., Matsumoto, H., Ryuda, M., Tsuzuki, S., &
Hayakawa, Y. (2010). Identification of a gene, desiccate, contributing
to desiccation resistance in Drosophila melanogaster. The Journal of
Biological Chemistry, 285, 38889-38897. https:/doi.org/10.1074/jbc.
M110.168864

Kellermann, V., van Heerwaarden, B., Sgro, C. M., & Hoffmann, A. A.
(2009). Fundamental evolutionary limits in ecological traits drive
Drosophila species distributions. Science, 325, 1244-1246. https://doi.
org/10.1126/science.1175443

Klassen, W. (2005). Area-wide integrated pest management and the sterile
insect technique. In V. A. Dyck, J. Hendrichs & A. S. Robinson (Eds.),
Sterile insect technique: Principles and practice in area-wide integrated
pest management (pp. 39-68). Dordrecht, the Netherland: Springer.
https:/doi.org/10.1007/1-4020-4051-2_2

Knipling, E. F. (1955). Possibilities of insect control for eradication through
the use of sexually sterile males. Journal of Economic Entomology, 48,
459-462.

Knipling, E. F. (1968). The potential role of sterility for pest control. In G.
C. LaBrecque & C. N. Smith (Eds.), Principles for insect chemosterilization
(pp. 7-40). New York, NY: Appleton-Century-Crofts.

Knipling, E. F. (1979). The basic principles of insect population suppression
and management. Agricultural Handbook number 512. Washington,
DC: SEA, USDA.

Kwan, L., & Rundle, H. D. (2010). Adaptation to desiccation fails to gener-
ate pre- and postmating isolation in replicate Drosophila melanogaster
laboratory populations. Evolution, 64, 710-723.

Lance, D. R., & Mclnnis, D. O. (2005). Biological basis of the sterile insect
technique. In V. A. Dyck, J. Hendrichs & A. S. Robinson (Eds.), Sterile
insect technique: Principles and practice in area-wide integrated pest man-
agement (pp. 69-94). Dordrecht, the Netherland: Springer. https:/doi.
org/10.1007/1-4020-4051-2_3

Liedo, P. (2016). Management of fruit flies in Mexico. In S. Ekesi, S.
Mohamed & M. Meyer (Eds.), Fruit fly research and development in Africa
- Towards a sustainable management strategy to improve horticulture
(pp. 695-704). Cham: Springer International Publishing. https:/doi.
org/10.1007/978-3-319-43226-7_30

Liedo, P, Carey, J. R., Celedonio, H., & Guillen, J. (1992). Size specific demog-
raphy of three species of Anastrepha fruit flies. Entomologia Experimentalis
et Applicata, 63(2), 135-142. https:/doi.org/10.1007/BF00343573

Liedo, P., Oropeza, A., & Carey, J. R. (2010). Demografia y sus implicaciones
en los programas de control. In P. Montoya, J. Toledo & E. Hernandez
(Eds.), Moscas de la Fruta: Fundamentos y Procedimientos para su manejo
(pp. 81-90). México, DF: S y G Editores.

Lommen, S. T. E., de Jong, P. W., & Pannebakker, B. A. (2017). It is time to
bridge the gap between exploring and exploiting: Prospects for utilizing
intraspecific genetic variation to optimize arthropods for augmentative
pest control - A review. Entomologia Experimentalis et Applicata, 162,
108-123. https:/doi.org/10.1111/eea.12510

Marron, M. T., Markow, T. A., Kain, K. J., & Gibbs, A. G. (2003). Effects of
starvation and desiccation on energy metabolism in desert and mesic
Drosophila. Journal of Insect Physiology, 49(3), 261-270. https:/doi.
org/10.1016/50022-1910(02)00287-1

Mclnnis, D. O,, Lance, D. R., & Jackson, C. G. (1996). Behavioral resistance
to the sterile insect technique by Mediterranean fruit fly (Diptera:
Tephritidae) in Hawaii. Annals of the Entomological Society of America,
89, 739-744. https://doi.org/10.1093/aesa/89.5.739

