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ABSTRACT

Thaumatotibia leucotreta (Meyrick) (Lepidoptera: Tortricidae) is a key phytosanitary pest of citrus in South Africa. The pest dam-
ages fruit by burrowing and feeding on the pulp, thus causing yield losses and export rejections. There are several T. leucotreta
management strategies, such as orchard sanitation, mating disruption, attract-and-kill, the use of biocontrol agents, and the ster-
ile insect technique. A laboratory cage study was conducted to examine the impact of different combinations of treated (sterile)
and untreated (fertile) T. leucotreta adults on fruit damage and reproduction rate. Thaumatotibia leucotreta adults were grouped
into different combinations of treated (T) and untreated (U) male (M) and female (F): UM x UF (control), TM x UF, UM X TF,
TMXTF, and UM XUF xTM X TF. These combinations were released into cages to mate and oviposit on the Navel oranges.
Each treatment was replicated three times, and the experiment was repeated three times. After 4 weeks, the number of damaged
fruit and larval entries per fruit per cage were recorded. Damaged fruit per treatment were then incubated until all emerging F1
progeny were collected and outcrossed with fertile T. leucotreta. Fecundity and fertility per treatment were recorded. Cages with
sterile T. leucotreta had significantly fewer damaged fruit, larval entries, and emerged F1 adults compared to the control, except
for UM X UF X TM X TF treatments. Similarly, control cages and UM X UF X TM X TF treatments had significantly higher fecun-
dity and fertility compared to other treatments involving sterile T. leucotreta. The TM X UF combination exhibited the lowest
rate of increase per generation (<0.57x from the parental to F1 generation), demonstrating a reduction in the fertile population.
The results demonstrated that the release of sterile T. leucotreta leads to sterile-fertile matings rather than fertile-fertile matings,
thereby aiding in pest suppression in the T. leucotreta SIT programme.

1 | Introduction

The false codling moth (FCM), Thaumatotibia leucotreta
(Meyrick) (Lepidoptera: Tortricidae) is a key agricultural pest
endemic to sub-Saharan Africa (Bloem et al. 2007; Hofmeyr
et al. 2015; Hattingh et al. 2020). The pest is polyphagous with
a wide host range of cultivated plants including economically

important crops such as macadamia, peppers, pomegranates,
stone fruit, and most citrus cultivars (EPPO 2013, EFSA 2024),
as well as wild plant species (Kirkman 2007; EPPO 2013,
EFSA 2024). Thaumatotibia leucotreta is a key pest of cit-
rus in southern Africa, particularly Navel oranges (Grout and
Moore 2015, EFSA 2024). South Africa is the second-largest ex-
porter of citrus in the world after Spain (CGA-SA 2023). As a
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result, strict quarantine and import protocols have been imple-
mented by export markets such as the USA, People's Republic
of China, South Korea, and the European Union, to prevent live
specimens of this phytosanitary pest from entering these regions
(USDA 2010, SA-DAFF 2015, EU 2017, EFSA 2024). The damage
inflicted by T. leucotreta involves larval penetration of the fruit
and pulp feeding, resulting in fruit drop (Grout and Moore 2015;
Moore 2022). Fruit abscission occurs within three to 5weeks
after infestation (Grout and Moore 2015). If left uncontrolled, or
where the effective biocontrol complex is disrupted, crop losses
can be significant (Newton 1998; Moore 2002).

