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Abstract
In this study we assessed the relationship between the laboratory and field performance of

different isofemale lines of Trichogramma pretiosum Riley. In comparative assays, we used

three rare mitochondrial haplotypes as genetic markers of the isofemale lines, and by intro-

gressing these mitochondrial haplotypes into each of 15 genetically different nuclear lines,

also tested the assumption that mitochondria are neutral markers. In a laboratory trial, 45

isofemale lines (15 nuclear genotypes x three mitochondrial haplotypes) were ranked in

three categories (best, intermediate and worst) according to the mean offspring production

and the proportion of female offspring. Subsequently, lines from each of the three catego-

ries were selected for field releases to quantify field parasitism on Ephestia kuehniella. Tem-

porally separate releases were done in a transgenic Bt cornfield, with four plots, each with

50 points of recapture. The points of recapture consisted of trap cards with eggs of E. kueh-
niella collected daily. The trap cards were maintained in the laboratory at 25°C until the adult

wasps emerged, and the maternal identity of the wasps was determined using qPCR and

high-resolution melt curve analysis to determine the mitochondrial haplotype. The results

showed that these measures of laboratory performance (fecundity and offspring sex ratio)

were good predictors of field success in T. pretiosum. We also report strong evidence dis-

crediting the assumption that mitochondria are neutral, in view of the correlation between

performance and mitochondrial haplotype.

Introduction
The importance of genetics for biological-control applications has been a topic of much inter-
est, with laboratory experiments demonstrating the general principles of population genetics.
Indeed these principles apply to biological control agents [1, 2, 3], but little or no field work has
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been done to elucidate this aspect in released populations. In the process of biological control
applications, several steps are involved that may influence the genetic makeup of (and variation
within) a natural-enemy population. Almost all biological control operations involve three pro-
cedural steps: 1) Collecting the natural enemy from a wild population; 2) Maintaining the natu-
ral enemy in a laboratory (often a quarantine facility); 3) Mass rearing and release of the
natural enemy in the field where they are needed to function as an inundative, augmentative or
classical biological control agent [4, 5, 6, 7]. At each step, population genetic factors are thought
to be important.

Haplo-diploid wasps such as Trichogramma spp. (Hymenoptera: Trichogrammatidae)
undergo much lower levels of inbreeding depression than do diploid species [8, 9, 10, 11, 12,
13]. Even so, genetic adaptation to the laboratory will occur, and consequently the prediction is
that with increasing effective population size during mass rearing, the performance of the para-
sitoid wasps should decrease under field conditions [14]. Some evidence exists that is consistent
with adaptation of insects kept under laboratory conditions [14, 15, 16, 17], where initially it is
very difficult to establish a population in the laboratory but after a number of generations their
artificial rearing performance improved substantially. Experiments were carried out to deter-
mine the relationships of the fluctuating asymmetry of wing shape and size with the field per-
formance of Trichogramma carverae (Oatman & Pinto, 1987) [18]. For this species, the
laboratory fecundity as a predictor of field success was tested, as well [19]. In both cases no
“direct competition” (release of parasitoids in the same experimental plot) between the experi-
mental strains or population was arranged, because of the lack of a method to easily identify
the strains.

For the improvement of biological control programs, studies are needed to assess the differ-
ent intraspecific traits of the agents, especially in the field. Many behavioral traits are influ-
enced by intraspecific genetic variation, and, better estimators of the ability of the biological
control agent to respond to environmental conditions and increase its survival in the field are
needed [20]. An efficient biological control agent is a natural enemy that is not only able to effi-
ciently locate and attack a host, but that is also capable of remaining in a host-infested area
until the host population is substantially reduced [7].

Species of Trichogramma are among the most-studied parasitoids worldwide [21, 22, 23]. In
the 1980s at least 28 species were being released in 28 countries for the control of lepidopteran
pests in annual and perennial crops [24, 25, 26] covering 32 million ha [27]. Yet, very few stud-
ies have compared the field success of different lines of the same species (but see [19]). One
species, T. pretiosum Riley, is widely used as a commercial biological control agent in Brazil to
control soybean pest in an area of 250,000 ha [28]. Considering the lack of information on the
field performance of mass-reared Trichogramma, the present study attempted to determine the
effect of the mass-rearing process by investigating the relationship between simple measures of
laboratory performance and the subsequent field performance of inbred laboratory lines of T.
pretiosum. For this purpose we used an innovative technique to “mark” different populations
with unique mitochondrial haplotypes. Although these markers proved not be neutral as was
expected, they did allow the field performance of T. pretiosum to be assessed in side-by-side
releases.

Material and Methods

Isofemale lines
We used 15 from the 26 isofemale lines described by Gúzman-Larralde et al. in their experi-
ment [29, 30] called as isoline 1, 6, 14, 26, 29, 35, 37, 38, 40, 42, 43, 46, 47, 51, 53, the protocol
adopted by the authors was as follows. Eggs of the tobacco hornwormManduca sexta (L.)
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(Lepidoptera: Sphingidae) were collected from tomato plants at the University of California’s
South Coast Station, Irvine, in the summer of 2008. The weather in Irvine is classified as Medi-
terranean climate (Köppen Climate Classification: Csa) [31]. T. pretiosum is a tiny wasp (<1
mm) that parasitizes eggs of many insects, primarily Lepidoptera (18 genera in 9 families) [32].
Development is solitary or gregarious depending on host size. Oviposition to adult emergence
requires 9–10 d at 24°C. The winged adults of both sexes disperse from the natal host patch
within minutes or hours after emergence [33]. Average adult female longevity in the laboratory
ranges from 1.6 to 7.0 d depending on host and honey availability [34]. Twenty-six single
mated female wasp from each field-collected host egg was used to found an isofemale line, and
reared under laboratory conditions, temperature 25 ± 1°C, RH 40 ± 10%, photophase 14h,
using 24 h-old UV irradiated eggs of Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) as fac-
titious hosts. In each generation, a single female,<24 h old, was paired with her brother for 12
h to mate. This female was used to initiate the next generation. This inbreeding protocol was
followed for nine generations. After nine generations, the resulting isofemale lines should have
an inbreeding coefficient of at least 86% [35]. This inbreeding protocol will have removed most
of the genetic variation within the lines, with less than 14% of the initial heterozygosity remain-
ing within each line. At the start of our experiments, genetic differentiation across the 15 lines
was demonstrated using two highly polymorphic microsatellite loci (nuclear DNA).