Mclnnis, D. O., Rendon, P., & Komatsu, J. (2002). Mating and remating
of medflies (Diptera: Tephritidae) in Guatemala: Individual fly mark-
ing in field cages. Florida Entomologist, 85, 126-137. https:/doi.
org/10.1653/0015-4040(2002) 085[0126:MAROMD]2.0.CO;2

Mclnnis, D. O., Shelly, T. E., & Komatsu, J. (2002). Improving male mating
competitiveness and survival in the field for medfly, Ceratitis capitata
(Diptera: Tephritidae) SIT programs. Genetica, 116, 117-124. https:/
doi.org/10.1023/A:1020919927542

Meats, A. (1989a). Bioclimatic potential. In A. S. Robinson & G. Hooper
(Eds.), Fruit flies their biology, natural enemies and control (Vol. 3B, pp.
241-252). Amsterdam: Elsevier Science Publishers BV.

Meats, A. (1989b). Water relations of Tephritidae. In A. S. Robinson & G.
Hooper (Eds.), Fruit flies their biology, natural enemies and control (Vol.
3A, pp. 241-247). Amsterdam: Elsevier Science Publishers BV.


https://doi.org/10.1007/1-4020-4051-2_22
https://doi.org/10.1007/1-4020-4051-2_22
https://doi.org/10.1653/0015-4040(2007)90[64:QCMTMP]2.0.CO;2
https://doi.org/10.1653/0015-4040(2007)90[64:QCMTMP]2.0.CO;2
https://doi.org/10.1111/j.1752-4571.2010.00165.x
https://doi.org/10.1111/j.1752-4571.2010.00165.x
https://doi.org/10.1653/0015-4040(2007)90[123:DALOWA]2.0.CO;2
https://doi.org/10.1653/0015-4040(2007)90[123:DALOWA]2.0.CO;2
https://doi.org/10.1603/029.102.0211
https://doi.org/10.1554/0014-3820(2001)055
https://doi.org/10.1554/0014-3820(2001)055
https://doi.org/10.1111/j.1095-8312.1993.tb00875.x
https://doi.org/10.1007/1-4020-4051-2_7
https://doi.org/10.1186/s12864-016-2556-y
https://doi.org/10.1074/jbc.M110.168864
https://doi.org/10.1074/jbc.M110.168864
https://doi.org/10.1126/science.1175443
https://doi.org/10.1126/science.1175443
https://doi.org/10.1007/1-4020-4051-2_2
https://doi.org/10.1007/1-4020-4051-2_3
https://doi.org/10.1007/1-4020-4051-2_3
https://doi.org/10.1007/978-3-319-43226-7_30
https://doi.org/10.1007/978-3-319-43226-7_30
https://doi.org/10.1007/BF00343573
https://doi.org/10.1111/eea.12510
https://doi.org/10.1016/S0022-1910(02)00287-1
https://doi.org/10.1016/S0022-1910(02)00287-1
https://doi.org/10.1093/aesa/89.5.739
https://doi.org/10.1653/0015-4040(2002)085[0126:MAROMD]2.0.CO;2
https://doi.org/10.1653/0015-4040(2002)085[0126:MAROMD]2.0.CO;2
https://doi.org/10.1023/A:1020919927542
https://doi.org/10.1023/A:1020919927542

TEJEDAET AL.

Meza, J. S., Diaz Fleischer, F., & Orozco, D. (2005). Pupariation time as a
source of variability in mating performance in mass-reared Anastrepha
ludens (Diptera: Tephritidae). Journal of Economic Entomology, 98,
1930-1936. https:/doi.org/10.1603/0022-0493-98.6.1930

Meza, J. S., Diaz-Fleischer, F., Sdnchez-Velasquez, L. R., Zepeda-Cisneros, C.
S., Handler, A. M., & Schetelig, M. F. (2014). Fitness cost implications of
PhiC31-mediated site-specific integrations in target-site strains of the
Mexican fruit fly, Anastrepha ludens (Diptera: Tephritidae). PLoS ONE,
9(10), €109690. https://doi.org/10.1371/journal.pone.0109690