Enhancing control methods is a vital strategy for effectively
managing pest populations below economic injury levels, par-
ticularly when it comes to T. leucotreta in citrus orchards as any
fruit bearing brown larval penetration holes/spots with frass
are regarded as damaged and unsuitable for export (Moore and
Hattingh 2012; Moore 2022). Several methods are used to control
T. leucotreta in South Africa, such as orchard sanitation, chemi-
cal control, behavioural control, biological control, sterile insect
technique (SIT), and post-harvest control (Moore 2022; Githae
et al. 2024, 2025). However, none of these methods is effective
alone, highlighting the need for an integrated pest management
strategy (Moore 2022). Since 2007, the SIT has been practised
in Western Cape, Eastern Cape and Northern Cape Provinces
in South Africa (Hofmeyr et al. 2005, 2015; Boersma 2021).
This method has proven effective in reducing the mean num-
ber of trapped wild T. leucotreta males and the damaged fruit in
these citrus-growing areas (see Boersma 2021). In South Africa,
T. leucotreta are reared, and adults are sterilised at X Sterile
Insect Technique (XSIT) (Pty) Ltd. in Citrusdal, Western Cape
Province, before being transported in a cold, immobilised state,
using refrigerated trucks, to release sites (Barnes et al. 2015;
Boersma & Carpenter, 2016; XSIT, 2025). During this immobil-
ised state, the cold treatment can negatively impact their fitness,
reducing their ability to compete successfully for mating with
their wild counterparts in the orchards (Nepgen et al. 2015).
However, for SIT to be successful, the treated male moths must
compete successfully with fertile wild males for wild females,
to induce sterility in the fertile population (Boersma 2021). In
the T. leucotreta SIT programme, both sterile males and females
are released in the citrus orchards and sterile females have been
shown to act as a positive sperm sink for the fertile T leucotreta
(Van Steenderen 2017, unpublished; XSIT 2025).

Regular monitoring of the mating dynamics and compatibil-
ity between untreated and treated insects is essential. This is
because there is a possibility that genetic changes occurring
in laboratory-reared colonies can lead to alterations in repro-
ductive mechanisms viz, pheromone emission, detection, and
mating behaviour as suggested by Whitten and Mahon (2005).
For instance, research conducted by Aigbedion-Atalor, Upfold,
et al. 2024, Aigbedion-Atalor, Heiduk, et al. 2024 showed that
T. leucotreta males can mate with females from geographi-
cally different populations in South Africa. Conversely, Hibino
and Iwahashi (1991) demonstrated that female melon flies,
Zeugodacus cucurbitae (Coquillett) (Diptera: Tephritidae), on
Okinawa Island were less inclined to mate with treated males
compared to fertile males. Similarly, Weldon (2005) discovered
that mass-reared male Queensland fruit flies, Bactrocera tryoni
(Froggatt) (Diptera: Tephritidae), modified their calling and

mating behaviour due to unnatural selection pressures in a labo-
ratoryenvironment, although resistance to treated insects by wild
individuals is exceedingly rare and has not been documented as
significant in any SIT programme (Whitten and Mahon 2005).
Male-only SIT releases, such as those in Mediterranean fruit
fly, Ceratitis capitata (Wiedemann) (Diptera: Tephritidae) pro-
grammes through a genetic sexing strain, are considered prefer-
able because they are feasible and economical from a production
standpoint and prevent fruit damage caused by treated females
through ‘blind stings’ (Renddn et al. 2004; Hofmeyr et al. 2015).

Even though releasing only treated males is typically consid-
ered sufficient in an SIT programme, due to the impracticality
of sex-separating treated T. leucotreta in SIT programmes, dual-
sex releases of both treated male and female T. leucotreta com-
binations are currently conducted (Marec and Vreysen 2019;
Boersma 2021; XSIT, (X Sterile Insect Technique) 2025). Treated
females can either create positive or negative sperm sinks, de-
pending on whether they mate with untreated or treated males,
respectively, thereby influencing the rate of population suppres-
sion (Calkins and Parker 2005; Van Steenderen 2017, unpub-
lished). A positive sperm sink, where treated females attract
wild fertile male sperm, is preferred. When this occurs, fruit
infestation from treated and wild fertile T. leucotreta combina-
tions might be reduced, hence improving the effectiveness of
the technique (Moore 2022). A laboratory study by Moore 2021
demonstrated that treated males crossed with untreated female
T. leucotreta and treated females crossed with untreated male
T. leucotreta resulted in some fruit infestation. However, Van
Steenderen (2017) demonstrated that the release of treated male
and female T. leucotreta resulted in a significantly lower overall
mean egg number and hatch than a male-only sterile release.
However, the effect of UMXUFXTMXTF combination has
not been investigated in controlled laboratory studies and this
combination usually exists in the field after the release of ster-
ile insects. Therefore, this study investigated whether this com-
bination could affect the fruit damage and population growth
rate compared to other different combinations of treated and
untreated male and female T. leucotreta in laboratory cages. Our
study hypothesised that the UMXUFXTMXTF combination
reduces fruit damage and population growth rate compared to
other combinations. The results obtained are discussed in the
context of improving the effectiveness of SIT in the suppression
of T. leucotreta through the release of different combinations of
treated and untreated T. leucotreta in an area-wide sterile insect
release programme in citrus orchards in South Africa.

