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leucotreta for optimisation of
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Martin Hill 1 and Candice Coombes1
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Intraspecific variation in sex pheromones is a driver of reproductive isolation and

speciation in insects. The False Codling Moth (FCM) Thaumatotibia leucotreta

(Lepidoptera: Tortricidae) is a quarantine pest endemic to sub-Saharan Africa

(SSA). The currently available precision control measures for FCM use female sex

pheromone components to lure males into traps. However, the existing data on

the composition of the female sex pheromone, especially the isomer ratios of the

main pheromone component (E/Z)-8-dodecenyl acetate, are inconsistent for

populations in SSA. This inconsistency led to speculation about possible

reproductive isolation between geographically separated FCM populations and

the potential need for local adjustment of pheromone-based FCM control tools.

This, however, requires a comparative evaluation of geographic variation in FCM

sexual communication and inter-population mating compatibility. We therefore

investigated genetic isolation and mating compatibility between five

geographically isolated FCM populations in South Africa and analysed the ratio

of (E)- and (Z)-8-dodecenyl acetate in females from these populations. The five

studied populations were found to form three genetically distinct groups with

high genetic distances between each other. Mating compatibility tests showed

that mating is possible across these groups, however, males preferred females of

their own population when given choices; without a choice, males successfully

mated with and transferred spermatophores to females from all other

populations. The ratio of (E)- and (Z)-8-dodecenyl acetate was similar (c. 4:1)

across the populations, indicating that this main female pheromone component

does not cause the observed intra-population mating preferences. It remains to
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be investigated if qualitative/quantitative variation in other sex pheromone

components influences intra-population recognition in South African FCM,

providing a base for the development of regionally-specific lures for area-wide

control programmes.
KEYWORDS
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1 Introduction

Environmentally friendly methods for managing insect pests

are crucial for ecosystem functioning, biodiversity, and

conservation (Araújo et al., 2023; Arp et al., 2023). Behavioural

manipulation, using specific chemical signals (semiochemicals), is a

strategy that has received much attention in the past 80 years

(Steurer et al., 2024, but see Foster and Harris, 1997 for a review).

One approach to manipulating the behaviour of insect pests is

through pheromones, including sex pheromones (Bengtsson et al.,

1994; Witzgall et al., 2010; Miller and Gut, 2015). Sex pheromones

are crucial for the recognition, attraction, and selection of potential

conspecific mates, and for preventing the attraction of

heterospecific individuals to maintain species integrity (Wyatt,

2003; De Pasqual et al., 2021). Since the identification of the

pheromone bombykol in the silkworm moth Bombyx mori L.

(Lepidoptera: Bombycidae) in the 1950s, the first description of

an insect sex pheromone (Butenandt et al., 1959), the identification,

isolation, and use of sex pheromones has advanced and is now an

essential tool in area-wide integrated pest management (AW-IPM)

strategies (Stern et al., 1959; Wright, 1964; Witzgall et al., 2010; Gao

et al., 2020). These strategies exploit the response of male insects to

female sex pheromones, in particular male attraction, using

inanimate objects baited with the specific female sex pheromone

blend (Regnier and Law, 1968). However, sex pheromones (see De

Pasqual et al., 2021 for a detailed review), the key signals for sexual

communication, can overlap interspecifically (De Pasqual et al.,

2021), and vary intraspecifically in many insects, including pests

with wide geographic distributions (Rodriguez-Saona and Stelinski,

2009; Gao et al., 2020; De Pasqual et al., 2021).

In moth species, geographic variation may arise as a result of

avoiding inbreeding with closely related sympatric species that

share key pheromone components (McElfresh and Millar, 1999;

Groot et al., 2008; Sadek et al., 2012). Variation can also be

manifested in the timing of sexual behaviours or be a

consequence of physiological, biotic, and abiotic factors such as

age (Swier et al., 1977; Noldus and Potting, 1990; Xavier et al.,

2018), nutrition (Casimero et al., 2001), temperature (Conner et al.,

1985; Delisle and McNeil, 1987), relative humidity (Webster and

Cardé, 1982; Royer and McNeil, 1991), photoperiod (Delisle and

McNeil, 1986; Noldus and Potting, 1990; Kamimura and Tatsuki,
02
1994), host plants (Landolt and Phillips, 1997), wind speed (Conner

et al., 1985), and insecticides (Shen et al., 2013; Navarro-Roldán and

Gemeno, 2017). Therefore, it is essential to understand the local sex

pheromone blends and local timings of sexual communication for

effective field implementation of sex pheromone-dependent control

tools (Gao et al., 2020).

The False Codling Moth (hereafter “FCM”), Thaumatotibia

leucotreta Meyrick (Lepidoptera: Tortricidae), endemic to sub-

Saharan Africa (hereafter “SSA”), is a pest of several economically

important crops, including citrus, corn, cotton, pepper,

pomegranate, peach, and plum (Venette et al., 2003; Hofmeyr

et al., 2005; Adom et al., 2020). FCM is one of the biggest biotic

threats to the citrus industry of southern Africa because of its

classification as a phytosanitary or quarantine pest in international

markets, such as the United States of America (USA), European

Union (EU), and the Far East (Venette et al., 2003; Moore, 2021).

Rejection of export consignments due to FCM detection is

devastating to the economies of affected countries in SSA, such as

the southern African citrus industry, comprising three citrus-

exporting countries (South Africa, Zimbabwe, and Eswatini), with

an estimated annual export of 2.2 million tons, valued at USD 1.5

billion (CGA, 2021). Consequently, FCM is diligently controlled in

citrus orchards in South Africa (Hattingh et al., 2020). Due to the

stringent restrictions on synthetic chemical pesticide residues on

exported fruit by certain markets, FCM control is focused on IPM;

the most important options of IPM against FCM are based on the

use of female sex pheromones (Hofmeyr and Pretorius, 2010;

Hattingh et al., 2020; Moore, 2021). This includes monitoring,

attract-and-kill and mating disruption (Moore and Hattingh, 2012).