Creation of replicate nuclear genetic lines in three mitochondrial
backgrounds
The mitochondrial background (haplotype) of each of the original field-collected T. pretiosum
lines was determined by sequencing the barcoding region of the COI gene. Using with this
information, three “rare”mitochondrial backgrounds (here referred to as Ma, Mb and Mc)
that originated from Brazilian haplotypes of T. pretiosum haplotypes and could be distin-
guished from each other were selected and “placed” into each of the 15 inbred lines. Through a
series of backcrosses, we created three replicates of each isofemale line that differed only in
their mitochondrial marker (Fig 1). For example, we took an inbred line that initially had a
mitochondrial background Mcom and a nuclear background N1 (McomN1), and through a
series of backcrosses we created the following lines: MaN1, MbN1, McN1. To create the MaN1
line we first crossed males from the McomN1 line with females from a line that naturally “car-
ried”Ma mitochondria, and then subsequently again crossed the female offspring resulting
from this mating with the McomN1 males. This backcrossing protocol was repeated for 9 gen-
erations, after which the backcrossed line MaN1 was established. After nine generations of
backcrossing, the MaN1 and McomN1lines will be, on average, (1-(0.5)9) = 0.998 identical in
their nuclear genomic composition and essentially differ only in the mitochondrial haplotype
that they harbor. At the end of this backcrossing exercise, we generated each of 15 nuclear
backgrounds in three different mitochondrial backgrounds. A basic assumption of our experi-
mental design was that mitochondria are neutral and do not affect the performance of the para-
sitoids (but see Results).

High-resolution melt curves of the Real-Time PCR products (HRM)
To easily identify the three experimental mitochondrial backgrounds, a high-resolution melt
curve, based on a ~350 bp section of the COI gene, was developed. This method utilized whole
wasps as a starting template, thereby avoiding the need for a separate DNA extraction, allowing
the throughput required to complete the study. Reactions were carried out in 20 μl total vol-
umes containing 400 nM uracil, 200 nM each adenine, guanine, and cytosine, 1 mMMgCl, 1X
ThermoPol™ buffer (New England BioLabs), 0.25 μM forward primer (311F [this study]; 5’-
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TGGAACAGGTACAGGAACAGG-3’), 0.25 μM reverse primer (HCO2198 [36]; 5’-TAAACTT
CAGGGTGACCAAAAAATCA-3’), 0.5X EvaGreen (Biotium), 1 U Taq polymerase (New
England Biolabs), and 1 unit of Uracil-DNA Glycosylase (UDG). One whole individual T. pre-
tiosum was added to each reaction tube. All reactions were done on Rotor-Gene RG-3000 (Cor-
bett Research) or Rotor-Gene Q (Qiagen) instruments. Prior to amplification the reaction
mixture was incubated for 10 min at 37°C, to allow the UDG to eliminate any potential carry-
over contamination [37]. Reaction mixtures were held at 95°C for 5 min, and cycled as follows:
95°C for 15 s, 55°C for 30 s, and 68°C for 30 s for 35 total cycles. Immediately following ampli-
fication, a melt analysis was conducted. PCR products were held at 72°C for 90 s and then the
temperature was slowly increased in 0.2°C increments to a final temperature of 80°C. After
each increase, the mixture was held for 10 s before the fluorescence was measured. The result-
ing melt curves showed distinctive patterns for mitochondrial types A, B and C (Fig 2).

Laboratory ranking of the isofemale lines
Laboratory ranking of the isofemale lines was based on two measurements, fertility and off-
spring sex ratio. These measurements were evaluated for each of the 15 isofemale lines in each
mitochondrial background (A, B, C), for a total of 45 treatments. From each isofemale line, 20
females (<24 h old) were placed in a Ø 1.5 X h 7 cm vial plugged with cotton. These females

Fig 1. Crossing scheme to place the nuclear background N1 (The chromosome set is indicated by the white bar in the center of the gray
rectangular boxes) into the mitochondrial backgroundMa (represented as A in a circle). In each generation “F” (indicated by the numbers), a single
female offspring of the previous generation was mated with a male from the McomN1 line (giving rise to offspring with the genetic makeup shown to the right
of the equals sign). With repeated backcrossing to males from the McomN1 line, an ever-increasing proportion of the nuclear genome of the backcrossed
females (MaHyb) has the N1 type.

doi:10.1371/journal.pone.0146153.g001
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were fed with honey droplets and kept in a climate-controlled chamber at 25±1°C, with 60
±10% relative humidity and a 14-h photophase. Each individual was offered a card containing
approximately 125 E. kuehniella eggs. The egg card was replaced daily, and the parasitoid-
exposed cards were maintained under the same climate conditions. The eggs were exposed for
three days, and the parasitoid offspring were allowed to emerge from the host eggs. After emer-
gence, the number of male and female offspring from each treatment (isofemale line X mito-
chondrial background) was counted to determine the fertility (measured as total offspring) and
sex ratio (measured as proportion of females) of each line.

Field experiment
Based on the prior assumption that we could use the mitochondria as a neutral marker that
would not affect the performance of our experimental isofemale lines, we originally planned to
conduct two separate field releases utilizing the same three nuclear lines, but each combined
with a different mitochondrial marker in different releases. However, it became evident that
the mitochondrion did in fact affect the performance (see Results). Therefore, as an alternative,
two releases were conducted, each using a different set of three selected experimental lines
(nuclear X mitochondrial background). The lines used were those that produced sufficient
numbers of parasitoids for the releases: a “Best” line that produced many offspring with a high
proportion of female offspring; a “Worst” line that produced relatively few offspring and a low
proportion of female offspring; and an “Intermediate” line that performed between the two
extremes. The field experiments were carried out in Piracicaba, São Paulo, Brazil (22° 70’ 01”S,
047° 64’ 31”W), using Bt corn plants (Dow1 2B587PW/ pre-commercial product), to avoid

Fig 2. High-resolutionmelt curves for mitochondrial types A, B and C. Each type was consistently identifiable by the number and position of
peaks.Height of peaks represents the relative fluorescence; the x axis indicates the temperature at the time that each reading was taken.

doi:10.1371/journal.pone.0146153.g002
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natural infestation by lepidopterans. For each release, four plots of 10 x 10 m were prepared, 10
m apart. Each plot was delimited by flags placed at its corners. The size of the plots was defined
based on the dispersal ability of T. pretiosum [38]. The corn plants in the plots were in vegeta-
tive stage V4/V5, i.e. plants with four or five complete leaves [39].