2 | Materials and Methods
2.1 | Test Insects

Sterile and fertile T. leucotreta adult moths were sourced from
XSIT. To render them sterile, the moths were placed into card-
board boxes and exposed to a dose of 180Gy of gamma radia-
tion using a 20 kCi 60Co source panoramic irradiator (Bloem
et al. 2003). This dosage is used in the mass-rearing facility to
sterilise moths for large-scale releases across South African citrus
growing regions. Subsequently, the moths were transported to
Rhodes University, Makhanda, South Africa (~840km, 13-14h)
in a polystyrene cooler box with dry ice bricks, maintaining a
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temperature of 4°C-6°C. This controlled temperature was cru-
cial in minimising the moths’ activity and preventing mating
while in transit (Nepgen et al. 2015). The moths used were ap-
proximately 48h old upon arrival and kept in a refrigerator at
a temperature of 5°C when not in use. They were immediately
sorted by sex in a cold room using a stereomicroscope (Zeiss
Microscopy, South Africa), at a magnification of 40X to prevent
any unintended mating. Distinguishing characteristics included
the presence of black tufts on the anal and hind tibiae in males,
which are absent in females (Gilligan et al. 2011).

2.2 | Release of Treated T. leucotreta Into
Laboratory Cages

Laboratory cage studies were conducted similarly to Hofmeyr
etal. (2005),ina controlled environment (CE) room at 26°C +£1°C,
70% + 5% relative humidity (RH), and a photoperiod of 16:8 (L:D)
h. A total of 15 insect-rearing cages (40 cm X 40cm X 60 cm) were
used. The moths were released into the cages, each containing
35 ripe Washington Navel oranges, which were 8 cm in diameter
and grown organically on a local farm in Sundays River Valley,
Eastern Cape, South Africa. Before release into the cages, the
treated and untreated T. leucotreta were sorted into different
combinations (Table 1). This grouping was done 24 h prior to the
actual release, with male and female T. leucotreta being released
on opposite sides of the laboratory cage. The treatments were
randomly assigned to the cages, with each treatment replicated
three times, and the experiment repeated three times. Petri
dishes with wet cotton wads were placed in each cage to provide
water for the moths, and the wads were replaced daily until all
the moths died in a cage. Throughout the experimental period,
the insects were allowed to mate and oviposit without any dis-
turbance. The laboratory experiment was conducted for 4 weeks
since this is the period when the brown larval penetration holes
on the fruits are easily visible. Thereafter, the fruits were thor-
oughly examined externally for any T. leucotreta damage signs
(brown larval penetration holes/spots with frass). Any fruit
with larval penetration holes/spots was regarded as damaged,
and the total number of damaged fruits per cage was recorded.
Similarly, the number of larval entries (penetration holes/spots)
per fruit was recorded for each treatment.

2.3 | Determination of Fecundity and Fertility

The apparently damaged fruit was placed in individual 500mL
round plastic containers (8 cm x 10cm) with mesh lids. For the
provision of suitable pupating substrates for the larvae, wads of
cotton wool were placed inside each container. Rapidly decaying

fruit was cut open, and any larvae found were carefully trans-
ferred into diet jars (13 cm X 7 cm) (one diet jar per damaged fruit).
The larvae were fed on T. leucotreta diet (see Moore et al. 2014)
to enable them to complete their development under optimum
conditions. Pupae collected from cotton wool, diet jars, and the
cages were transferred to individual 90mL clear round plastic
containers (5cm X 5cm) and allowed to eclose.

After sexing, all the emerged adults (48h) (F1 generation) were
crossbred with untreated T. leucotreta adults (48h) of the op-
posite sex sourced from XSIT. Each pair was placed in 90mL
clear round plastic containers with snap-on lids, perforated to
hold a moistened cotton dental wick, and placed in the CE room
for mating. Mating between the pairs was allowed to occur, fol-
lowed by egg-laying on the smooth inner sides of the contain-
ers until the death of the females (~8-10days). Thereafter, the
containers were opened and the total number of eggs laid (fe-
cundity) per container per treatment was counted and recorded
under the stereo microscope (Zeiss Microscopy, South Africa),
at a magnification of 40x. After 5days, the number of neonates
that hatched (fertility) was counted and recorded per container.