Existing reports of the composition of the female FCM

pheromone are remarkably varied, in terms of both the particular

compounds and the ratios of different isomers (reviewed in Levi-

Zada et al., 2020). The most recent study of female moths from

Israel reported eleven compounds in the female FCM sex

pheromone blend (Levi-Zada et al., 2020). Corroborating previous

studies, only (E)-8-dodecenyl acetate (E8–12:Ac) and (Z)-8-

dodecenyl acetate (Z8–12:Ac) were shown to play a key role in

FCM sexual communication (Zagatti et al., 1983; Hall et al., 1984;

Attygalle et al., 1986; Levi-Zada et al., 2020). However, studies from

SSA have reported discrepant ratios of these two compounds as the

optimal blend both in laboratory assays and field evaluations. To
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date, there is no clarity on the composition of the most effective

blend of the pheromone for IPM or the natural ratio of isomers in

SSA FCM populations. For example, following the extraction and

evaluation of female sex pheromone glands, Persoons et al. (1977)

reported the E/Z ratio as 1:1, Angélini et al. (1981) and Zagatti et al.

(1983) found 3:1, Hall et al. (1984) reported 2:3, while Attygalle

et al. (1986) found 9:1. Newton et al. (1993) highlighted 8:2 and 9:1

as effective blends. Recently, Levi-Zada et al. (2020) reported 9:1,

but the population tested by the latter authors was from Israel, not

SSA. The discrepancies in the published isomer ratios from different

populations may reflect intraspecific variation in the sex pheromone

across SSA. Attygalle et al. (1986) took this one step further and

postulated the occurrence of subspecies of FCM in SSA, which differ

in the ratio of E8–12:Ac and Z8–12:Ac. More recent laboratory and

field studies performed in South Africa provide some support for

the possibility of FCM subspecies (e.g., Timm et al., 2008; 2010;

Joubert, 2018; Upfold, 2019).

Considering that the functionality of the established IPM

programme for FCM in southern Africa relies on sex pheromone-

based control tools (i.e., monitoring, attract-and-kill, mating

disruption, and SIT), it is paramount to fully establish whether the

FCM pheromone blend varies geographically and whether

intraspecific variation in the pheromone blend may influence the

effectiveness of existing control tools. Exploring the potential role of

intraspecific variation in the pheromone blend in premating isolation

would also inform discussions of incipient speciation within FCM.

This study specifically addresses these questions by investigating the

mating compatibility of FCM from different geographic populations

in South Africa and assessing the ratios of E8–12:Ac and Z8–12:Ac in

females from these populations. The implications of our findings are

discussed in the context of AW-IPM of FCM.
2 Materials and methods

2.1 FCM field collection and rearing

FCM populations from four citrus-producing regions in South

Africa were sampled. The populations originated from wild FCM

individuals collected from Addo (33°34’S, 25°41’E, Eastern Cape

Province), Marble Hall (24°58’S, 24°18’E, Limpopo Province),

Citrusdal (32°36’S,19°01’E, Western Cape Province) and Nelspruit

(25°28’S, 30°58’E, Mpumalanga Province) (Opoku-Debrah et al.,

2014). A fifth population was reared from individuals originating

from unspecified locations in the Western Cape and Eastern Cape

provinces (Moore, 2002). The populations were named after their

place of origin; the mixed population is referred to as Old culture

(hereafter “Old Colony”). Each of these five FCM populations was

maintained separately in a controlled environment (CE) room at

the Centre for Biological Control in the Department of Zoology and

Entomology at Rhodes University, Makhanda, South Africa. In

order to prevent adaptations to laboratory rearing conditions or

“evolution” of laboratory strains, the genetic pool of all five

populations was maintained by intermittent re-supply from the

wild populations. The CE rearing conditions included a constant

temperature of 26°C ± 2°C, 50–60% relative humidity, and a 12-
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hour photoperiod (L12:D12). Each population was kept in a

separate rearing cage (size: 120 x 100 x 75 cm; model: Perspex®)

to prevent interbreeding, and maintained on an artificial diet

developed by Moore et al. (2014).
2.2 Genetic differentiation between
geographically isolated FCM populations

In order to assess genetic differentiation as an indicator for

genetic isolation between the five studied South African FCM

populations, the genetic integrity of each population was

determined using the Amplified Fragment Length Polymorphism

(AFLP) microsatellite analysis protocol developed by Paun and

Schönswetter (2012), albeit with minor modifications, using

adapters and primers as determined by Timm et al. (2010).

Genomic DNA was isolated from entire crushed larvae (1 per

sample) and preserved in 95% ethanol, according to standard

procedures involving proteinase K digestion, followed by a salt-

extraction method (Hunt, 1997), which is optimal for whole-insect

DNA extraction. Five replicates per population were prepared.
2.3 Mating compatibility tests with
geographically isolated FCM populations

2.3.1 Preparation of adults
To investigate inter-population mating behaviour, mating

compatibility tests were performed with laboratory reared

individuals from the five geographically isolated FCM populations.

The moths were sexed using key sexual diagnostic features of the

pupal stage, i.e., the presence of two notches on the fifth pupal

segment of male pupae, absent in females (Daiber, 1979). Sexed

individuals of all populations were then placed into separate glass

vials sealed with dampened cotton wool and labelled with the name of

the population and sex. To distinguish between individuals of

different populations in each test, moths of one population were

dyed using Calco Oil Red N-1700® added to the larval diet with

manufacturers’ instructions. The dye is taken up by fat bodies and

does not reduce the fitness of the moth (Davis, 1973). As a double

measure, moths from the dyed population were also patted down

gently using cotton wool to remove some of the moths’ scales, giving

them a lighter appearance. The loss of wing scales, common for

moths used in the FCM SIT programmes, does not significantly

influence flight ability or other behaviours (Craig Chambers, pers.

comm.). Nevertheless, to avoid any possible bias from the dye or

removal of scales, these identification methods were rotated among

the populations for each replicate. Mating compatibility was then

assessed via no-choice and choice tests.

