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Abstract Successive rearing in laboratory condi-
tions can result in the loss of genetic diversity,
inbreeding depression and adaptation to the captive
environment, affecting the quality of the insects reared
and compromising their field performance. Introduc-
tion of genetic variation by admixing different pop-
ulations may increase the fitness of populations,
minimizing the negative effects of rearing many
generations in artificial conditions. We experimentally
investigated the role of intraspecific hybridization in
enhancing the fitness of the egg parasitoid Tri-
chogramma galloi Zucchi, 1988 (Hymenoptera: Tri-
chogrammatidae), by reciprocally crossing three
populations. Our results showed that the mating type
did not affect the number of crosses that produced
viable daughters. Homotypic crosses produced 94%
viable daughters, while heterotypic crosses produced
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92%. There were neither mating incompatibilities nor
reproductive barriers between these populations.
However, we observed a low fitness value for females
from one of the populations studied. The fitness of
hybrids was either unchanged or improved (in one
case) when compared to the parental populations. We
discuss the implications of our results and suggest
future research directions.
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Introduction

Laboratory and mass rearing of biological control
agents can have detrimental effects on insect perfor-
mance. Successive rearing in laboratory conditions
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can result in the loss of genetic diversity, inbreeding
depression and adaptation to the captive environment
(Frankham 2008; Henter 2003; Hopper et al. 1993;
Woodworth et al. 2002), which subsequently can
affect the quality of the insects reared and compromise
the success of biological control programs. To miti-
gate these effects, introduction of genetic variation by
admixing different  populations  (intraspecific
hybridization) can be a promising strategy.

Cross-breeding between divergent populations may
increase the fitness of the hybrid offspring (heterosis)
and/or increase the genetic variance of phenotypic
traits (Benvenuto et al. 2012; Facon et al. 2011; Sziics
et al. 2012), facilitating evolution and response to new
environmental pressures (Anderson and Stebbins
1954; Facon et al. 2008, 2011; Lewontin and Birch
1966; Rius and Darling 2014) and alleviating the
negative effects of inbreeding and drift (Whitlock
et al. 2000). Hybrids with higher fitness will produce a
large number of new combinations of traits and
genotypes in the early generations, increasing the
chance that some recombinants may better adapt to a
novel environment, and thus be favored by natural
selection (Johansen-Morris and Latta 2006). Consis-
tently with these expectations, many empirical studies
have found an increase in the vigor of the progeny of
crosses between different populations, as is the case
for many biological control agents (Benvenuto et al.
2012; Seko et al. 2012; Sziics et al. 2012).

Despite its benefits, hybridization can negatively
impact the fitness of first-generation hybrids (F1) due
to genetic incompatibilities, disruption of local adap-
tations (gene x environment interactions), epistatic
interactions, or underdominance (Burke and Arnold
2001; Edmands 2007; Lynch and Walsh 1998),
resulting in outbreeding depression. Outbreeding
depression is likely to occur in crosses between
divergent populations. Although less empirical evi-
dence is available than for inbreeding depression,
outbreeding depression has been recognized in both
plants and animals (e.g., Andersen et al. 2002; Waser
et al. 2000), including biological control agents
(Benvenuto et al. 2012; Vorsino et al. 2012).

Although the outcomes of hybridization are difficult
to predict, biological control operations could benefit
greatly from the positive outcomes. An increase in
fitness or genetic variance could, in the case of
biological control agents, mean increased population
efficiency and persistence in the field, and increased

@ Springer

viability of laboratory populations suffering the effects
of genetic drift and inbreeding (Seko et al. 2012).

Given that species of Trichogramma are widely
used in biological control programs (Hassan 1993;
Parra and Zucchi 2004) and are easy to handle and
maintain in laboratory conditions, they can be ideal
candidates to experimentally investigate the effects of
intraspecific hybridization on the fitness of biological-
control agents. In this study, we reciprocally crossed
three populations of the egg parasitoid Trichogramma
galloi Zucchi, 1988 (Hymenoptera: Trichogrammati-
dae), which is extensively used to control the sugar-
cane borer Diatraea saccharalis (Fabricius, 1794)
(Lepidoptera: Crambidae) (Parra and Zucchi 2004;
Parra 2014), to investigate the outcome of intraspecific
hybridization in a species that has proven to be
negatively affected by laboratory rearing conditions
(Bertin et al. 2017). The ultimate goal of this study was
to evaluate the potential use of intraspecific crosses in
biological control programs, in an attempt to increase
the fitness of biological control agents and mitigate the
negative effects of mass rearing.