2.4 | Determination of F1 Sterility and Per
Generation Rate of Increase

The percentage egg hatch (hatchability) per each combination
was calculated as follows:

Total number of F1 progény % 100.
Total number of eggs laid

Percentage egg hatch=

In these trials, it was assumed that treated females (TF) were
completely sterile and as such, produced no F1 progeny (Bloem
et al. 2003). The per generation rate of increase occurring from
the parental generation (P1) to the filial generation (F1) in each
cage was calculated by dividing the number of F1 male and fe-
male progeny produced by an untreated (UM X UF) mating by
the number of P1 UM (10) and UF (10) released into the cages
(Table 1). As a result, the reproductive rate obtained from each
combination was used to project how the population growth rate
can develop over three generations (Hofmeyr et al. 2005).

2.5 | Statistical Analysis

Data collected from the experiment were checked for ho-
mogeneity of variance (F test, Levene's test), and the deter-
mination of residual deviations for non-normality was done
using the Shapiro-Wilk test (Shapiro and Wilk 1965). The
test revealed that the data were not normally distributed. Due

TABLE1 | Randomly assigned treatments in 15 insect-rearing cages to examine the effect of different combinations of treated and untreated T.

leucotreta on fruit damage and population growth. UM, untreated male; UF, untreated female; TM, treated males; TF, treated females. A combination

of 10:10 was used between treated and untreated T. leucotreta males and females.

Treatment 1 2 3 4 5
Combination UMXUF TMXUF UMXTF TMXTF UMXUFXTMXTF
Untreated 10 10 10 10 1010
Treated 10 10 10 10 10 10
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to overdispersion of the data, negative binomial generalised
linear mixed model analysis, as an extension of the Poisson
distribution and a log link function to accommodate for count
data with a significant proportion of zero values, was em-
ployed to analyse the data with different combinations as the
sources of variation (p <0.05), following a recommendation by
O'Hara and Kotze (2010). Analysis of deviance (log-likelihood
ratio statistic) was utilised to evaluate the goodness of fit of
the Poisson regression model, which has a distribution akin
to that of chi-squared (x?). The best fitting models were cho-
sen based on the lowest Akaike Information Criterion (AIC).
The dependent variables in the statistical model comprised
the number of larval entries, the number of damaged fruits,
and the number of F1 T. leucotreta adults emerging from the
damaged fruit from the different treatments. Additionally,
the model was used to analyse data on the number of hatched
eggs laid by the F1 moths (resulting from damaged fruit and
crossed with fertile adults of the opposite sex), with F1 adult
sex and cage treatment as the sources of variation. Similarly,
the model was applied to analyse the number of F1 males and
females that were fathered by a fertile male, with the cage
treatment as the source of variation. Differences among treat-
ment means were separated using the Tukey-Kramer statistic
(p <£0.05) for multiple comparisons when the statistical model
indicated significant treatment effects. All analyses were con-
ducted using R version 4.2.2 (R Core Team 2023).

3 | Results
3.1 | Fruit Damage, Larval Entries, and F1 Progeny

The different combinations of sterile to fertile T. leucotreta
significantly affected the mean number of damaged fruit
(¥*=109.31; df=4; p<0.05) (Figure 1), the mean num-
ber of larval entries (¥?>=59.90; df=4; p<0.05) (Figure 2)
and the mean number of emerged F1 T. leucotreta adults
(x*=48.70; df=4; p<0.05) (Figure 3). The highest mean
number of damaged fruits was recorded in the control
cages (33.89+£2.32), while the lowest was recorded in treat-
ment TMXTF (4.67+0.90 of damaged fruit). There was a