The release method used in these experiments followed the methods described by Kazmer
and Luck [33]. Wasps were released from a center axis of the plots, using 50 ml Falcon1 tubes
with honey streaked inside the tube. The lid of the tube was covered with a mesh that permits
the parasitoids to exit while excluding predators. The tubes were placed in the field early in the
morning in the interior rows of the plots. The number of host eggs in the vials was adjusted to
produce approximately equal numbers of females, considering that 1 cm2 usually contained
500 E. kuehniella eggs. The cards were prepared considering the fertility and sex ratio of the
isofemale lines. For the highly fertile isofemale lines, the parasitism was allowed for 6 h, and for
the less-fertile lines the parasitism was allowed for 24 h. Aiming to release 1500 females per
line in each plot, a host egg card 3.5 cm2 (containing approx. 1750 host eggs) was placed in the
field. To better estimate the number of wasps released, the vials were collected after 24 h. Five
0.5 cm2 samples (70% of the released card) were taken from each egg card retrieved from the
tubes, and the number of parasitized host eggs with exit holes was counted to determine the
number of wasps that emerged per vial. Weather conditions during the release experiments
were recorded by the weather station of the Biosystems Engineering Department of ESALQ/
USP, located at the field site. The first release was on October 16 and the second on October
22, during the austral spring.

In each plot, 10 trap cards were hung (prepared using ~250 E. kuehniella eggs, 0.5 cm2

cards) at uniform distances apart, in each of five rows, for a total of 50 trap cards. Each row was
10 m long and the distance between rows was 1.90 m. The trap cards were replaced daily until
the third day after the releases; after that time only a low percentage (less than 20%) of the trap
cards would be expected to be parasitized by released wasps [33]. One day prior to each release,
20 trap cards were deployed in each plot to determine the activity of any endemic Tricho-
gramma. All egg cards were kept in a climate-controlled cabinet, and the emerging specimens
were stored in ethanol for subsequent molecular analysis to determine the identity of the
mother. For each trap card collected from the field, the mitochondrial haplotype of a maximum
of eight randomly sampled T. pretiosum individuals was determined using HRM analysis.

Statistical analyses
The data from the laboratory ranking of the isofemale lines were analyzed using generalized
linear models (GLM) [40]; the data for fertility through a quasi-poisson distribution, and the
data for sex ratio by quasi-binomial distribution. The “F” value was calculated by factorial
ANOVA of the models, considering as factors the nuclear background and the mitochondrial
background (with interaction). Goodness-of-fit for all models was assessed using a half-normal
graph of probabilities with a simulation envelope [41, 42]. When there was a significant differ-
ence between treatments, multiple comparisons (Tukey test, p< 0.05) were done by the glht
function from the multcomp package [43] with “p” adjusted by single-step method, from the R
statistical program (The R Foundation for Statistical Computing; http://www.R-project.org).

Parasitism rates in the field experiments were analyzed using modified Chi-square tests.
Each trap card in the field could be parasitized by more than one female wasp. The number of
females finding each card could not be directly determined, because we could not distinguish
between an event in which one female of one mitochondrial type found a trap card and parasit-
ized multiple eggs, and an event in which multiple females of the same type found and parasit-
ized the same card. Therefore, rather than calculating a Chi-square value using a standard
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“observed” term, data from field experiments were analyzed using a modified Chi-square test
(Dr. Leonard Nunney, personal communication). The modified “observed” term was found by
subtracting the number of cards in each plot that were parasitized by a particular mitochon-
drial type from the total number of cards deployed in that plot. We then calculated the
expected number of trap cards that were not found by each particular type, based on the num-
bers of female wasps of each type released and assuming that all mitochondrial types had the
same chance (p) of not finding a trap card. We assumed that the number of wasps finding each
card approximated a Poisson distribution, and proceeded to calculate the expected zero class
(cards not found by each type) for each plot.

For the field analyses, the number of trap cards occupied (i.e., the number of trap cards par-
asitized), the number of offspring for the three different isofemale lines, and the number of
lines per trap card were analyzed by fitting linear mixed-effects models, considering weather
variation (S1 Table.) and/or estimated number of released individuals as random-effect factors,
and the day of release (i.e. age of parasitoids) and experimental isofemale line as fixed-effect
quantitative factors. The mixed-effect model is appropriate for this analysis because the
weather conditions and the variable initial number of released individuals introduced a vari-
ance-covariance structure of the variable responses [44]. When the inter-dependency effects
between isofemale lines and day of release was significant, it was included in the model. P-val-
ues were obtained by likelihood ratio tests of the full model with the effect in question against
the model without the effect in question. Residual plots were checked to confirm no deviation
from homoscedasticity or normality. For the analysis we used the ‘lmer’ function from the
‘lmer4’package of the R statistical program [45] to fit the models.

Results

Laboratory ranking of the isofemale lines
Under laboratory conditions, the 45 isofemale lines of T. pretiosum showed clear differences in
fertility (measured by the number of offspring generated by each female in three days). There
was a main effect of nuclear type, with certain lines generally being more fecund than others
(e.g., 47 versus 14 respectively; F14,872 = 10.06, p< 0.01; Fig 3). Mitochondrial type was also a
significant main effect; lines harboring mitochondrial types A and B were generally more
fecund than those with type C (F2,886 = 11.36, p< 0.01; Fig 3). However, there was a significant
interaction between the two factors (Nuclear type and mitochondrial background), which was
evident from the fact that a few nuclear lines actually performed best when carrying mitochon-
drial type C (e.g., line 14; F28,844 = 3.00; p< 0.01; Fig 3).

Both factors also influenced the offspring sex ratio of the different T. pretiosum isofemale
lines. There was a main effect of nuclear type, with certain nuclear lines generally producing
broods with higher numbers of females than others (e.g. 35 versus 14 respectively; F14,872 =
4.32, p< 0.01; Fig 4). Likewise, mitochondrial type was also a significant main effect, with mito-
chondrial type A generally resulting in broods with higher numbers of females than types B
and C (F2,886 = 320.83, p< 0.01; Fig 4). However, the offspring sex ratio was highly dependent
on the interaction between the nuclear and mitochondrial backgrounds, which was evident
from the fact that a three nuclear lines actually produced the most female-biased broods when
carrying mitochondrial type C (e.g., line 14; F28,844 = 5.20; p< 0.01; Fig 4).

Field experiment
Two field releases were carried out, each using a different set of three ranked T. pretiosum
experimental lines. The isofemale lines selected for use in the two field releases are shown in
Table 1.

Laboratory and Field Performance of Parasitoids Lines
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A total of 600 trap cards were placed in the field during each release (50 per plot X four
plots X three days). Of this total, 291 and 301 cards were parasitized in the first and second
releases, respectively.