2.3.2 No-choice test
In order to test if males can successfully mate with females from

a different population, no-choice tests were performed. For these

tests, five 2-day-old virgin females and one male were placed in a

nylon mesh cage (30 cm × 30 cm) for two consecutive nights. After

48 h, the females were freeze-killed at -20°C overnight and each
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female was dissected under a dissecting microscope (Leica EZ4

Fluorescence Stereo Microscope) in order to assess the presence of

spermatophores in their bursa copulatrix. Five assays were

performed per mating combination. Assays with males and

females from the same population were performed as the control

treatment to compare the ability of males to transfer

spermatophores to females from other populations.

2.3.3 Choice test
Given that in this species the males are those that select the

partner (Aigbedion-Atalor et al., 2024), in order to assess whether

males discriminated females from their own or other population,

choice tests in which males were offered females from their own

population and from one of the other populations were conducted,

yielding a total of 10 pairwise comparisons (Supplementary Figure

S1). These mating compatibility tests were conducted in a large 3 m

× 3 m square white nylon mesh cage with a white canvas base, in a

large temperature-controlled greenhouse, with natural light (see

Supplementary Figure S1). Trays of females holding glass vials (n =

30) containing 2-day-old virgin female moths (one per vial) from

two different populations (n=60) were placed on a tray upwind

from the males. Reciprocally, vials (n = 30) containing the 2-day old

males (one per vial) from a single population were placed on a tray

downwind from the females. A large ventilated fan provided airflow

in the facility. The glass vials were opened at 17h00, allowing the

moths to exit the vials voluntarily and independently. Every 30

minutes, an observer entered the cage to look for mating pairs,

which were collected into glass vials, and the population of

individuals in each mating pair was recorded. Males that were not

responsive (morbid or dead) were replaced. The test ended either

after 90 minutes of no mating activity or a maximum duration of

five hours if mating activities were observed. The trial was repeated

three times for each population combination.

2.3.4 Performance indices for choice test
In order to determine the sexual compatibility and mating

performance of the geographically isolated FCM populations,

different performance indices were calculated. The suitability of

the adults and the environmental conditions (nylon mesh cages) for

mating were determined by calculating the participation in mating

(PM), representing overall mating activity. According to the Food

and Agriculture Organisation (FAO), the International Atomic

Energy Agency (IAEA) and the United States Department of

Agriculture (USDA), the minimum valid PM value is 0.2, i.e., at

least 20% of the total amount of possible couples need to have

mated (FAO/IAEA/USDA, 2003).

PM =
Number   of   pairs   collected
Number   of   females   released

In addition, sexual compatibility between the five populations

was assessed using the index of sexual isolation (ISI) as well as the

male and female relative performance index (MRPI, FRPI) (Cayol

et al., 1999; Taret et al., 2010). ISI accounts for the number of pairs

obtained for each possible mating combination, and ranges from -1,

where most couples consisted of the second population listed, to 1
Frontiers in Ecology and Evolution 04
where most couples consist of the first population listed. A value of

0 represents random mating: equal proportion of the four

possibilities of mating, i.e., homotypic (AA and BB) or

heterotypic (AB and BA), where A and B represent two different

populations.

ISI =  
(AA + BB) − (AB + BA)

Total   number   of  matings  

To clarify the ISI value, the two other indices MRPI and FRPI

were calculated in order to account for variations in male and

female mating propensity, regardless of their mating partners

(Cayol et al., 1999). MRPI and FRPI values range from 1, where

all mating events are performed by males (MRPI) or females (FRPI)

of one type (the first population to be listed), through an

equilibrium at 0 where there is an equal participation in mating

by males (MRPI) or females (FRPI) of both types, to -1 where all

mating events are performed by males (MRPI) or females (FRPI) of

the other type (second population listed). The MRPI and FRPI

explain the role of the males and females from two different

populations compared in each experiment, and thus complement

the ISI very well (Taret et al., 2010).

MRPI =  
(AA + AB) − (BB + BA)

Total   number   of  matings

FRPI =
(AA + BA) − (BB + AB)

Total   number   of  matings
2.4 Quantification of E8–12:Ac and Z8–12:
Ac in the female pheromone

2.4.1 Extraction of pheromone from female
abdominal tips

Pheromones were extracted from FCM females of all five

studied populations. From each population, unmated, 2-day-old

females were frozen at 3:00 am and stored at -20°C until extraction

of the pheromone. FCM females are known to release sex

pheromones from a membranous gland situated dorsally between

the 8th and 9th segment of the abdomen (see Attygalle et al., 1986).

In order to extract the pheromone, the last three segments

(“abdominal tip”) were dissected and placed in a 1.5 ml conical

glass vial containing 80 μl dichloromethane (DCM; 99.8%,

Honeywell Riedel-de Haën). Abdominal tips from a total of 25

females per population were pooled in one vial. Each vial was

vortexed for ca. 30 seconds and stored at room temperature for 30

minutes. The solvent was subsequently transferred to a clean glass

vial and stored at -20°C. For each population, extracts were

replicated five times. Highly viscous extracts were diluted with an

additional 5–10 μl of DCM.