significant decrease of 14.11+2.04 and 10.89 +£1.66 of dam-
aged fruit between the control and TM X UF, UM XTF and
TMXTF combinations respectively. The mean number of
larval entries in the control cages (390.22+134.62 larval en-
tries per treatment replicate) was significantly higher than
combinations TM X TF (0.01 £0.01 larval entries per treat-
ment replicate), TMXUF (59.22+20.57 larval entries per
treatment replicate), and UM X TF (67.89 * 23.55 larval entries
per treatment replicate) (Figure 2). Likewise, the control cages
exhibited a significantly higher mean number of emerged
F1 adults (84.89+32.15) relative to combinations TM X TF
(0.00+0.00F1 adults per replicate), TM X UF (11.67 +4.54F1
adults per replicate) and UM XTF (12.22 +£4.75F1 adults per
replicate) (Figure 3). However, no significant differences in
the mean number of damaged fruits, mean number of lar-
val entries, and emerged F1 adults were recorded between
the control cages and combination UMXUFXTMXTF
(Figures 1-3). Furthermore, among cages receiving different
combinations of treated and untreated T. leucotreta, signifi-
cantly fewer damaged fruit and larval entries were recorded
in cage treatment TM X TF. Conversely, cages receiving treat-
ment UM X UF x TM X TF showed a significantly higher mean
number of damaged fruit (29.56 + 3.82), the mean number of
larval entries (294.22+101.54 per treatment replicate), and
the emerged F1 adults (63.67 + 24.15) than the cages receiving
treatments TM X UF, UM X TF, and TM X TF (Figure 1; 2; 3).

3.2 | Fecundity and Fertility

The mean fecundity of F1 moths emerging from the damaged
fruit and crossbred with fertile T. leucotreta of the opposite sex
was significantly influenced by the different combinations of
treated and untreated T. leucotreta (y*=37.18; df =4; p <0.05),
the sex of emerged F1 T. leucotreta adults (y*>=38.65; df=1;
p<0.05), and the interaction between the different combina-
tions of treated and untreated T. leucotreta and the sex of the
emerged F1 T. leucotreta adults (y*=14.54; df=3; p<0.05)
(Table 2). Similarly, fertility was significantly affected by the
different combinations of treated and untreated T. leucotreta
(x*=66.05; df=4; p <0.05), the sex of emerged F1 T. leucotreta
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FIGURE1 | The mean number of damaged fruits from different cages receiving different combinations of treated and untreated T. leucotreta.

Boxplots show median values (solid lines), and whiskers show the range of the data. The black dots indicate the mean number of damaged fruit per

treatment, while the white dots represent the outliers.
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adults (y*=10.86; df=1; p<0.05), and the interaction be-
tween the different combinations of treated and untreated T.
leucotreta and the sex of the emerged F1 T. leucotreta adults
(x*=7.78; df=3; p=0.05). There was a significant reduction
in fecundity and fertility between controls and TM x UF,
UMXTF, and TMXTF from F1 females and F1 males'
crosses. However, no significant differences in fecundity

and fertility were recorded between controls and treatments
UM XUFXTM X TF from crosses involving F1 females and F1
males (Table 2). Similarly, significantly fewer eggs were laid
when crosses involved F1 males compared to crosses involv-
ing F1 females in cages receiving different combinations of
treated and untreated T. leucotreta, except in combinations
TMXTF and UMXUFXTM X TF.
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TABLE2 | Effectof different combinations of treated and untreated T. leucotreta released per cage on the mean fecundity and fertility of F1 moths
emerging from damaged fruit and crossbred with fertile T. leucotreta of the opposite sex.

Mean fecundity + SE Mean fertility + SE (%)
Cage treatment F, female F, male F, female F, male
Control (UM X UF) 176.70 +8.96e 145.90 £ 7.62¢ 77.00£2.24c 73.6+2.21c
TMXUF 140.20£15.21cd 64.60+8.35b 65.10+4.08b 49.60+3.73b
UMXTF 144.00+50.81cd 57.00+19.53b 62.10+9.96b 35.90+7.32b
TMXTF 0.00+0.00a 0.00+0.00a 0.00+0.00a 0.00+0.00a
UMXUFXTMXTF 159.30+9.41e 99.40+6.62¢ 83.50+33.02¢c 55.60+2.15¢

TABLE 3 | Effect of different combinations of treated and untreated T. leucotreta on the mean number of fertile F1 female and male moths

emerging from fruit removed from the cages, and the reproductive rate of increase for the P1-F1 generation.