Materials and methods
Trichogramma galloi populations

In this experiment, we used three populations that
were originally collected in different locations in
Brazil: two populations from Minas Gerais state, one
from Santa Vitoria (SV) and another from an unknown
location (here designated MG); and one population
from Bahia state (BA). We maintained these popula-
tions on eggs of the factitious host Ephestia kuehniella
(Zeller, 1879) (Lepidoptera: Pyralidae) (Parra, 1997)
under standard conditions (25 + 1 °C, 70 &+ 10% RH
and a L:D 14:10 photoperiod) for more than 20
generations.

Detection of Wolbachia infections in populations
of Trichogramma galloi

We tested for the presence of Wolbachia in individuals
of each population prior to the intraspecific crosses.
This endosymbiont can cause reproductive barriers in
arthropods (Engelstiddter and Hurst 2009; Stouthamer
et al. 1999), making it important to identify potential
infections, as they can cause mating incompatibilities
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that are independent of the genetic background of the
population. For the DNA extraction, we randomly
collected individuals from each population and placed
them in 1.5-ml tubes containing 80 pl of 10% Chelex
and 8 pl of proteinase K (20 mg ml™"). We macerated
each individual with a sterilized pestle and incubated it
at 95 °Cin a heat block for 20 min. Then, each sample
was centrifuged and the supernatant was recovered. To
the supernatant, we added 20 pg of glycogen, 0.6
volume of isopropanol and 0.1 volume of 3 M sodium
acetate (pH 5.2) to precipitate the DNA. The samples
were incubated at — 80 °C for 30 min and then
centrifuged (17,000x g) for 30 min. The supernatant
was discarded and the DNA pellet washed in succes-
sive baths of 85% ethanol and centrifuged (17,000 g)
for 10 min. The DNA pellet was maintained at 65 °C
for approximately 5 min to complete the ethanol
evaporation. We added 10 pl of TE buffer (10 mM
Tris—HCI1, 1 mM EDTA, pH 8.0) to each sample and
incubated it at 37 °C for 30 min. All samples were
stored at — 20 °C prior to use.

The presence of Wolbachia in T. galloi populations
was detected by amplification of a fragment of the wsp
gene, which codes for a specific cell wall protein of
this symbiont, using the specific primers wsp 81F (5'-
TGGTCCAATAAGTGATGAAGAAAC-3') and wsp
691R (5'-AAAAATTAAACGCTACTCCA-3'), in a
PCR reaction programmed at 94 °C for 1 min, 55 °C
for 1 minand 72 °C for 1 min (35 cycles), followed by
final extension at 72 °C for 5 min (1 cycle) (Braig
et al. 1998). The reactions were performed in a total
volume of 25 pl, containing 1 pl of gDNA, 1 x PCR
buffer, 1.5 mM MgCl,, 200 pM of each dNTP,
0.32 mM of each primer and 0.5 U of Taq polymerase.
The amplification products were separated by elec-
trophoresis on a 1% agarose gel and visualized on a
transilluminator (UV) coupled to the image capture
and scanning system.

Negative samples were re-amplified in a nested
reaction, with the primers wsp 106F (5'-GGA-
TAGTCCCTTAACAAGAT-3') and wsp 460R (5'-
TTGATTTCTGGAGTTACATC-3’), under identical
conditions to those described above for the other set of
primers. As positive controls, we used infected
individuals of Diaphorina citri (Hemiptera: Liviidae).

Removal of Wolbachia from Trichogramma galloi
populations

After detecting Wolbachia in both populations from
Minas Gerais state, we randomly selected individuals
from these populations to initiate Wolbachia-free
strains. Individuals of each population were fed with
pure honey plus an antibiotic (0.25% tetracycline) for
three generations (Stouthamer et al. 1990). After three
generations, we randomly selected females from both
populations to perform PCR diagnoses, in order to
confirm that the bacteria had been eliminated.

Intraspecific crosses

We used the three populations in a full diallel mating
design, where the parents were tested in couples, in all
possible combinations. The experimental design was
replicated three times, for a total of 25 couples for each
cross. We offered approximately 100 eggs (24 h old)
of E. kuehniella to each couple for an oviposition
period of 48 h, and evaluated the reproductive success
by checking the presence of females in the progeny.
The offspring were allowed to mate, and after 24 h we
isolated two females from each cross in glass tubes
containing eggs (24 h old) of E. kuehniella for an
oviposition period of 48 h. We used the number of
parasitized eggs per female as a fitness measure.