2.4.2 Chemical analysis
The pheromone extracts were analysed using gas chromatography

(GC) with a flame ionisation detector (FID). These analyses were

performed on a Varian CP3800 GC equipped with an FID and Varian
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1079 PTV injector port. Volatiles in extracts were separated on a polar

SGE SolGel wax capillary column (30 m x 0.32 mm inner diameter,

0.25 mm film thickness). For each run, 1.0 ml of extract was injected
with a 10:1 split on the injector, and the injector was held at 200°C for 5

min, and then increased to 250°C at 200°C per min and held for the

remainder of the run. The GC oven temperature was increased from

40°C to 260°C at 10°C per min, held at 260°C for 12 min and then

increased to 280°C at 20°C per min and held at 280°C for five min. The

GC was operated in constant flow mode using helium at a flow rate of

2.0 ml per min as the carrier gas. Pheromone peaks were identified by

comparison with retention times of synthetic standards of both isomers

E8–12:Ac (Purity: 99.4% Insect Science®) and Z8–12:Ac (Purity: 98.9%

Insect Science®) injected under identical conditions. The ratios of the

two isomers were calculated based on peak areas.

The absence of co-eluting compounds in the E8–12:Ac and Z8–

12:Ac peaks in the pheromone extract chromatograms was

confirmed by injecting a subset of extracts from each population

on a Scion 8500 gas chromatograph coupled to a SCION SQ single

quadrupole mass spectrometer (GC-MS) with a 1079 PTV injector

port and a Scion-WaxMS polar column (30 m x 0.25 mm inner

diameter x 0.25 mm film thickness). This stationary phase has

similar polarity to the column used in the GC-FID analyses

described above. For each run, 1 μl of extract was injected. The

injector was held at 40°C for 2 min (split ratio 20:1) and then

increased to 200°C at 200°C min−1 in splitless mode. The GC oven

temperature was held at 40°C for 3 min then increased to 240°C at

10°C per min, held at 240°C for 12 min and then increased to 250°C

at 20°C per min and held at 250°C for 24.5 min. The GC was

operated in constant flow mode using helium at a flow rate of 1.0 ml

per min as the carrier gas. Pheromone peaks were identified by

comparison with retention times of synthetic standards of both

isomers (E8–12:Ac and Z8–12:Ac) injected under identical

conditions. Purity of peaks was confirmed by comparison with

mass spectra from the standard and close scrutiny of the mass

spectra throughout the width of the peak.
2.5 Statistical analysis

To investigate the genetic relationships among populations, the

resulting binary matrix from the population-level genetic

differentiation was imported and consolidated in Microsoft®

Excel. This matrix was then converted to a pairwise similarity

matrix using Bray-Curtis dissimilarity index. Differences between

populations were tested with a one-way Analysis of Similarities

(ANOSIM), where R = 1 was the most distant, and R = 0 was the

most related. Relationships among individuals and populations

were viewed as Principal Coordinates Analysis (PCoA) plots

using Jaccard’s permutation in the statistical software PAST

(Kosman and Leonard, 2007). At the population level, the

percentage of polymorphic loci (PPL) was calculated using

GenAlEx v6.5 Excel software package (Peakall and Smouse, 2012).

Shannon Information Index (Ho), and Nei’s genetic diversity (Hj)

were calculated using POPGENE v3.0 (Yeh et al., 1999; Fu et al.,

2016). The relationships between populations were determined

based on pairwise measures of genetic distance (D) and genetic
Frontiers in Ecology and Evolution 05
identity (I), calculated using unbiased genetic distance algorithm

(Nei, 1978) with the software POPGENE v3.0 (Yeh et al., 1999).

The indices of sexual compatibility and mating performance

were assessed across five populations via a one-sample Student’s t-

test to determine whether the Index (ISI, MRPI and FRPI) differed

significantly from the theoretical value expected for equal

competitiveness or random mating (Tejeda et al., 2017). This was

performed using R (v4.2.3) foundation environment for statistical

computing (R Core Team, 2022).

To evaluate the number of spermatophores per male transferred

into females, Shapiro-Wilks test for normality was used, followed by

a Generalised Linear Model (GLM) with a Poisson distribution, and

log-link function was used to analyse the count data (McElduff et al.,

2010) in R (v4.2.3). Female population was the explicated or

predictor variable for the response variable (i.e., spermatophores)

To compare the mean ratios of E8–12:Ac to Z8–12:Ac between

the different populations, the proportions of each isomer were logit

transformed and the mean proportions compared using a one-way

Analysis of Variance (ANOVA) using IBS SPSS Statistics (Version

28.0.0.0). Means and standard errors were calculated from the

transformed values and back-transformed for graphs.
3 Results

3.1 Genetic differentiation between
geographically isolated FCM populations

The principal coordinate analysis (PCoA) for individuals of five

geographically isolated FCM populations (five larvae per

population) revealed three genetically distinct groups. Individuals

from Addo, Citrusdal, and the Old Colony populations grouped

together, while individuals from Nelspruit and individuals from

Marble Hall formed separated groups each (Figure 1).

The total percentage polymorphic loci (PPL) for the studied

populations ranged from 33.44% (Marble Hall) to 49.35% (Old

Colony) (Table 1). The Old Colony population had the highest

genetic diversity (Hj = 0.1849;Ho = 0.1575), while the lowest genetic

diversity was found in the Marble Hall population (Hj = 0.135; Ho =

0.1282) (Table 1).
FIGURE 1

Principal coordinate analysis representing 14.38% (PCoA 1) and
11.72% (PCoA 2) of the genetic variance displaying the relationships
of individuals from five geographically isolated populations of
Thaumatotibia leucotreta (False Codling Moth, FCM).
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The total genetic diversity was significantly different with high

genetic distances between the studied populations (one-way

ANOSIM: R = 0.77; P = 0.001) (Table 2).
3.2 Mating compatibility amongst
geographically isolated FCM populations

3.2.1 No-choice test
In the no-choice tests mating was not selective, meaning that

successful mating occurred between all pairwise comparisons and

there were no significant differences in the number of

spermatophores recovered from the female bursa copulatrix (c2 =
103. 73; df = 24; P = 0.722; Figures 2, 3).