Mean = SE fertile moths (progeny
of non-treated males)

P1-F1 reproductive
rate of increase

Combinations F, male F, female Male Female
Control (UM X UF) 43.56+14.40c 41.33+15.32¢c 4.35% 4.13%
TMXUF 5.89+2.37b 5.78 £2.67b 0.58% 0.57X
UMXTF 6.56 £2.31b 5.67+2.23b 0.65% 0.56X
TMXTF 0.00+0.00a 0.00+0.00a 0.00x 0.00x
UMXUFXTMXTF 32.56+10.81c 31.11+11.57¢ 3.25% 3.11%
3.3 | F1Sterility and Per Generation Rate S 800
of Increase S —&— Control
8 ~+—TMxTF
The different combinations of treated and untreated T. leu- 3 600 1 -
cotreta per cage had a significant impact on the mean number I
of fertile (=progeny of unsterile males) F1 male T. leucotreta .tﬁ 400 {1 —* TMxUF
(¥*=59.29; df=4; p<0.05) and the mean number of fertile F1 B —8—UM~UFXTM~*TF
female T. leucotreta ()*=52.09; df=4; p<0.05) emerging from e 200 4
the damaged fruit in the different cages (Table 3). Control 8
cages yielded significantly more F1 males and F1 females g8
.. . . . = 0 o ——— . i T : |
than other cages receiving different combinations of treated Z ) N 3 4

and untreated T. leucotreta, except for cages receiving treat-
ment UM X UFXTM X TF. Among the cages receiving different
combinations of treated and untreated T. leucotreta, treatment
UMXUFXTMXTF produced significantly higher numbers of
F1 males and females than treatments TM x UF, UM X TF, and
TMXTF. Except for treatment UMXUFXTM XTF, the other
cage treatments with different combinations of treated and
untreated T. leucotreta exhibited a lower rate of reproductive
increase than the control cages (Table 3). The control cages ex-
hibited the highest per generation rate of reproductive increase,
with a mean rate of increase exceeding 4 for both males (4.35%)
and females (4.13%) from P1 to the F1 generation. Consequently,
the mean per generation rate of reproductive increase for both
males and females was 4.24X. No surviving progeny was pro-
duced from the TM X TF combination. Therefore, no per gener-
ation rate of increase could be determined (Table 3). However,
treatment TM X UF had a lower mean number of fertile F1 males
and females, as well as a lower per generation rate of reproduc-
tive increase from the P1 to the F1 generation. This treatment
resulted in a mean rate of increase that was<1 for both males

Generation

FIGURE4 | Comparison of the projected rise in the count of fertile T.
leucotreta between a control population and treatment populations ex-
posed to releases of both treated and untreated T. leucotreta. In the con-
trol population, the initial generation began with 10 pairs of untreated
T. leucotreta (ratio of 1:1), showing a reproductive rate of 4.24x per gen-
eration. Similarly, other treatments receiving treated T. leucotreta had a
lower per generation rate of increase than the control population. The
treatment population TM X UF (=with the lowest per generation rate
of increase) initiated generation 1 with the release of 10 pairs of both
treated and untreated T. leucotreta at the start of each of the three gen-
erations (ratio of 1:1), resulting in a reduced reproductive rate of 0.57x
per generation. [Colour figure can be viewed at wileyonlinelibrary.com]

(0.58%) and females (0.57%). Consequently, the mean per gener-
ation rate of reproductive increase for both males and females
was (0.57x), a value resulting in a slight decline from P1 to the
F1 generation (Figure 4).
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4 | Discussion

The efficacy of insect management strategies like mating dis-
ruption, chemical sterilisation, and sterile insect techniques
increasingly relies on the understanding of insect mating pref-
erences (Azrag et al. 2021; Pérez-Staples et al. 2021; Aigbedion-
Atalor, Upfold, et al. 2024; Aigbedion-Atalor, Heiduk,
et al. 2024). Moreover, the success of SIT programmes hinges
on the ability of treated male populations to compete with fer-
tile wild males to copulate with the fertile wild females, thereby
reducing the pest population and serving as an effective auto-
cidal control (Parker and Mehta 2007; Draz et al. 2016; Woods
et al. 2016). In this study, we examined the mating capabilities
of T. leucotreta under different combinations of treated and un-
treated moths and the impact on fruit damage and population
growth. Our findings revealed that any cage treatment involv-
ing treated T. leucotreta resulted in reduced fruit damage and
larval entries compared to the control treatment. This outcome
may be attributed to the mating competitiveness of the re-
leased untreated T. leucotreta, which appeared to outcompete
treated counterparts, resulting in more mating events and,
thus, a greater transfer of fertile spermatophores between the
untreated insects (Parker and Mehta 2007; Woods et al. 2016).
Consequently, this led to increased fruit damage, larval entries,
and ultimately, a higher number of emerged F1 adults from
the cages. Despite this, the per generation rate of increase over
several generations indicated that the presence of sterile T. leu-
cotreta in the UM X UFXTM X TF combination, even under the
recommended minimum ratio of 10:1 (sterile: wild) could have a
suppressant effect on the fertile wild population.