For each cross, we calculated the proportion of
couples that produced at least one viable daughter.
These values were analyzed using the generalized
linear mixed-effects model (GLMM) with a binomial
distribution and a logit link function, using the Ime4
package of the R software (Bates et al. 2015). The
fixed explanatory variable was the mating type
(homotypic: both parents belonging to the same
population; heterotypic: parents belonging to different
populations) and the random variables: block and the
geographical origin of the population.

We analyzed the number of parasitized eggs per
female of the parental populations using a linear
model, and compared the means using a Tukey test
(o0 = 0.05). We performed all analyses in the software
R version 3.4.0 (R Development Core Team 2017).
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Mating compatibilities between populations
of Trichogramma galloi

To assess the degree of sexual isolation among
populations, we used the Ipg; estimator proposed by
Rolan-Alvarez and Caballero (2000). Estimated val-
ues can range from —1 (heterotypic mating pairs:
when mating occurs only between parents of different
origin) to 1 (homotypic mating pairs: when mating
occurs only between parents of the same origin), with
0 corresponding to random mating (Carvajal-Rodri-
guez and Rolan-Alvarez 2006; Rolan-Alvarez and
Caballero 2000). We also used the asymmetry index
(IAps)) to quantify the asymmetry between matings
($x mated with 3y versus @y mated with Jx), with
values significantly different from 1 (symmetry)
indicating asymmetry (Carvajal-Rodriguez and
Rolan-Alvarez 2006). In addition, to measure the
mating success of each population relative to the one
with the highest sexual fitness (fitness 1) we used the
‘cross-product estimator W’, for each sex separately.
A bootstrap analysis (10,000 iterations) was used to
calculate the SD of these parameters, as well as
deviations from the threshold values (0, 1, and 1, for
Ips;, TApst and W, respectively). Overall, these
estimates based on mating frequencies can help detect
populations with low fitness and incompatibilities
between the populations crossed. We estimated all
indexes in the program JMATING (Carvajal-Rodri-
guez and Rolan-Alvarez 2006).

Fitness of Trichogramma galloi hybrids

We estimated the fitness of hybrids using three
estimators: (i) best parent heterosis (BPH) defined as
the difference between the average fitness of the
hybrids and the average fitness of the higher-perform-
ing parent; (ii) mid parent heterosis (MPH) defined as
the difference between the average fitness of the
hybrids and the average fitness of the two parents; (iii)
lowest parent heterosis (LPH) defined as the difference
between the average fitness of the hybrids and the
average fitness of the lower-performing parent. These
estimates are used to evaluate the improvement of
desired traits in plant and animal breeding. For
practical applications, BPH is the most important. A
positive BPH value indicates that the fitness of the
hybrid is higher relative to the best parental popula-
tion. Positive MPH and LPH values indicate that the
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fitness of the hybrid is superior only when compared to
the mean of the parental populations or the lower-
performing parent, respectively. Negative values for
these estimates indicate a decrease in the fitness of
hybrids. We tested each hybrid against the higher-,
mid- and lower-performing parents through 7 tests, to
detect either heterosis or a reduction in fitness, using R
version 3.4.0 (R Development Core Team 2017).

Results

Detection of Wolbachia infections in populations
of Trichogramma galloi

We detected the presence of Wolbachia, in low
frequencies, in two populations of 7. galloi (MG and
SV). In some individuals, the infection was detected
only after re-amplification of the first PCR products in
a nested reaction. These populations were then treated
for three generations with pure honey plus antibiotic,
until the complete elimination of the endosymbiont
(confirmed by PCR reactions).

Intraspecific crosses among three populations
of Trichogramma galloi

The number of viable daughters produced by each
cross was not affected by the mating type
(f* = 0.1081, df = 1, P = 0.742). Homotypic crosses
produced a mean of 94% viable daughters, whereas
heterotypic crosses resulted in a mean of 92% viable
daughters. Among the homotypic crosses, the lowest
percentage of successful matings was observed in the
population SV@SV3 (52%), whereas for heterotypic
crosses the lowest percentages were observed in the
populations SVYIMGJ3 (36%) and SV?BAJZ (44%)
(Table 1).