3.2.2 Choice test
The average participation of mating (PM) during the performed

mating choice tests between the studied populations was 0.34 (34%

of possible mating pairs in the cages). This PM value is higher than

the valid minimum proportion of mating inclusion (PM = 0.2)

(FAO/IAEA/USDA, 2003), and we can therefore assume that the

conditions under which the tests were run were adequate. The ISI

revealed that mating was generally random (ISI = 0) in the pairwise

combinations tested (Table 3), however, in four population

combinations the mating choice was significantly selective for

intra-population mating partners, i.e., Addo × Nelspruit (ISI =

0.13; t2 = 6.23; P = 0.02), Addo × Marble Hall (ISI = 0.11; t2 = 4.72;

P = 0.04), Citrusdal × Nelspruit (ISI = 0.11; t2 = 4.95; P = 0.04) and

Citrusdal × Marble Hall (ISI = 0.12; t2 = 4.31; P = 0.04) (Table 3). In

these combinations, there were more homogenous couples from

Addo and Citrusdal populations than from Nelspruit and Marble

Hall populations. The MRPI values were significant for Addo ×
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Nelspruit (MRPI = 0.19; t2 = 6.23; P = 0.02), Addo × Marble Hall

(MPRI = 0.17; t2 = 6.65; P = 0.02) and Citrusdal × Nelspruit (MRPI

= 0.13; t2 = 4.39; P = 0.04) (Table 3), indicating that males

originating from Addo and Citrusdal populations participated in

more mating events than males from Nelspruit and Marble Hall;

FRPI values for these population combinations were not significant

indicating that the mating choices are actively made by males while

the females are passive (“male mate choice”). The MRPI and FRPI

values for the fourth significant combinations, Citrusdal × Marble

Hall, were inconclusive, as no significance for either MRPI or FRPI

was found (Table 3).
3.3 Quantification of E8–12:Ac and
Z8–12:Ac

3.3.1 Chemical analysis
The ratios of E8–12:Ac to Z8–12:Ac did not significantly differ

between the five studied populations (F4,20 = 0.341, P = 0.847;

Figure 4). The ratio of E8–12:Ac to Z8–12:Ac ranged from 3.8:1 to

4.2:1 across the five populations (Table 4).
4 Discussion

This study investigated genetic differentiation and mating

compatibility in five geographically isolated populations of the

False Codling Moth (FCM) Thaumatotibia leucotreta in South

Africa. The obtained data showed genetic differentiation between

these populations whereby three genetically distinct groups with

high genetic distances between each other were identified, i.e.,

Nelspruit, Marble Hall, and a group formed by Old Colony,
TABLE 1 Genetic diversity among populations of Thaumatotibia leucotreta (False Codling Moth, FCM) from different geographical regions.

Population Np PPL (%) Na Ne Hj Ho

Addo 765 45.78 1.4578 1.2961 0.1732 0.1571

Citrusdal 700 41.88 1.4188 1.2719 0.1595 0.1365

Nelspruit 696 41.56 1.4156 1.2751 0.1581 0.1336

Marble Hall 559 33.44 1.344 1.2318 0.1352 0.1282

Old Colony 825 49.35 1.4935 1.3163 0.1849 0.1575
Codes: Np, Number of polymorphic loci; PPL, percentage of polymorphic loci; Na, observed number of alleles per locus; Ne, effective number of alleles per locus; Hj, Nei’s gene diversity index; Ho,
Shannon information index.
TABLE 2 Genetic distances (shaded grey) and genetic identity (italicised) indices (Nei, 1978) estimated based on AFLP analysis for five populations of
Thaumatotibia leucotreta (False Codling Moth, FCM).

Addo Citrusdal Nelspruit Marble Hall Old Colony

Addo ————— 0.9545 0.9076 0.9213 0.9443

Citrusdal 0.0476 ————— 0.9125 0.9236 0.9453

Nelspruit 0.0764 0.0871 ————— 0.9355 0.9475

Marble Hall 0.0571 0.0592 0.0752 ————— 0.9465

Old Colony 0.0445 0.0461 0.0426 0.0452 —————
frontiersin.org

https://doi.org/10.3389/fevo.2024.1360395
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Aigbedion-Atalor et al. 10.3389/fevo.2024.1360395
Citrusdal and Addo (Tables 1, 2). These genetic differences were

reflected in the mating choices made during pairwise choice tests

where individuals from genetically distant groups were selected

against (Table 3). Nonetheless, in the absence of a choice, males did

successfully mate with females from any other population. The

mating success, measured as the number of transferred

spermatophores, was similar in inter- and intra-population

mating events (Figure 2); however, males from populations with

high genetic diversity participated more actively in mating with

females from both their own and different populations compared to

males from populations with a low genetic diversity.

Assessing the levels of genetic variation between different

populations is a powerful method to identify or confirm gene flow
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limitations that can lead to reproductive isolation and eventually

speciation (Riesch et al., 2017; Taylor and Friesen, 2017; Doellman

et al., 2019). With regard to pest insects, geographically isolated

populations with restricted gene flow can rapidly diverge in traits

targeted by region-wide applied pest management strategies and

cause these to become less effective (Riesch et al., 2017; Taylor and

Friesen, 2017; Gao et al., 2020). In the case of FCM, the currently

available data from SSA indicate divergence, particularly with regard

to the composition of the female sex pheromone which is widely used

in FCM control tools (Attygalle et al., 1986; Upfold, 2019).