Meza, J. S., Nirmala, X., Zimowska, G. J., Zepeda-Cisneros, C. S., & Handler,
A. M. (2011). Development of transgenic strains for the biological con-
trol of the Mexican fruit fly, Anastrepha ludens. Genetica, 139, 53-62.
https://doi.org/10.1007/s10709-010-9484-6

Meza-Hernandez, J. S., & Diaz-Fleischer, F. (2006). Comparison of sexual
compatibility between laboratory and wild Mexican fruit flies under
laboratory and field conditions. Journal of Economic Entomology, 99,
1979-1986. https:/doi.org/10.1603/0022-0493-99.6.1979

Miyatake, T. (1996). Comparison of adult life history traits in lines artificially
selected for long and short larval and pupal developmental periods in
the melon fly, Bactrocera cucurbitae. Applied Entomology and Zoology,
31(3), 335-343.

Miyatake, T. (1997). Correlated responses to selection for developmental
period in Bactrocera cucurbitae (Diptera: Tephritidae): Time of mating
and daily activity rhythms. Behavior Genetics, 27, 489-498.

Miyatake, T. (1998). Genetic changes of life history and behavioral traits
during mass-rearing in the melon fly, Bactrocera cucurbitae (Diptera:
Tephritidae). Researches on Population Ecology, 40, 301-310.

Miyatake, T. (2002). Circadian rhythm and time of mating in Bactrocera
cucurbitae (Diptera: Tephritidae) selected for age at reproduction.
Heredity, 88, 302-306.

Miyatake, T., Matsumoto, A., Matsuyama, T., Ueda, H. R., Toyosato, T., &
Tanimura, T. (2002). The period gene and allochronic reproductive iso-
lation in Bactrocera cucurbitae. Proceedings of the Royal Society of London
B: Biological Sciences, 269(1508), 2467-2472. https://doi.org/10.1098/
rspb.2002.2152

Mumford, J. D. (2005). Application of benefit/cost analysis to insect pest
control using the sterile insect technique. In V. A. Dyck, J. Hendrichs
& A. S. Robinson (Eds.), Sterile insect technique: Principles and practice
in area-wide integrated pest management (pp. 481-498). Dordrecht, the
Netherland: Springer. https://doi.org/10.1007/1-4020-4051-2_18

Norrbom, A. L., & Foote, R. H. (1989). The taxonomy and zoobiography of
Anastrepha. In A. S. Robinson & G. Hooper (Eds.), Fruit flies their biology,
natural enemies and control (Vol. 3A, pp. 15-26). Amsterdam: Elsevier
Science Publishers BV.

Norrbom, A. L., & Kim, K. C. (1988). A list of the reported host plants of the
species Anastrepha schiner (Diptera: Tephritidae). U.S. Department of
Agriculture, APHIS No.81-52.

Pérez Staples, D., Abraham, S., Herrera-Cruz, M., Reyes-Hernandez, M.,
Tejeda, M. T., Arredondo, J., & Diaz-Fleischer, F. (2017). Evolutionary
consequences of desiccation resistance in the male ejaculate. Manuscript
submitted.

Price, P. W. (1997). Insect ecology (3rd ed.) New York, NY: John Wiley &
Sons.