The number of wasps recaptured and analyzed through qPCR, that is, the number of off-
spring from the released wasps was significantly affected by the day of release and isofemale

Fig 3. Offspring generated by the different isofemale lines of Trichogramma pretiosum on Ephestia
kuehniella eggs as host. Temperature 25±1°C, RH 60±10%, photophase 14h. Differences among the
isofemale lines with the samemitochondrial background, are indicated by lower-case letters above columns
with the same shade, as assessed using a Tukey test (p<0.05). Differences among the different
mitochondrial backgrounds in each isofemale line are indicated by uppercase letters above the columns, as
assessed using a Tukey test (p<0.05). I—Isofemale line classified as the “Best”; II—Isofemale line classified
as the “Worst”; III—Isofemale line classified as “Intermediate”.

doi:10.1371/journal.pone.0146153.g003

Fig 4. Sex ratio of the different isofemale lines of Trichogramma pretiosum on Ephestia kuehniella eggs as host. Temperature 25±1°C, RH 60±10%,
photophase 14h. Differences among the isofemale lines with the same mitochondrial background, are indicated by lower-case letters above columns with the
same shade, as assessed using a Tukey test (p<0.05). Differences among the different mitochondrial backgrounds in each isofemale line are indicated by
uppercase letters above the columns, as assessed using a Tukey test (p<0.05). I—Isofemale line classified as the “Best”; II—Isofemale line classified as the
“Worst”; III—Isofemale line classified as “Intermediate”.

doi:10.1371/journal.pone.0146153.g004
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line for the first release (p<0.001, Table 2A). For the second release, was found significance for
the interaction between the day of release and isofemale line (p = 0.0025, Table 2A). The inter-
action term indicates that the number of progeny is explained by the changes in female repro-
ductive performance due to their age (i.e., day of release). The isofemale line ranked as “Best”
produced more offspring under field conditions than the other isofemale lines (Fig 5A and
5D). In the first and second releases, the relative density of new emergent individuals corre-
sponded to, 1210 and 1245 from the “Best” line, against 146 and 117 from the “Worst” line
(Fig 5A and 5D). This suggests that these lines showed differences of 88 and 91% in the parasit-
ism rate in the first and second releases. It should be taken into account that eight parasitoids
were randomly sampled for each trap card, but not all trap cards had at least eight individuals.
In the first release, 51% of the trap cards had eight or more wasps, and in the second, 47% had
eight or more wasps.

The number of trap cards occupied by the lines in the first and second releases was also
influenced by the changes in the performance of the isofemale lines over the days (significant
interaction term between day/isofemale lines, p<0.001 and p = 0.037, respectively). Again, the
T. pretiosum isofemale line that was ranked as the best in the laboratory, found more trap cards
than the intermediate-ranked line, which in turn found more than the worst (Fig 5B and 5E;
Table 2B). In general the “Best” line of T. pretiosum occupied more than 40% of the trap cards,
while the “Worst” line occupied less than 20%, in both releases.

The occupation of the trap cards by the “Worst” line was influenced by the “Best” and
“Intermediate” lines, with a small number of trap cards parasitized simultaneously by the
“Worst” and the other two lines. Considering the number of female isolines present on the trap
cards, the simultaneous occurrence of the isolines was evaluated. The interaction term between
number of isolines present on the trap card and day of release had a significant effect on the
abundance of isolines on first and second releases (p<0.001 and p = 0.047, respectively). A
high proportion of trap cards were parasitized by only one isofemale line, 72.58% (first
release)– 68.6% (second release), and less than 4% of the trap cards were parasitized simulta-
neously by all three isofemale lines, in both releases (Fig 5C and 5F). The number of trap cards
parasitized by two isofemale lines was intermediate in comparison to occupation by one and
three isofemale lines, among the days in both releases (Table 2C).

Through the field experiments it became clear that the line classified as the “Best” in labora-
tory experiments, also performed best in the field (Table 3, Fig 5). The best T. pretiosum line
parasitized more cards than expected in all releases and days, with the exception of day 2 of the
first release (Table 3). The experimental line ranked "Best" in the laboratory showed a higher
parasitism rate in the field than expected. Numerically, parasitism by the isofemale line ranked
as “Best” was highest in both releases, on all days, but the Chi-square analysis did not have an
appropriate comparison method to show the differences between the best line and the lines
ranked as “Intermediate” or “Worst”.

The weather conditions varied during the different days of isofemale release (S1 Table). At
the end of day one of the first release it rained, and following this rain, the relative humidity
rose to 95% and the mean temperature dropped below 20°C. These conditions continued until

Table 1. Ranked lines of Trichogramma pretiosum used in the field releases.

Release Ranked lines

Best Intermediate Worst

1st 47 A 37 B 51 C

2nd 47 B 43 A 51 C

doi:10.1371/journal.pone.0146153.t001
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Table 2. Estimates of the parameters of the linear mixedmodels for progeny number, total of trap cards occupied (%) and abundance of lines per
trap card for the three different isofemale lines and days after they were released.

Response Explanatory factors Parameter estimate (±SE)

A Progeny Number Intercept 102.817 (±17.645)

(First Release) Intermediate -77.422 (±12.863)

Worst -87.511 (±12.863)

2nd day -3.311 (±12.863)

3rd day -4.622 (±12.863)

Progeny Number Intercept 120.000 (±7.020)

(Second Release) Intermediate -72.50 (±9.928)

Worst -122.50 (±9.928)

2nd day -22.75 (±8.512)

3rd day -53.00 (±8.512)

Intermediate × 2nd day 6 (±12.038)

Worst × 2nd day 28 (±12.038)

Intermediate × 3rd day 26.5 (±12.038)

Worst × 3rd day 57.50 (±12.038)

B Number of trap cards occupied Intercept 59.00 (±2.904)

(First Release) Intermediate -39.84 (±4.198)

Worst -48.00 (±4.107)

2nd day -51.50 (±3.631)

3rd day -23.00 (±3.631)

Intermediate × 2nd day 35.00 (±5.135)

Worst × 2nd day 42.00 (±5.135)

Intermediate × 3rd day 19.00 (±5.135)

Worst × 3rd day 19.75 (±5.135)

Number of trap cards occupied Intercept 46.00 (±2.992)

(Second Release) Intermediate -19.00 (±4.231)

Worst -40.5 (±4.231)

2nd day -6.00 (±3.270)

3rd day -14.50 (±3.270)

Intermediate × 2nd day 1.00 (±4.625)

Worst × 2nd day 10.00 (±4.625)

Intermediate × 3rd day 2.50 (±4.625)

Worst × 3rd day 15.00 (±4.625)

C Number of lines per trap card Intercept 23.74 (±0.744)

(First Release) 2 isolines -14.25 (±1.062)

3 isolines -22.50 (±1.062)

2nd day -19.494 (±1.22)

3rd day -6.738 (±1.22)

2 isolines × 2nd day 10.75 (±1.502)

3 isolines × 2nd day 18.25 (±1.502)

2 isolines × 3rd day 2.00 (±1. 502)

3 isolines × 3rd day 6.25 (±1. 502)

Number of lines per trap card Intercept 16.25 (±1.253)

(Second Release) 2 isolines -6.25 (±1.772)

3 isolines -15.25 (±1.772)

2nd day 1.25 (±1.772)

3rd day 1.50 (±1.772)

2 isolines × 2nd day -4.00 (±2.506.)