Consequently, local changes in mating behaviour are worth testing

as these may require adjusting the commonly used sex pheromone-

based management strategies on a local basis.
FIGURE 2

Mean (± SE) number of spermatophores transferred by Thaumatotibia leucotreta (False Codling Moth, FCM) males to females in no-choice mating
compatibility tests. The number of transferred spermatophores is used as an indicator for the mating ability of males from Addo, Citrusdal, Marble
Hall, Nelspruit and Old Colony with females from these populations. There were no significant differences in the number of spermatophores found
in the bursa copulatix of females from Addo, Citrusdal, Marble Hall, Nelspruit and the Old Colony population after mating with males from these
populations (Generalized Linear Modle: P>0.05).
FIGURE 3

Details of Thaumatotibia leucotreta (False Codling Moth, FCM) female reproductive structures after copulation. (A) Abdominal tip with external
reproductive organ, (B) dissected bursa copulatrix showing spermatophores and (C) spermatophore recovered from bursa copulatrix. Magnification:
10× (A, B), 40× (C).
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Previous studies with geographically isolated FCM populations in

SSA found both high genetic diversity (Timm et al., 2008; 2010) as well

as low genetic diversity, regardless of host crops, geographical locations,

and country (e.g., Mkiga et al., 2021). However, to date, no study has

assessed genetic diversity of, and differentiation between, populations

on a smaller geographic scale, i.e., within a single country. This study is

the first to focus on a smaller geographic scale, combining data for

FCM populations from four South African provinces, encompassing

the southern and northern parts of South Africa, including the Eastern

Cape, Limpopo, Mpumalanga, and Western Cape provinces, and a

population of mixed origin (Old Colony). Remarkably, even at this
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geographic scale, there were significant differences in genetic diversity

with the five studied populations falling into three distinct genetic

groups, indicating divergence of FCMwithin South Africa. Low genetic

diversity was found in samples from the Marble Hall and Nelspruit

populations, which both formed their own genetic groups (Figure 1).

These were separate from the third genetic group, comprising the other

three studied populations (Figure 1). High genetic diversity was found

in samples from the Addo and Citrusdal populations, while the Old

Colony population was intermediate.

Males from populations with a higher recorded genetic diversity

were observed to be more competitive (significant MRPI values) and
TABLE 3 The mean, 95% confidence interval (CI) and p-value for the index of sexual isolation (ISI), male relative performance index (MRPI), female
relative performance index (FRPI), relative sterility index (RSI), and indices for intraspecific mating compatibility in mating choice tests using
individuals of five populations of Thaumatotibia leucotreta (False Codling Moth, FCM).

ISI MRPI FRPI

Population Total couples mean (95% CI) P mean (95% CI) P mean (95% CI) P

A × N 30.7 ± 2.3 0.13 (0.05 - 0.27) 0.02* 0.19 (0.06 - 0.32) 0.02* -0.02 (-0.11 - 0.07) 0.42

A × C 31.0 ± 3.0 0.02 (-0.31 - 0.34) 0.82 -0.03 (-0.22 - 0.17) 0.59 0.00 (-0.12 - 0.12) 0.93

A × MH 26.3 ± 3.5 0.11 (0.01 - 0.23) 0.04* 0.17 (0.06 - 0.28) 0.02* 0.03 (-0.13 - 0.19) 0.48

A × O 34.0 ± 3.0 0.02 (-0.1 - 0.13) 0.57 0.06 (-0.15 - 0.27) 0.34 0.02 (-0.25 - 0.28) 0.82

N × C 27.0 ± 3.0 0.11 (0.02 - 0.25) 0.04* 0.13 (0.01 - 0.26) 0.04* 0.04 (-0.12 - 0.19) 0.42

N × MH 31.0 ± 1.1 0.12 (0.03 - 0.25) 0.05 0.10 (-0.33 - 0.52) 0.43 0.08 (-0.02 - 0.17) 0.07

N × O 33.3 ± 2.1 0.04 (-0.17 - 0.26) 0.49 -0.02 (-0.34 - 0.31) 0.82 0.06 (-0.13 - 0.15) 0.58

C × MH 32.7 ± 1.5 0.12 (0.01 - 0.24) 0.04* -0.02 (-0.05 - 0.02) 0.18 0.04 (-0.15 - 0.22) 0.46

C × O 34.7 ± 1.5 0.02 (-0.13 - 0.16) 0.65 -0.04 (-0.21 - 0.14) 0.48 -0.06 (-0.17 - 0.06) 0.17

MH × O 30.3 ± 1.0 0.05 (-0.21 - 0.31) 0.46 -0.01 (-0.06 - 0.03) 0.42 -0.03 (-0.32 - 0.25) 0.68
fron
A, Addo; N, Nelspruit; C, Citrusdal; MH, Marble Hall; O, Old Colony; *significantly different from theoretical value for random mating (0).
Three trials were performed per population combination.
FIGURE 4

Amount (%) of (E)-8-dodecenyl acetate (E8–12:Ac) relative to (Z)-8-dodecenyl acetate (Z8–12:Ac) in extracts from abdominal tips of Thaumatotibia
leucotreta (False Codling Moth, FCM) females from five different populations in South Africa. The ratio of the two isomers was not significantly
different between the populations.
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participated in more mating events with females of both their own and

other populations, than were males from populations with a low

calculated genetic diversity (Tables 1, 3). Although not significant,

this observed trend indicates that maintaining high genetic diversity

amongst commercially produced cultures used in AW-IPM

programmes, in particular the sterile insect technique (SIT), could be

crucial to improve the competitiveness of SIT males in the field.

Maintaining genetic diversity and avoiding phenotypic, as well as

genetic, effects are key challenges faced in the mass rearing of insects

(Leftwich et al., 2021). Inbreeding depression and random genetic drift

may result in the loss of genetic diversity, which can lead to loss of

fitness and reduced field performance (Mackauer, 1976; Willi et al.,

2006; Hoffmann et al., 2017). A decrease in vigour (phenotypic effect)

often results from overcrowding and poor diet (Reynolds, 2012).