Quintero-Fong, L., Toledo, J., Ruiz, L., Rendén, P., Orozco-D4vila, D., Cruz,
L., & Liedo, P. (2016). Selection by mating competitiveness improves
the performance of Anastrepha ludens males of the genetic sexing
strain Tapachula-7. Bulletin of Entomological Research, 106, 624-632.
https://doi.org/10.1017/50007485316000316

Rao, D., Aguilar-Argtiello, S., Montoya, P., & Diaz-Fleischer, F. (2014). The
effect of irradiation and mass rearing on the anti-predator behaviour of
the Mexican fruit fly, Anastrepha ludens (Diptera: Tephritidae). Bulletin
of Entomological Research, 104, 176-181. https://doi.org/10.1017/
S0007485313000643

Rempoulakis, P., & Nestel, D. (2012). Dispersal ability of marked, irradiated
olive fruit flies [Bactrocera oleae (Rossi) (Diptera: Tephritidae)] in arid

T\ || £y

regions. Journal of Applied Entomology, 136(3), 171-180. https://doi.
org/10.1111/j.1439-0418.2011.01623.x

Rose, M. R, Vu, L. N., Park, S. U., & Graves, J. L. (1992). Selection
on stress resistance increases longevity in Drosophila melan-
ogaster.  Experimental Gerontology, 27, 241-250. https:/doi.
org/10.1016/0531-5565(92)90048-5

Sanchez-Rosario, M., Pérez-Staples, D., Toledo, J., Valle-Mora, J., &
Liedo, P. (2017). Artificial selection on mating competitiveness of
Anastrepha ludens for sterile insect technique application. Entomologia
Experimentalis et Applicata, 162, 133-147. https://doi.org/10.1111/
eea.12540

Sgro, C. M., & Partridge, L. (2000). Evolutionary responses of the life his-
tory of wild-caught Drosophila melanogaster to two standard methods
of laboratory culture. The American Naturalist, 156(4), 341-353. https:/
doi.org/10.1086/3033%94

Sinclair, B. J., Gibbs, A. G., & Roberts, S. P. (2007). Gene transcription
during exposure to, and recovery from, cold and desiccation stress in
Drosophila melanogaster. Insect Molecular Biology, 16, 435-443.

Sgrensen, J. G., Addison, M. F,, & Terblanche, J. S. (2012). Mass-rearing of
insects for pest management: Challenges, synergies and advances from
evolutionary physiology. Crop Protection, 38, 87-94.

Sgrensen, J. G., Nielsen, M. M., & Loeschcke, V. (2007). Gene expres-
sion profile analysis of Drosophila melanogaster selected for resis-
tance to environmental stressors. Journal of Evolutionary Biology, 20,
1624-1636.

Tejeda, M. T., Arredondo, J., Liedo, P., Pérez-Staples, D., Ramos-Morales,
P., & Diaz-Fleischer, F. (2016). Reasons for success: Rapid evolution for
desiccation resistance and life-history changes in the polyphagous fly
Anastrepha ludens. Evolution, 70, 2583-2594. https://doi.org/10.1111/
evo.13070

Tejeda, M. T., Arredondo, J., Pérez-Staples, D., Ramos-Morales, P., Liedo,
P., & Diaz-Fleischer, F. (2014). Effects of size, sex and teneral re-
sources on the resistance to hydric stress in the Tephritid fruit fly
Anastrepha ludens. Journal of Insect Physiology, 70, 73-80. https://doi.
org/10.1016/j.jinsphys.2014.08.011

Telonis-Scott, M., Gane, M., DeGaris, S., Sgro, C. M., & Hoffmann, A. A.
(2011). High resolution mapping of candidate alleles for desiccation
resistance in Drosophila melanogaster under selection. Molecular Biology
and Evolution, 29, 1335-1351.

Telonis-Scott, M., Guthridge, K. M., & Hoffmann, A. A. (2006). A new set
of laboratory-selected Drosophila melanogaster lines for the anal-
ysis of desiccation resistance: Response to selection, physiology
and correlated responses. The Journal of Experimental Biology, 209,
1837-1847.

Telonis-Scott, M., & Hoffmann, A. A. (2003). Isolation of a Drosophila mela-
nogaster desiccation resistant mutant. Journal of Insect Physiology, 49,
1013-1020.

Terblanche, J. S., & Chown, S. L. (2007). Factory flies are not equal to wild
flies. Science, 317, 1678.

Thomas, D. B., & Loera-Gallardo, J. (1998). Dispersal and longevity of
mass-released, sterilized Mexican fruit flies (Diptera: Tephritidae).
Environmental Entomology, 27, 1045-1052.