3 isolines × 2nd day -1.00 (±2.506)

2 isolines × 3rd day -8.00 (±2.506)

3 isolines × 3rd day -2.00 (±2.506)

doi:10.1371/journal.pone.0146153.t002
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the third day, when the mean temperature was lower than 23°C and the RH higher than 80%.
In the second release, the mean temperature and RH were more stable; the temperature ranged
between 25.5 and 26.8°C and the RH from 71 to 75%. A heavy rain fell at the end of day 3.

Discussion
Genetically divergent isofemale lines of T. pretiosum showed differences in their reproductive
performance in the laboratory, similar to observations previously reported for T. pretiosum
lines that were reared under similar conditions [10, 19, 29, 30, 46, 47]. Along with parasitiza-
tion, seven other traits vary due to genetic variation in Trichogramma species, namely: i) walk-
ing behavior; ii) spatial distribution; iii) handling time; iv) superparasitism; v) sex ratio; vi) rate
of development; and vii) preimaginal viability [48]. The present study used isofemale lines that
had been reared in the laboratory for five years. Each isoline was practically homozygous, so
that each genotype was unable to adapt to laboratory conditions since no genetic variation was
present.

The lack of genetic variability is not an obstacle for the success of biological control,
completely homozygous lines of Encarsia formosa Gahan, a 100% homozygous, thelytokous
species, has been used since the 1930s to control whitefly in Europe [49]. However, loss of vari-
ability can occur at the beginning of laboratory rearing, due individuals better adapted to the
artificial rearing conditions have advantages over others, therefore leading to elimination of
some alleles and domestication [50, 51, 52]. These losses can be avoided dividing the founding
population into subpopulations [29, 30]. Once will be expected to lose an different set of alleles
during their establishment and prolonged laboratory rearing, but the original variation can be
largely restored by mixing the subpopulations shortly before they are released in the field [14,
53, 54, 55]. For the same isofemales lines used in the present experiment, was assessed that the
mixing 26 isolines for two generations presented a reproductive fitness higher than a (pure)
isoline with high reproductive fitness [29, 30]. The literature suggest that to maintain and
restore 95% of the common alleles, present in the original field population, hybridizing at least
25 inbred lines, when working with haplodiploid insect parasitoids [29, 30, 55, 56].

Our results demonstrated that T. pretiosum has the capacity to parasitize and persist (at
least for three days) under field conditions in Brazil, which are quite different from southern
California, USA, where they were initially collected. The effectiveness of Trichogramma in the
field largely depends on their searching behavior (habitat location, host location) and host

Fig 5. Field success of “Best”, “Intermediate” and “Worst” laboratory-ranked lines of Trichogramma
pretiosum in two separate releases, measured as: A and D) Number of offspring recovered and
analysed by qPCR; B and E) Parasitism of the isofemale lines in the field, measured by the number of
trap cards parasitized; and C and F) Co-occurrence (%) of the isofemale lines (measured by the total
number of isolines present on the trap cards). A), B) and C) first release; D), E) and F) second release.

doi:10.1371/journal.pone.0146153.g005
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preference (recognition, acceptance, suitability) [4]. In our experiments T. pretiosum was
reared on E. kuehniella eggs, and both experiments used these factitious eggs as a model host.
More-pronounced differences among lines of T. carverae were found when natural hosts were
used as a “trap card” in vineyard field experiments [19]. Our data showed very robust differ-
ences among the lines, even using the factitious host. Parasitism was recorded throughout the
plot, even on the most distant trap cards, although the size of the plots was chosen considering
that T. pretiosum has a maximum dispersal area of approx. 81 m2 [38], and the area in our
experiments was 100 m2. Overall, weather conditions in the field during our experiments were
similar to the artificial climate under which the insects were maintained in the laboratory; tem-
perature 25°C, RH 60%. However, on day two of the first release, the temperature dropped
below 20°C and the relative humidity was higher than 95%. As a result, T. pretiosum activity in
the field practically stopped. The relative humidity is low during most of the year in southern
California, approximately 60% [57], and this difference in climate conditions may have affected
our T. pretiosum isofemale lines. Temperatures between 15 and 20°C are a threshold for the
field efficacy of different Trichogramma species [58, 59, 60]. This information is complemented
with one experiment that showed a direct correlation between solar radiation and
temperatures < 15°C on the activity of T. pretiosum and T. evanescensWestwood in the field
[60], while a negative correlation between RH and parasitism was described [58]. Less than 4%
of the individuals of Trichogramma minutum Riley took flight at 20°C, while a much higher
percentage flew at 25°C [61].

Our experiments showed a relationship between the laboratory performance and field per-
formance of the T. pretiosum lines. In both releases, the parasitism capacity in the field showed
the same pattern as in the laboratory, i.e. the line ranked as the “Best” in the laboratory also
performed best in the field. The laboratory measure of fertility is a useful predictor for T.
minutum performance in the field [58]. A similar correlation between laboratory and field

Table 3. Chi-square of expected and observed parasitism of Trichogramma pretiosum isofemale lines in field experiment.

Cards found4 Empty
cards5

Chi-square6 Significance7

Females released3 Day 1 Day 2 Day 3 Day Day Day

Release1 Plot2 47a 37b 51c 47a 37b 51c 47a 37b 51c 47a 37b 51c 1 2 3 1 2 3 1 2 3

First 1 1580 1357 1295 26 9 2 3 3 1 9 8 1 17 39 31 10.1 3.20 4.52 <0.01 0.90 0.02

2 1668 1517 935 32 11 4 3 1 1 27 9 6 10 41 13 9.4 2.18 5.49 <0.01 0.49 0.02

3 1596 1253 1007 33 10 8 5 1 1 17 8 4 8 44 24 10.4 3.8 9.5 <0.01 0.28 <0.01

4 1228 1517 1423 27 7 8 4 0 0 17 5 4 16 43 23 8.4 2.98 8.65 0.0123 0.49 <0.01

43a 47b 51c 43a 47b 51c 43a 47b 51c 43a 47b 51c

Second 1 1566 1670 1427 16 22 2 10 16 4 4 13 3 19 18 27 10.6 0.69 5.3 <0.01 0.02 0.03