Genetic effects and changes in behaviour may arise as a result of a

‘domestication’ effect when long-term laboratory rearing results in

selection for traits better adapted to the laboratory rearing conditions,

which in turn affects the reproductive or behavioural traits of the insect

(Bartlett, 1984; Hoffmann and Ross, 2018). In order to counteract the

“evolution” of laboratory strains, the genetic pool of cultured

populations should be re-supplied intermittently with field collected

individuals from the corresponding wild populations.

The genetic divergence between the five populations identified

in this study was partly reflected in the mating choices during

mating compatibility assays with males and females of two different

populations. While mating was random in assays with population

pairs from the same genetic group, mating was selective towards the

own population in choice assays with populations from two

different genetic groups (Table 3). This indicates that individuals

are capable of identifying conspecifics on a population level, which

allows us to assume divergence in recognition signals, likely the sex

pheromone, and pre-mating reproductive isolation between some

of the South African populations. the FRPI values were never

significantly different (Table 3) which indicates that males actively

choose female mating partners (“male mate choice”, Bonduriansky,

2001) and thereby select on female phenotypic traits – most likely

the female sex pheromone. However, in the absence of a choice,

males from all the populations would mate with any female and

were able to transfer spermatophores to females originating from a

different population with similar success as to females from their

own population (Figures 2, 3). It was not assessed in this study

whether the resulting offspring of inter-population mating events
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would be viable. However, previous studies did not find significant

differences in the number of viable offspring produced in no-choice

cross-mating tests. Thus, while pre-mating reproductive isolation

seems established at a certain level, post-mating reproductive

isolation among South African FCM populations does not (yet)

exist, as previously underscored by Mgocheki and Addison (2016).

Many other lepidopteran pests also in South Africa have formed

locally adapted populations, due to fragmented host ranges and in

part due to limited hosts, such as Grapholita molesta (Busck)

(Lepidoptera: Tortricidae), Cydia pomonella (L.) (Lepidoptera:

Tortricidae), Thaumatotibia batrachopa (Meyrick) (Lepidoptera:

Tortricidae) and Cryptophlebia peltastica (Meyrick) (Lepidoptera:

Tortricidae) (Meyrick, 1930; Quilici et al., 1988; Newton, 1998).

The genetic differences amongst locally and regionally adapted

FCM populations raises apprehensions and questions of whether

the efficacy of semiochemical-based technologies can be enhanced

through the manufacturing of regionally specific pheromone lures

and dispensers.

Studies investigating sexual behaviour in other lepidopteran

species found that in cases where males exhibited a significant

selection for females of their own population compared to females

of a different population, the composition of the sex pheromone was

different between both populations (e.g., Tòth et al., 1992; Groot

et al., 2008; Duménil et al., 2014). Over time, these differences in the

sex pheromone or intraspecific variation may act as a driver for

sexual selection and mating incompatibility via reproductive

isolation (see De Pasqual et al., 2021 for a detailed review). It has

been abundantly clarified that even subtle differences in pheromone

composition may influence the degree of attraction within species

populations (Campion and Nesbitt, 1981; Newton et al., 1993; Ando

et al., 2004; Ando and Yamakawa, 2011). Hence, chemical analyses

of sex pheromones in pest insects with a wide distribution range is

important to understand locally manifested pre-mating

reproductive isolation (Gao et al., 2020).

In fact, there are contradictory data regarding the composition

of the female sex pheromone (Read et al., 1968; Persoons et al.,

1977; Angélini et al., 1981; Zagatti et al., 1983; Hall et al., 1984;

Attygalle et al., 1986) and it is unknown whether these differences

are simply a result of different methodologies used or indeed reflect

geographic isolation. Attygalle et al. (1986) concluded that the

differences were most likely a result of populations originating

from different geographic ranges and that sympatric speciation

may have occurred due to ecological boundaries, encompassing

spatial structure and functions, and temporal dynamics.

Earlier attempts to investigate intraspecific sex pheromone

variation between geographically isolated FCM populations in

South Africa using sample enrichment probes (Burger et al.,

2017) were unsuccessful (Upfold, 2019). Here a solvent extraction

method established by Attygalle et al. (1986), and recently validated

by researchers in Israel (Levi-Zada et al., 2020), was used to assess

differences in the ratios of the main pheromone components E8–12:

Ac and Z8–12:Ac. These isomers are the main attractant for males

and have been shown to play a key role in FCM mating behaviour.

However, there is controversy in the precise ratio of the two isomers
TABLE 4 Ratio of (E)-8-dodecenyl acetate (E8-12:Ac) to (Z)-8-dodecenyl
acetate (Z8-12:Ac) for each FCM population.

Population E8-12:Ac Z8-12:Ac

Addo 3.8 1

Citrusdal 4.1 1

Marble Hall 3.8 1

Nelspruit 4.2 1

Old Colony 4.1 1
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published in earlier studies (Zagatti et al., 1983; Attygalle et al.,

1986; Levi-Zada et al., 2020). We have determined a E:Z-ratio of c.

4:1 and found this to be consistent across all five studied

populations (Table 4). The absence of variation in the key

attractive components E8–12:Ac and Z8–12:Ac could explain the

general mating compatibility between all five studied populations

when mating partners from the own population are not available.