Additionally, the findings from the UM X UF X TM X TF combi-
nation, exhibiting higher levels of fruit damage, larval entries,
and emerged F1 adults than other treatments apart from the
UM x UF (control), could be attributed to factors other than just
the sterilisation with the 180 Gy gamma radiation. According to
Nepgen et al. (2015), both males and females experienced de-
creased flight ability due to irradiation, wing injuries during
transportation, chilling, and seasonal effects. This is particu-
larly noticeable in summer relative to winter conditions, owing
to the drastic temperature change from chilled to warmer en-
vironmental conditions upon release or during preparation for
releases. This did greatly affect the spermatophore production
and transfer between the treated and untreated T. leucotreta,
but could also have compromised mobility, visual ability, and
pheromone detection by treated male T. leucotreta, due to irra-
diation, thereby affecting transferal of spermatophores to the fe-
male T. leucotreta (Calkins and Parker 2005). Similarly, Mutika
et al. (2001) demonstrated that treated adult Glossina pallidipes
(Austen) (Diptera: Glossinidae) males transferred significantly
less sperm to females than their untreated male counterparts.
This could be due to exposure of the adult G. pallidipes to chill-
ing temperature affecting their copulation ability, hence low
sperm transfer (Mutika et al. 2002).

The findings are congruent with those reported by Woods
et al. (2016) on the Australian light brown apple moth, Epiphyas
postvittana (Walker) (Lepidoptera: Tortricidae), indicating that
releases of sterile males alone have the potential to enhance
mating competitiveness of the treated moths as compared to
the dual-sex moth releases. Conversely, Van Steenderen (2017,

unpublished) and Hight et al. (2005) demonstrated that dual-
sex releases are more effective than male-only releases, with
the former showing greater suppression of T. leucotreta through
reduced fruit damage and larval entries, and the latter showing
improved control of Cactoblastis cactorum (Berg) (Lepidoptera:
Pyralidae). However, Moore (2021) reported findings consistent
with ours, showing significantly reduced fruit damage, larval
entries, and F1 T. leucotreta adults in all cage treatments that
included either treated males or females, compared with the
control treatments. This is important, considering that SIT
is an AW-IPM strategy and can be combined with other con-
trol methods, such as mating disruption (Barnes et al. 2015).
Sterile females in dual-sex releases attract wild males (pos-
itive sperm sink), thereby aiding in the pest suppression (Van
Steenderen 2017, unpublished). Our findings corroborate those
of Aigbedion-Atalor, Upfold, et al. (2024), Aigbedion-Atalor,
Heiduk, et al. 2024, which showed that female T. leucotreta can
mate with males from geographically different populations of T.
leucotreta in South Africa. This is significant because SIT can
be implemented in different regions where T. leucotreta occurs,
thereby enhancing pest control. The SIT programme works best
in inverse-density pest populations, and the inclusion of bio-
logical control agents such as Trichogrammatidae cryptophle-
biae (Nagaraja) (Hymenoptera: Trichogrammatidae) (Githae
et al. 2024), orchard sanitation, and the use of biopesticides
(Moore 2022), can help lower the wild pest populations, thereby
improving the effectiveness of the SIT programme.

Various combinations of treated and untreated T. leucotreta
significantly impacted the mean number of emerging F1 males
and F1 females from the different cage treatments compared
to the control cages, where a higher number of F1 males than
F1 females were recorded. This can be attributed to the radi-
ation dosage employed, as T. leucotreta males exhibit radio-
tolerance, resulting in partially sterile T. leucotreta males
(Marec et al. 2021). When these partially sterile males copulate
with fertile/untreated females, the radiation-induced detrimen-
tal effects are inherited by the F1 generation, leading to reduced
egg hatch rates and the resultant offspring being both fully ster-
ile and predominantly male (Marec et al. 2021). Our findings
are consistent with those reported by Moore (2021), indicating a
decrease in the F1 adults from P1 to F1 across various combina-
tions of treated and untreated T. leucotreta. Similarly, our results
align with the findings of Bloem et al. (2003) demonstrating the
effects of F1 sterility resulting from irradiation of P1 males with
specific radiation dosages to the F1 generation, where decreased
F1 fecundity and fertility, increased F1 mortality during devel-
opment, and a significant shift in the F1 sex ratio in favour of
males in T. leucotreta.