2 1557 1688 1430 11 22 3 13 21 4 10 22 4 18 32 21 10.6 0.85 6.76 <0.01 0.02 0.02

3 1516 1668 1481 16 31 4 14 24 6 13 15 3 34 30 21 9.5 0.78 5.8 <0.01 0.01 0.02

4 1514 1660 1493 11 17 2 7 19 5 3 13 2 19 37 25 7.9 0.89 5.6 0.01 0.04 0.03

1Releases performed in a cornfield in Piracicaba, SP, Brazil
2Number of plots used in the field experiment
3Number of females released
4Number of cards found (parasitized) on each day of the experiment
5Number of empty cards, i.e. card not parasitized by any isofemale line on each day of the experiment
6Chi-square “modified” calculated
7Significance calculated for the Chi-square

doi:10.1371/journal.pone.0146153.t003
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performance in T. brassicae Bezdenko was described, but also other parameters were consid-
ered to be even better predictors of field performance [59]. In a fourth Trichogramma species,
T. carverae, laboratory fertility was not a good predictor of field performance [19]. In contrast
to the previous experiment performed by [58, 59], in our experiment, the direct competition
between the lines may have influenced the results. In the present research, all T. pretiosum lines
originated from a different environment from where they were released.

The direct competition between the lines may explain the large differences that we found in
the field. One experiment showed that isofemale lines have different capacities to search for the
host and walk on leaf surfaces [62], and the authors suggested that the area searched is an
important parameter that should be related to the efficiency of biological control agents. Con-
sidering this, future experiments might evaluate if the lines ranked as “Best” in the laboratory
show a high capacity for host search and walking on the leaf.

In our results, less than 4% of the cards were parasitized by more than three isofemale lines.
This may be related to the detection of marking pheromones left behind by ovipositing females,
to avoid hyperparasitism of already parasitized eggs [63]. The low parasitism and low fertility
rates recorded in the field for the “Worst” isofemale lines may also be influenced by marking
pheromones, since the “Best” lines are likely to find the resource patches (trap cards) more
quickly.

Mitochondrial DNA as a marker was a rapid and efficient technique. Considering the small
size of T. pretiosum individuals, the use of another kind of marker might result in less accurate
field experiments. A marker should not affect the behavior of the insects, it must be durable,
and the manipulation and release of insects cannot affect their life-span and behavior [64]. Not
all these assumptions could be proven through our experiment, due to the loss of experimental
lines, which led to a change in the experimental design. The expected “neutrality” of the mito-
chondrial background did not occur in our laboratory experiments, since significant interac-
tions arose. Nevertheless, the real effect of the mitochondrial background is not clear and
remains to be explored for T. pretiosum, since our field experiments did not test the interac-
tions between the mitochondrial types released simultaneously.

The use of the different mitochondrial haplotypes was not toxic to the insect and environ-
ment, was relatively easily to apply (after the populations were “created”), and the lines were
clearly identifiable, which satisfies almost all assumptions for an ideal marker [65]. Unfortu-
nately, the instrumentation cost is high, but once a qPCR machine is available, the cost of the
reagents to perform a mitochondrial marker assay is not prohibitively expensive.

Considering that the molecular backgrounds affect the biology of the insects, the use of
mitochondrial DNA as a marker should take into account previous biological data (i.e. labora-
tory performance) to avoid error in any biological trials using this method. It should be consid-
ered that the mitochondrial DNA influences the “fitness” of the parasitoids, i.e. each line that
receives a specific mitochondrial background will have specific biological requirements, which
may differ from the requirements of the same “nuclear line” with a different mitochondrial
background. In addition to the possibility of using mitochondrial DNA as a marker, our data
also showed that the reproductive performance index in laboratory conditions was a strong
predictor for the field success of mass-reared T. pretiosum isofemale lines.

Supporting Information
S1 Table. Weather data from the experimental area, during the first and second releases.
Source: Biosystems Engineering Department, ESALQ/USP.
(TIF)

Laboratory and Field Performance of Parasitoids Lines

PLOS ONE | DOI:10.1371/journal.pone.0146153 January 5, 2016 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146153.s001


Acknowledgments
We thank the São Paulo Research Foundation (FAPESP) for financial support (process no.
2011/17397-5). We also thank Luiz Alexandre N. de Sá from Embrapa- Meio Ambiente for
help with the legal procedures for importing T. pretiosum isolines into Brazil. This was done
through the importation permit 457/2011 from the Brazilian Ministry of Agriculture (MAPA)
and quarantine release 119/2012 (MAPA).

Author Contributions
Conceived and designed the experiments: RS PFRJ JRPP ACJ. Performed the experiments:
ACJ. Analyzed the data: ACJ PFRJ CR. Wrote the paper: ACJ RS PFRJ JRPP.

References
1. Hopper KR, Roush RT. Mate finding dispersal number released and the success of biological-control

introductions. Ecol. Entomol. 1993; 18: 321–331.

2. Unruh TR, White W, González D, Gordh G, Luck RF. Heterozygosity and effective size in laboratory
populations of Aphidius ervi [Hym.: Aphidiidae]. Entomophaga 1983; 28: 245–258.

3. Omwega CO, Overholt WA. Genetic changes occurring during laboratory rearing of Cotesia flavipes
Cameron (Hymenoptera: Braconidae) an imported parasitoid for the control of gramineous stem borers
in Africa. Afr. Entomol. 1996; 4: 231–237.

4. Hassan SA. Strategies to select Trichogramma species for use in biological control. In: Wajnberg E,
Hassan SA, editors. Biological control with egg parasitoids. Berkshire: CABI; 1994. pp. 55–71.

5. Bigler F. Quality control in Trichogramma production. In: Wajnberg E, Hassan SA, editors. Biological
control with egg parasitoids. Berkshire: CABI; 1994. pp. 91–111.

6. Parra JRP. Mass rearing of egg parasitoids for biological control programs. In: Cônsoli FL, Parra JRP,
Zucchi RA, editors. Egg parasitoids in agroecosystems with emphasis on Trichogramma. New York:
Springer; 2010. pp. 267–292.

7. van Lenteren JC, Bigler F. Quality control of mass reared egg parasitoids. In: Cônsoli FL, Parra JRP,
Zucchi RA, editors. Egg parasitoids in agroecosystems with emphasis on Trichogramma. New York:
Springer; 2010. pp. 315–340.

8. Legner EF. Prolonged culture and inbreeding effects on reproductive rates of 2 Pteromalid parasites of
muscoid flies. Ann. Entomol. Soc. Am.; 72:114–118.

9. Fabritius K. Investigations on inbreeding of Muscidifurax raptor under laboratory conditions (Hymenop-
tera: Pteromalidae). Entomol. Gen. 1984; 9: 237–241.