This finding provides important empirical evidence that South

African FCM populations have not diverged in the key sexual

signal. However, the observed trends for intra-population mating

preferences and “male mate choice” (MRPI values) in choice-tests

between the five studied FCM populations suggests some

divergence in the female sex pheromone composition. It is

thus very likely that other minor components of the sex

pheromone (not explored in this study) vary between the

populations and that such variation accounts for intra-population

recognition and mating preference, which over time could lead to

pre-mating reproductive isolation between geographically isolated

FCM populations.
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Webster, R. P., and Cardé, R. T. (1982). Relationships among pheromone titre,
calling and age in the omnivorous leafroller moth (Platynota stultana). J. Insect Physiol.
28, 925–933. doi: 10.1016/0022-1910(82)90108-1

Willi, Y., Van Buskirk, J., and Hoffmann, A. A. (2006). Limits to the adaptive
potential of small populations. Annu. Rev. Ecol. Evol. Syst. 37, 433–458. doi: 10.1146/
annurev.ecolsys.37.091305.110145

Witzgall, P., Kirsch, P., and Cork, A. (2010). Sex pheromones and their impact on
pest management. J. Chem. Ecol. 36, 80–100. doi: 10.1007/s10886-009-9737-y

Wright, R. H. (1964). After pesticides—what? Nature 204, 121–125. doi: 10.1038/
204121a0

Wyatt, T. D. (2003). Pheromones and animal behaviour Vol. Vol. 626 (Cambridge:
Cambridge University Press). doi: 10.1017/CBO9780511615061

Xavier, L. M. S., Magalhães, D. M., Viana, P. A., Blassioli-Moraes, M. C., Borges, M.,
Barrigossi, J. A. F., et al. (2018). Age influence on sexual behavior of the lesser cornstalk
borer, Elasmopalpus lignosellus (Zeller)(Lepidoptera: Pyralidae). Neotropical Entomol.
47, 205–210. doi: 10.1007/s13744-017-0527-x

Yeh, F. C., Yang, R. C., and Boyle, T. (1999). POPGENE. Microsoft Windows Based
Freeware for Population Genetic Analysis. Release 1.31. (Edmonton: University of
Alberta).

Zagatti, P., Lalanne-Cassou, B., Descoins, C., and Gallois, M. (1983). New results on
the sex pheromone of the false codling moth, Cryptophlebia leucotreta Meyr.
(Lepidoptera, Tortricidae). Agronomie 3, 75–80. doi: 10.1051/agro:19830111
frontiersin.org

https://doi.org/10.1023/A:1020826208715
https://doi.org/10.1111/j.1365-2311.1930.tb00389.x
https://doi.org/10.1017/S0007485316000304
https://doi.org/10.1017/S0007485316000304
https://doi.org/10.1093/ee/nvv052
https://doi.org/10.1111/afe.12398
https://doi.org/10.3390/ijerph18031198
https://doi.org/10.3390/ijerph18031198
https://doi.org/10.4001/003.022.0125
https://doi.org/10.1007/s10886-017-0883-3
https://doi.org/10.1093/genetics/89.3.583
https://doi.org/10.1111/j.1570-7458.1993.tb00694.x
https://doi.org/10.1111/j.1570-7458.1990.tb01378.x
https://doi.org/10.4001/003.022.0317
https://doi.org/10.1007/978-1-61779-609-8_7
https://doi.org/10.1007/978-1-61779-609-8_7
https://doi.org/10.1007/BF00988070
https://doi.org/10.1039/c19680000792
https://doi.org/10.1016/S0022-2275(20)42699-9
https://doi.org/10.1038/s41559-017-0082
https://doi.org/10.1007/978-1-4020-8992-3_11
https://doi.org/10.1111/j.1570-7458.1991.tb02405.x
https://doi.org/10.1016/j.jinsphys.2011.09.016
https://doi.org/10.1016/j.jinsphys.2011.09.016
https://doi.org/10.1371/journal.pone.0068756
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.3733/hilg.v29n02p081
https://doi.org/10.1098/rspb.2023.2518
https://doi.org/10.1093/aesa/70.6.919
https://doi.org/10.1111/j.1439-0418.2008.01375.x
https://doi.org/10.1111/mec.14126
https://doi.org/10.1111/eva.12506
https://doi.org/10.1017/S0007485309990435
https://doi.org/10.4001/1021-3589-16.2.209
https://doi.org/10.1007/BF00994360
https://doi.org/10.1016/0022-1910(82)90108-1
https://doi.org/10.1146/annurev.ecolsys.37.091305.110145
https://doi.org/10.1146/annurev.ecolsys.37.091305.110145
https://doi.org/10.1007/s10886-009-9737-y
https://doi.org/10.1038/204121a0
https://doi.org/10.1038/204121a0
https://doi.org/10.1017/CBO9780511615061
https://doi.org/10.1007/s13744-017-0527-x
https://doi.org/10.1051/agro:19830111
https://doi.org/10.3389/fevo.2024.1360395
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

	Geographic variation in genetic composition, sexual communication and mating compatibility of the False Codling Moth, Thaumatotibia leucotreta for optimisation of area-wide control
	1 Introduction
	2 Materials and methods
	2.1 FCM field collection and rearing
	2.2 Genetic differentiation between geographically isolated FCM populations
	2.3 Mating compatibility tests with geographically isolated FCM populations
	2.3.1 Preparation of adults
	2.3.2 No-choice test
	2.3.3 Choice test
	2.3.4 Performance indices for choice test

	2.4 Quantification of E8–12:Ac and Z8–12:Ac in the female pheromone
	2.4.1 Extraction of pheromone from female abdominal tips
	2.4.2 Chemical analysis

	2.5 Statistical analysis

	3 Results
	3.1 Genetic differentiation between geographically isolated FCM populations
	3.2 Mating compatibility amongst geographically isolated FCM populations
	3.2.1 No-choice test
	3.2.2 Choice test

	3.3 Quantification of E8–12:Ac and Z8–12:Ac
	3.3.1 Chemical analysis


	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Author disclaimer
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