The number of parasitized eggs per female in the
parental populations was significantly different
(Fp72 = 4.938, P = 0.009). The number of parasitized
eggs per female was higher in the populations from
Bahia (BA, mean 35 parasitized eggs) and Minas
Gerais (MG, mean 32 parasitized eggs), in contrast to
the population from Santa Vitoria (SV, mean 19
parasitized eggs) (Fig. 1).
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Table 1 Estimates of the coefficients for sexual isolation
(Ipsp) and asymmetry index (IApsy)) £ SD for the different
crosses of Trichogramma galloi

SV 3 MG 3 BA &
SV ¢

n (0 13 (25) 9 (25) 11 (25)
Tpst 0.05 + 0.13 0.06 £ 0.13
Aps 0.94 £ 0.13 0.95 + 0.09
MG ¢

n () 21 (25) 18 (25) 20 (25)
Ipst 0.01 £ 0.11
TAps 1.00 + 0.03
BA 9

n () 20 (25) 21 (25) 22 (25)

The Ipsr and TApgy estimates for the different crosses did not
deviate from the threshold values

n number of successful matings (producing viable daughters),
t total number of crosses. SV Santa Vitdoria, MG; MG Minas
Gerais; BA Bahia
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——Q
%

L
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=
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Eggs parasitized per female

Mating compatibilities among populations
of Trichogramma galloi

The Ipg;y and Ispgr values used to detect sexual
isolation and asymmetric mating compatibilities were
not significant (Table 1). However, we observed a low
fitness value (W, cross-product estimator) for females
from the SV population (Table 2).

Fitness of Trichogramma galloi hybrids

The fitness of hybrids was either unchanged or
improved when compared to the parental populations.
When comparing the performance of F1 hybrids with
the higher-performing parent, we did not observe
heterosis (Table 3). However, we did observe positive
heterosis over the mid- (34.58%) and lower-perform-
ing parents (88.38%) in one hybrid population
(BARSV3) (Table 3, Fig. 1). Other hybrids also
presented positive heterosis over the mid- and lower-
performing parents. However the values were not
statistically significant (Table 3).

—

BAXBA BAXMG BAxXSY MGxBA MGxMG MGxSV SVxBA
Crosses

Fig. 1 Mean number of parasitized eggs per female (&= SE) of
the parental populations (light gray) and F1 hybrids (dark gray)
of Trichogramma galloi reared on the factitious host Ephestia
kuehniella (SV Santa Vitéria, MG; MG Minas Gerais; BA
Bahia). In each cross (F x M), the abbreviation on the left side

Sh MG SY

corresponds to females and on the right side to males.
Differences in the mean number of parasitized eggs per female
in the parental populations are indicated by lower-case letters
(P < 0.05). The asterisk indicates the hybrid population that
presented lowest and mid parent heterosis
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Table 2 Cross-product estimates (W £ SD) of females and
males of Trichogramma galloi and corresponding P values (P)

Population =~ Females Males

w P w P
SV 0.53 £ 0.11  0.0008 1
MG 095 +0.17 0.37 09 £+ 0.18 0.29
BA 1 099 +£0.19 047

Single values are tested against the reference value (W = 1)
using a bootstrap analysis

SV Santa Vitéria, MG; MG Minas Gerais; BA Bahia
Discussion

Introduction of genetic variation has proved to effec-
tively increase the fitness of laboratory populations
(Hoy 1976; Seko et al. 2012). Introduction of external
variation can minimize the negative effects of
inbreeding depression (Pekkala et al. 2012) and
increase the genetic variation, which may facilitate
adaptation to new environmental pressures (Anderson
and Stebbins 1954; Facon et al. 2008, 2011; Lewontin
and Birch 1966). By conducting intraspecific crosses
and measuring the number of parasitized eggs per
female of the egg parasitoid 7. galloi, our study
showed that hybridization had little or no effect in
increasing the fitness of our laboratory populations.
The W estimator allowed us to detect a low fitness
value for females of the SV population. In addition, the
number of parasitized eggs per female of the SV
parental population was significantly lower than that
of other parental populations. The reduced number of
parasitized eggs observed in this population may be

related to the successive rearing in laboratory condi-
tions, which could reduce fitness due to the loss of
genetic diversity, adaptation to the captive environ-
ment or inbreeding depression. Although it is recog-
nized that haplodiploid species should be less sensitive
to inbreeding given that recessive deleterious alleles
that are expressed in haploid males are purged through
selection, alleles of genes only expressed in the diploid
females are protected in heterozygous individuals
(Antolin 1999; Werren 1993). Therefore, hap-
lodiploids should suffer more from inbreeding effects
on life-history traits controlled by genes with female-
limited expression (Saito et al. 2000; Tien et al. 2015).
However, with our experimental design we are not
able to confirm if the low parasitism rate of the SV
parental population is due to inbreeding depression, as
another experimental design should be used to confirm
this hypothesis. In addition, the low parasitism rate of
the SV parental population could be also determined
by a low fecundity of females that were the origin of
this strain.