10. Sorati M, NewmanM, Hoffmann AA. Inbreeding and incompatibility in Trichogramma brassicae: Evi-
dence and implications for quality control. Entomol. Exp. Appl.1996; 78: 283–290.

11. Antolin MF. A genetic perspective on mating systems and sex ratios of parasitoid wasps. Res. Popul.
Ecol. 1999; 41: 29–37.

12. Prezotti L, Parra JRP, Vencovsky R, Coelho ASG, Cruz I. Effect of the size of the founder population on
the quality of sexual populations of Trichogramma pretiosum in laboratory. Biol. Control. 2004; 30:
174–180.

13. Luna MG, Hawkins BA. Effects of inbreeding versus outbreeding in Nasonia vitripennis (Hymenoptera:
Pteromalidae). Environ. Entomol. 2004; 33: 765–775.

14. Margan SH, Nurthen RK, Montgomery ME, Woodworth LM, Lowe EH, Briscoe DA, FrankhamR. Single
large or several small? Population fragmentation in the captive management of endangered species.
Zoo Biol. 1998; 17: 467–480.

15. Woodworth LM, Montgomery ME, Briscoe DA, FrankhamR. Rapid genetic deterioration in captive pop-
ulations: Causes and conservation implications. Conserv. Genet. 2002; 3: 277–288.

16. FrankhamR. Genetic adaptation to captivity in species conservation programs. Mol. Ecol. 2008; 17:
325–333. doi: 10.1111/j.1365-294X.2007.03399.x PMID: 18173504

17. Hufbauer R.A. Pea aphid-parasitoid interactions: Have parasitoids adapted to differential resistance?
Ecology. 2001, 82: 717–725.

18. Bennett DM, Hoffmann AA. Effects of size and fluctuating asymmetry on field fitness of the parasitoid
Trichogramma carverae (Hymenoptera: Trichogrammatidae). J. Anim. Ecol. 1998; 67: 580–591.

Laboratory and Field Performance of Parasitoids Lines

PLOS ONE | DOI:10.1371/journal.pone.0146153 January 5, 2016 14 / 16

http://dx.doi.org/10.1111/j.1365-294X.2007.03399.x
http://www.ncbi.nlm.nih.gov/pubmed/18173504


19. Thomson LJ, Hoffmann AA. Laboratory fecundity as predictor of field success in Trichogramma car-
verae (Hymenoptera: Trichogrammatidae). J. Econ. Entomol. 2002; 95: 912–917. PMID: 12403416

20. Wajnberg E. Genetics of the behavioral ecology of egg parasitoids. In: Cônsoli FL, Parra JRP, Zucchi
RA, editors. Egg parasitoids in agroecosystems with emphasis on Trichogramma. New York: Springer;
2010. pp.149–166.

21. Stinner RE. Efficacy of inundative releases. Annu. Rev. Entomol. 1977; 22: 515–531

22. Morrison RK, Jones SL, Lopez JD. A unified system for the production and preparation of Tricho-
gramma pretiosum for field release. Southwest. Enromol. 1978; 3: 62–68.

23. Bigler F. Mass production of Trichogmmmamaidis Pint. et Voeg. and its field application againstOstri-
nia nubilalisHbn. in Switzerland. J. Appl. Entomol. 1986; 101: 23–29

24. Hassan SA. Criação da traça do milho, Sitotroga cerealella, para a produção massal de Trichogramma.
In: Parra JRP, Zucchi RA, editors. Trichogramma e o Controle Biológico Aplicado. Piracicaba:
FEALQ; 1997. pp. 173–182.

25. van Lenteren JC. Current situation of biological control (including region/country reviews), In: van Len-
teren JC, editor. IOBC Internet Book of Biological Control. Wageningen: IOBC; 2008. pp. 41–51.

26. Parra JRP, Botelho PSM, Pinto AS. Bioecological control of pests as key component for sustainable
sugarcane production. In: Cortez LAB, editor. Sugarcane bioethanol R&D for productivity and sustain-
ability. São Paulo: Blucher; 2010. p. 441–450.

27. Smith SM. Biological Control with Trichogramma: advances, successes and potential of their use.
Annu. Rev. Entomol. 1996; 50: 375–406.

28. Parra JRP, Zucchi RA, Coelho A Jr, Geremias LD, Cônsoli FL. Trichogramma as a tool for IPM in Brazil.
In: Vinson B, Greenberg SM, Liu T, Rao A, Volosciuk LF, editors. Augmentative Biological Control
Using Trichogramma spp.: Current Status and Perspectives. Shaanxi: Northwest A&F University
Press, in press; 2015.

29. Guzmán-Larralde A, Cerna-Chávez E, Rodríguez-Campos E, Loyola-Licea JC, Stouthamer R. Genetic
variation and the performance of a mass-reared parasitoid, Trichogramma pretiosum (Hymenoptera:
Trichogrammatidae), in laboratory trials. J. Appl. Entomol. 2014; 138: 315–391.

30. Guzmán-Larralde A, Cerna-Chávez E, Rodriguez-Campos E, Loyola-Licea JC, Davila MF, García-Mar-
tínez O, et al. Parámetros poblacionales, fecundidad y tasa sexual de líneas puras y genéticamente
variables de Trichogramma pretiosum Riley (Hymenoptera: Trichogrammatidae). Acta Zoo. Mex. 2014;
30: 378–386.

31. Kottek M, Grieser J, Beck C, Rudolf B, Rubel F. World map of the Köppen-Geiger climate classification
updated. Meteorol. Z. 2006; 15: 259–263.

32. Pinto J D, Oatman ER, Platner GR.Trichogramma pretiosum and a new cryptic species occurring sym-
patrically in southwestern North America (Hymenoptera: Trichogrammatidae). Ann. Entomol. Soc. Am.
1986; 79: 1019–1028.

33. Kazmer DJ, Luck RF. Field-tests of the size-fitness hypothesis in the egg parasitoid Trichogramma pre-
tiosum. Ecology 1995; 76: 412–425.

34. Bai B, Luck RE, Forster L, Stephens B, Janssen JJM. The effect of host size on quality attributes of the
egg parasitoid, Trichogramma pretiosum. Entomol. Exp. Appl. 1992; 64:37–48.

35. Li CC. Population Genetics. Chicago: University of Chicago Press; 1955.

36. Folmer O, Black M, HoehW, Lutz R, Vrijenhoek R. DNA primers for amplification of mitochondrial cyto-
chrome C oxidase subunit I from diverse metazoan invertebrates. Mol. Mar. Biol. Biotech. 1994; 3:
294–299.

37. Hartley JL, Rashtchian A. Dealing with contamination: enzymatic control of carryover contamination in
PCR. Genome Res. 1993; 3: S10–S14.