The findings from this study suggest that employing various
combinations of treated and untreated T. leucotreta adults
can effectively mitigate fruit damage and reduce the number
of emerging F1 offspring under laboratory conditions. These
findings align with those reported by Hofmeyr et al. (2005),
where fruit damage and the emergence of F1 adults were re-
duced in the study. However, accurately predicting the impact
of releasing treated and untreated T. leucotreta into a wild pop-
ulation requires assessing its efficacy over several generations
(Hofmeyr et al. 2005). Based on our model, derived from our
laboratory data, the treatment receiving treated and untreated
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T. leucotreta treatment experienced a decline, while the control
treatment saw a growth of more than four-fold per generation.
This outcome is similar to the findings reported by Hofmeyr
et al. (2005), which demonstrated that the treatment receiving
treated T. leucotreta at an overflooding ratio of 10T:1U decreased
in number, while the control treatment increased in number by
more than nine-fold in four generations. This is important in
the SIT programme, as it demonstrates that if releases of sterile
insects are maintained over time, the wild population is dras-
tically reduced, resulting in pest suppression (Boersma 2021).
The treatment combination TM X TF did not produce any sur-
viving F1 progeny as the treated females are known to be ra-
diosensitive, thereby resulting in completely sterile females
(Bloem et al. 2003). However, Moore (2021) demonstrated that
the TM X TF combination resulted in egg oviposition on the fruit
but none of the eggs hatched. However, contrary to the findings
of Bloem et al. (2003) and Moore (2021), some percentage of fruit
damage was reported in the TM X TF combination. This could
be attributed to an insufficient irradiation dose enough to render
the female T. leucotreta fully sterile (Marec et al. 2021). However,
the F1 mortality in the TM X TF combination could be attributed
to the debilitating effects passed on to the progeny by the ster-
ilised T. leucotreta, thus affecting their development. Hence, no
F1 progeny was produced (Bloem et al. 2003). As a result, this is
against the principles of XSIT, where no progeny is supposed to
be produced from this combination and needs to be rectified by
conducting proper quality control assessment. This is to ensure
that the moths receive adequate dosage, and the females achieve
complete sterility, with males being partially sterile without
affecting their mating competitiveness in the orchards (Bloem
et al. 2003; Boersma 2021).

In summary, our findings demonstrated that untreated T. leu-
cotreta males and females per treatment resulted in a signifi-
cantly higher mean number of damaged fruits, larval entries,
and F1 adult emergence compared to combinations receiving
treated and untreated T. leucotreta males. This is the normal
situation that happens in the citrus orchards whenever T. leu-
cotreta releases are conducted. Although the per generation rate
of population growth was notably higher in both control cages
and the UMXUFXTMXTF combination, the per generation
rate of population growth results revealed that any combination
receiving treated and untreated moths can have a suppressant
effect over time on T. leucotreta, as it provides the opportunity
for some fertile-sterile pairings, rather than fertile-fertile pair-
ings. Our findings support those of Van Steenderen (2017, un-
published), which suggested that dual-sex releases improve the
efficacy of SIT. Dual-sex releases of sterile 7. leucotreta have
been conducted since the technique's inception in 2007, as the
separation of sterile males and females is not practically feasi-
ble (XSIT 2025). Additionally, our findings demonstrated that
the sterile females are beneficial in an SIT T. leucotreta pro-
gramme, as they do not cause any fruit damage and can aid in
pest suppression. Nevertheless, as this study was conducted in a
controlled environment, further investigation under semi-field
and field conditions is needed. This is because SIT programmes
under field conditions rely on treated T. leucotreta mating with
wild fertile counterparts, and higher treated-to-wild ratios en-
hance this likelihood (Barnes et al. 2015; Githae et al. 2025). The
findings from our study support the ongoing improvement of the

efficacy and effectiveness of the SIT programme as a strategy for
managing T. leucotreta in South Africa.
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