Utgés, M. E., Vilardi, J. C., Oropeza, A., Toledo, J., & Liedo, P. (2013). Pre-
release diet effect on field survival and dispersal of Anastrepha ludens and
Anastrepha obliqua (Diptera: Tephritidae). Journal of Applied Entomology,
137, 163-177. https:/doi.org/10.1111/j.1439-0418.2011.01663.
X

Vanoye-Eligio, V., Mora-Olivo, A., Gaona-Garcia, G., Reyes-Zepeda, F.,
& Rocandio-Rodriguez, M. (2017). Mexican fruit fly populations in
the semi-arid highlands of the Sierra Madre Oriental in northeastern
Mexico. Neotropical Entomology, 46, 1-8. https:/doi.org/10.1007/
s13744-016-0478-7

Vreysen, M. J. B. (2005). Monitoring sterile and wild insects in ar-
ea-wide integrated pest management programmes. In V. A. Dyck,
J. Hendrichs & A. S. Robinson (Eds.), Sterile insect technique:


https://doi.org/10.1603/0022-0493-98.6.1930
https://doi.org/10.1371/journal.pone.0109690
https://doi.org/10.1007/s10709-010-9484-6
https://doi.org/10.1603/0022-0493-99.6.1979
https://doi.org/10.1098/rspb.2002.2152
https://doi.org/10.1098/rspb.2002.2152
https://doi.org/10.1007/1-4020-4051-2_18
https://doi.org/10.1017/S0007485316000316
https://doi.org/10.1017/S0007485313000643
https://doi.org/10.1017/S0007485313000643
https://doi.org/10.1111/j.1439-0418.2011.01623.x
https://doi.org/10.1111/j.1439-0418.2011.01623.x
https://doi.org/10.1016/0531-5565(92)90048-5
https://doi.org/10.1016/0531-5565(92)90048-5
https://doi.org/10.1111/eea.12540
https://doi.org/10.1111/eea.12540
https://doi.org/10.1086/303394
https://doi.org/10.1086/303394
https://doi.org/10.1111/evo.13070
https://doi.org/10.1111/evo.13070
https://doi.org/10.1016/j.jinsphys.2014.08.011
https://doi.org/10.1016/j.jinsphys.2014.08.011
https://doi.org/10.1111/j.1439-0418.2011.01663.x
https://doi.org/10.1111/j.1439-0418.2011.01663.x
https://doi.org/10.1007/s13744-016-0478-7
https://doi.org/10.1007/s13744-016-0478-7

TEJEDA ET AL.

030
00 Ly y- e —

Principles and practice in area-wide integrated pest management
(pp. 325-361). Dordrecht, the Netherland: Springer. https:/doi.
org/10.1007/1-4020-4051-2_12

Wang, X.-G., Johnson, M. W,, Daane, K. M., & Nadel, H. (2009). High sum-
mer temperatures affect the survival and reproduction of olive fruit
fly (Diptera: Tephritidae). Environmental Entomology, 38, 1496-1504.
https:/doi.org/10.1603/022.038.0518

Weldon, C. W.,, Yap, S., & Taylor, P. W. (2013). Desiccation resistance of
wild and mass-reared Bactrocera tryoni (Diptera: Tephritidae). Bulletin of
Entomological Research, 103, 690-699.

How to cite this article: Tejeda MT, Arredondo-Gordillo J,
Orozco-Davila D, Quintero-Fong L, Diaz-Fleischer F. Directional
selection to improve the sterile insect technique: Survival and
sexual performance of desiccation resistant Anastrepha ludens
strains. Evol Appl. 2017;10:1020-1030. https://doi.
org/10.1111/eva.12506



https://doi.org/10.1007/1-4020-4051-2_12
https://doi.org/10.1007/1-4020-4051-2_12
https://doi.org/10.1603/022.038.0518
https://doi.org/10.1111/eva.12506
https://doi.org/10.1111/eva.12506