38. Bueno RCOF, Parra JRP, Bueno AF. Trichogramma pretiosum parasitism and dispersal capacity: a
basis for developing biological control programs for soybean caterpillars. Bull. Entomol. Res. 2012;
102: 1–8. doi: 10.1017/S0007485311000289 PMID: 21672293

39. Ritchie SW, Hanway JJ, Benson GO. How a corn plant develops. Ames: Iowa State University of Sci-
ence and Technology/Cooperative Extension Service. (Special Report No. 48), 1997.

40. Nelder JA, Wedderburn RWM. Generalized linear models. J. R. Stat. Soc. 1972; 135: 370–384.

41. Demétrio CGB, Hinde J. Half-normal plots and overdispersion. Glim Newsletter 1997; 27: 19–26.

42. Hinde J, Demétrio CGB. Overdispersion: models and estimation. Comput. Stat. Data Anal. 1998; 27:
151–170.

43. Hothorn T, Bretz F, Westfall P. Simultaneous Inference in General Parametric Models. Biom. J. 2008;
50: 346–363. doi: 10.1002/bimj.200810425 PMID: 18481363

Laboratory and Field Performance of Parasitoids Lines

PLOS ONE | DOI:10.1371/journal.pone.0146153 January 5, 2016 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/12403416
http://dx.doi.org/10.1017/S0007485311000289
http://www.ncbi.nlm.nih.gov/pubmed/21672293
http://dx.doi.org/10.1002/bimj.200810425
http://www.ncbi.nlm.nih.gov/pubmed/18481363


44. Faraway JJ. Extending the linear model with R: Generalized linear mixed effects and nonparametric
regression models. Broken Sound Parkway NW: Chapman and Hall/CRC, 2006.

45. Bates D, Maechler M, Bolker B, Walker S. Fitting linear mixed-effects models using lme4. J. Stat.
Softw. 2015; 67: 1–48.

46. Cerutti F, Bigler F. Quality assessment of Trichogramma brassicae in the laboratory. Entomol. Exp.
Appl. 1995; 75: 19–26.

47. Chailleux A, Desneux N, Seguret J, Do Thi Khanh H, Maignet P, Tabone E. Assessing european egg
parasitoids as a means of controlling the invasive south american tomato pinworm Tuta absoluta. Plos
One 2012; 7: e48068. doi: 10.1371/journal.pone.0048068 PMID: 23144727

48. Wajnberg E. Intra-population genetic variation in Trichogramma. In: Wajnberg E, Hassan SA, editors.
Biological Control with Egg Parasitoids. Berkshire: CABI; 1994. pp. 245–272.

49. van Lenteren JC, Drost YC, van Roermund HJW, Posthuma-Doodeman CJAM. Aphelinid parasitoids
as sustainable biological control agents in greenhouses. J. Appl. Entomol. 1997; 121: 473–485.

50. Bartlett AC. Genetic changes during insect domestication. In: King EG, Leppla NC, editors. Advances
and challenges in insect rearing. Department of Agriculture Handbook, New Orleans: USDA;
1984. pp. 2–8.

51. Allendorf FW. Genetic drift and the loss of alleles versus heterozygosity. Zoo Biol. 1986; 5: 181–190.

52. Nunney L, Leppla NC, Bloem KA, Luck RF, 2002. The population genetics of mass-rearing. In: Quality
control for mass-reared arthropods. Proceedings of the Eighth and Ninth Workshops of the IOBCWork-
ing Group on Quality Control of Mass-reared Arthropods, 9–12 October 1995, Santa Barbara, CA and
2–4 March 1998, Cali, Colombia, pp. 43–49.

53. Hopper KR, Roush RT, Powell W. Management of genetics of biological-control introductions. Annu.
Rev. Entomol. 1993; 38: 27–51.

54. David JR, Gibert P, Legout H, Pétavy G, Capy P, Moreteau B. Isofemale lines in Drosophila: an empiri-
cal approach to quantitative trait analysis in natural populations. Heredity 2004; 94: 3–12.

55. Nunney L, Captive rearing for field release: a population genetic perspective. In: Pimentel D, editor.
Encyclopedia of pest management. New York: Taylor & Francis, 2006. pp. 1–4.

56. Roush RT, Hopper KR. Use of single family lines to preserve genetic variation in laboratory colonies.
Ann. Entomol. Soc. Am. 1995; 88: 713–717.

57. California irrigation management information system (CIMIS). Available in: <www.cimis.water.ca.gov>.
Accessed on Nov. 12, 2014.

58. Bourchier RS, Smith SM. Influence of environmental conditions and parasitoid quality on field perfor-
mance of Trichogrammaminutum. Entomol. Exp. Appl. 1996; 80: 461–468.

59. Dutton A, Cerutti F, Bigler F. Quality and environmental factors affecting Trichogramma brassicae effi-
ciency under field conditions. Entomol. Exp. Appl. 1996; 81: 71–79.

60. Fournier F, Boivin G. Comparative dispersal of Trichogramma evanescens and Trichogramma pretio-
sum (Hymenoptera: Trichogrammatidae) in relation to environmental conditions. Environ. Entomol.
2000, 29: 55–63.

61. Forsse E, Smith SM, Bourchier RS. Flight initiation in the egg parasitoid Trichogrammaminutum:
effects of ambient temperature, mates, food, and host eggs. Entomol. Exp. Appl. 1992; 62: 147–154.

62. Wajnberg E, Colazza S. Genetic variability in the area searched by a parasitic wasp: analysis from
automatic video tracking of the walking path. J. Insect Physiol. 1998; 44: 437–444. PMID: 12770162

63. Roitberg BD, Mangel M. On the evolutionary ecology of marking pheromones. Evol. Ecol. 1988; 2:
289–315.

64. Fernandez OA. Uso de marcadores no controle biológico. In: Parra JRP, Botelho PSM, Corrêa-Ferreira
BS, Bento JMS, editors. Controle biológico no Brasil—parasitóides e predadores. Barueri: Manole;
2002. pp. 115–123.

65. Hagler JR, Jackson CG. Methods for marking insects: current techniques and future prospects. Annu.
Rev. Entomol. 2001; 46: 511–543. PMID: 11112178

Laboratory and Field Performance of Parasitoids Lines

PLOS ONE | DOI:10.1371/journal.pone.0146153 January 5, 2016 16 / 16

http://dx.doi.org/10.1371/journal.pone.0048068
http://www.ncbi.nlm.nih.gov/pubmed/23144727
http://www.cimis.water.ca.gov
http://www.ncbi.nlm.nih.gov/pubmed/12770162
http://www.ncbi.nlm.nih.gov/pubmed/11112178