The fitness of hybrids was either unchanged or
improved (in one case) with hybridization when
compared to the parental populations. The hybrid
BA®SV3 had an increase of approximately 35 and
89% in the number of parasitized eggs per female,
compared with the average of its mid- (average of 27
parasitized eggs) and lower-performing parent (aver-
age of 19 parasitized eggs), respectively. This hybrid
population may have benefited from an increase in
genetic variation, either by new or recombinant
genotypes or by the masking of deleterious mutations.
Although significant, these results have less practical

Table 3 Lowest parent heterosis (LPH), mid parent heterosis (MPH) and best parent heterosis (BPH) in Trichogramma galloi

hybrids and corresponding P values (P)

Cross LPH MPH BPH
%) 1 af P (%) 1 af P (%) t df P

SVQ x BAZ 5320 1.866 45 0.068 9.44 0.526 70  0.600 — 1486 —1.045 45 0.301
SV? x MG3 21.15  0.644 40 0.522 —805 —-035 65 0.720 — 2592 — 1314 40 0.196
BA%? x MG3 0.77 0.055 65 0.955 —403 —0375 90 0.708 -840 —0710 65 0479
BA? x SV& 88.38 3576 63 < 0.001* 34.58 2.337 88  0.021* 4.68 0.367 63 0.714
MG? x SV3 53.14 1916 65 0.059 16.21 0.936 90 0.351 —-636 —0379 65 0.705
MG? x BAZ 316 0212 61 0.832 - 176 —0.154 86 0.877 — 623 —0492 61 0.623

SV Santa Vitdria, MG; MG Minas Gerais; BA Bahia)

*Indicate statistical significant results (p < 0.05)
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value for the optimization of biological control agents
when compared to the best parent heterosis (BPH).

On the other hand, we did not observe heterosis
relative to the better parents, as the difference between
the average fitness of the hybrids and the average
fitness of the higher-performing parents was not
significant. This result suggests that these three
populations have a low level of genetic divergence,
which did not lead to new beneficial phenotypes
relative to the better parental populations. Hybridiza-
tion is expected to have minimal effects on fitness,
particularly when the genetic distance of the mixing
populations is small (Mallet 2005). Future studies
could incorporate molecular markers to estimate the
genetic diversity and genetic distance between par-
ental populations before performing intraspecific
crossings. This could help us define which populations
to cross in order to increase the chances of obtaining
positive values of heterosis.

Our results also provided no evidence for a
reduction in the performance of the hybrids: no mating
incompatibilities or reproductive barriers were
observed that could compromise the use of intraspeci-
fic crosses to improve the fitness of this biological-
control agent. These results indicate that hybridization
can also have neutral effects, with no direct impact on
phenotypic traits. The effects of hybridization can be
beneficial, neutral, or harmful, and they depend on a
number of factors, including the level of genetic
divergence among populations, the amount of genetic
variation introduced, the environmental conditions,
the traits being evaluated, and the number of gener-
ations after hybridization (Burke and Arnold 2001;
Edmands 2007; Pekkala et al. 2012).

Because of the many factors that may influence
crosses, it is difficult to define a safe level of
divergence for interpopulation hybridization. Given
this degree of unpredictability, the data obtained for a
particular cross cannot predict the consequences of
other crosses. However, genetic distance, in addition
to phenotypic distance, may help to determine the
fitness of F1 hybrids (Benvenuto et al. 2012). Genetic
distance can also help to better define the degree of
incompatibility between populations (Benvenuto et al.
2012; Edmands 2002): a positive relationship between
the genetic distance and the degree of incompatibility
of populations was observed by Benvenuto et al.
(2012). Unfortunately, there are still no alternative
ways to test the direct effects of hybridization without

performing crosses in the laboratory. Studies involv-
ing phenotypic, geographic and genetic distances may
help to unravel the effects of hybridization and
increase the chances of predicting the fitness of
hybrids, thus increasing the success of biological pest
control strategies. In addition, quantitative genetic and
population genomic methods could be applied in the
selective breeding of biological control agents (Lom-
men et al. 2017; Wright and Bennett 2018). With the
advance of our current knowledge and technologies in
these scientific fields, we could develop genome
selection methods to improve relevant traits. Finally,
it would be important to evaluate the field performance
of the hybrids to confirm if the benefits obtained in the
laboratory persist after field release.

In the present study, intraspecific hybridization had
little (one positive case of LPH and MPH) or no effect
in increasing the fitness of laboratory populations of
the egg parasitoid 7. galloi. For the optimization of
biological control agents, it would be important to
obtain positive heterosis relative to the best parental
population. Although we have not obtained positive
results (of BPH) with this technique, we cannot
discourage future research on this subject as the
effects may vary according to the intrinsic character-
istics of the populations, the genetic distance between
parental populations and the traits being measured.
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