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Tuta absoluta’s population genetic structure across Africa:
Two well-delineated but weakly differentiated groups
suggesting few introductions and significant gene flow

Structure génétique des populations de Tuta absoluta a travers
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différenciés suggérent peu d’introductions et un flux
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Abstract

1. Describing the genetic structure and diversity of invasive insect pest populations is

essential to better understand a species’ invasion history and success throughout
its distribution range. Tuta absoluta (Meyrick) (Lepidoptera, Gelechiidae) is a
destructive pest of tomato and many other solanaceous crops, with very high
economic impacts. Its invasion threatens food security in a large part of the globe,
in areas such as sub-Saharan Africa where the agricultural resilience has already
been weakened by rapid human-induced changes due in particular to population

growth, increased trade and global change.

. This work aimed to investigate the diversity and genetic structure of 60 populations

of T. absoluta using microsatellite markers, with a particular focus on sub-Saharan
Africa.

. Our results revealed distinct differentiation and diversity patterns between

T. absoluta native versus invaded areas, and high genetic homogeneity among the
African populations sampled. However, for the first time, two weakly differentiated

but distinct genetic clusters in Africa were identified.

. The results suggest few introduction events of the species in Africa or multiple

introductions from genetically close areas, significant gene flow between outbreaks
and seem to indicate the existence of two distinct clusters in Africa. This new data
enable us to formulate hypotheses on the species’ invasion patterns and the

dynamics of its invasive populations.
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5. These hypotheses must be verified with more extensive sampling over the whole

range of T. absoluta, especially in its presumed native area.
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INTRODUCTION

Growing inter-continental trade has caused a dramatic rise in the
frequency of alien species introductions, particularly insects, into new
geographic regions (Seebens et al., 2017). The opening of new trade
routes and local development of transport infrastructures increases
exposure to invasions of previously relatively spared areas, especially
in Africa (Seebens et al., 2018). Agro-ecosystems are particularly vul-
nerable to new pest introductions, with biological invasions generat-
ing a global cost of US$221.65 billion per year on a worldwide scale
(Renault et al., 2022).

Sub-Saharan Africa’s high population growth (Tabutin &
Schoumaker, 2020) necessitates increased agricultural production,
often reducing ecosystem resilience (Wang, 2020). Simultaneously,
economic development and rising consumption, particularly in urban
areas that are often distant from the source of production, lead to a
rise in both intra- and inter-continental trade (Hulme, 2021). These
factors together facilitate the introduction and spread of invasive spe-
cies (Diagne et al., 2020; Kumschick et al., 2015; Parker et al., 1999).
Agricultural production and food security are thus strongly threatened
by these introductions of new species, especially in the African
continent, as shown by several recent examples of spectacular
insect invasions, both in terms of speed of expansion as well as eco-
nomic impacts: Bactrocera dorsalis (Hendel) (Diptera: Tephritidae)
(Neuenschwander, 2001), Spodoptera frugiperda (JE Smith) (Lepidoptera:
Noctuidae) (Brévault et al., 2018) or Tuta absoluta (Meyrick) (Lepidoptera:
Gelechiidae) (Mansour et al., 2018).

The invasion history of a species can have a significant impact on
its genetic structure and diversity, and in turn, affect its ability to
establish and thrive in its new environment (Dlugosch & Parker, 2008;
Garnas et al., 2016). However, various processes can counteract the
potential deleterious effects resulting from bottlenecks at each inva-
sion step (Estoup et al., 2016). Multiple introductions, for instance,
have been observed for several invasive insect species (Ciosi
et al.,, 2008; Javal et al., 2019; Lombaert et al., 2010). Another exam-
ple is the bridgehead effect, where a population that has been suc-
cessfully introduced serves as the origin of the colonizers that invade
another region (Javal et al., 2019; Lesieur et al., 2019; Lombaert
et al., 2010). These scenarios can maintain or even increase genetic
diversity compared with the native population (Dlugosch &
Parker, 2008; Estoup et al., 2016) or help the invasive population
adapt to new environments (Lombaert et al., 2010; Whitney &
Gabler, 2008).

It is critical to decipher the population structure of both native

and invasive populations to identify an invasive alien species (IAS),

manage established populations and prevent further introductions
(Essl et al., 2015; Estoup & Guillemaud, 2010). Managing introduced
populations requires a comprehensive understanding of the invasion
dynamics, including evaluating factors such as the frequency of new
introductions, the number of introduction events and the connections
between various populations within native and invaded ranges
(Roderick & Navajas, 2003). Molecular markers are particularly
effective tools commonly used in this context (Estoup &
Guillemaud, 2010). Among them, microsatellite markers allow the
detection of fine and recent population dynamics processes.

The South American tomato pinworm, T. absoluta, is a major pest
of tomato crops worldwide and has also been reported to cause sig-
nificant damage to other solanaceous crops including potato, eggplant
and sweet pepper (Bal et al., 2022; FERA, 2009). The species was first
described from the Andes region in Peru in 1917, but it was reported
as a pest in most South American countries only since the early 1980s
(Campos et al., 2017). Outside its native area, it was first detected in
Spain in 2006 (Urbaneja et al., 2007), where a single Chilean popula-
tion seems to be at the origin of the invasion (Guillemaud et al., 2015).
It then rapidly spread (Desneux et al., 2011) and was soon detected all
around the Mediterranean basin, in the Middle East, Africa and in
Asia, where it has become a serious threat to the production of many
solanaceous crops both under greenhouse and open-field conditions
(Desneux et al., 2011; Mansour & Biondi, 2021; Rwomushana
et al., 2019; Shashank et al., 2016; Zhang et al., 2020). In 10 years, it
had infested more than 60% of the tomato crops worldwide from
Mediterranean Europe to South Africa and from West Africa to South
Asia, which translates into an increase of its distribution area by
800 km per year (Campos et al., 2017). Considering the first report
dates for the African continent, T. absoluta probably moved from
Spain to the Maghreb area (2008), then to Eastern Africa (2010s) and
spread throughout sub-Saharan Africa (2012-2013) to Southern Afri-
can countries (2014-2017) (Biondi et al., 2018; Chidege et al., 2016;
Mansour et al., 2018; Pfeiffer et al., 2013; Rwomushana et al., 2019;
Santana et al., 2019; Tumubhaise et al., 2016). However, for Africa, this
hypothesis remains to be proven.

The rapid expansion of this invasive species into new regions is
primarily attributed to its high level of polyphagy, exceptional repro-
ductive and adaptive capabilities (Campos et al., 2021) and strong
resistance to insecticides (see the Arthropod Pesticide Resistance
Database available at https://www.pesticideresistance.org; Guedes
et al., 2019). It has also been related to the international trade of
tomato fruits, the intensification and homogenization of agricultural
environments and particularly in Africa to porous borders and unsuita-

ble implementation of quarantine and phytosanitary measures when
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they exist (Desneux et al., 2022; Marchioro & Krechemer, 2024;
Tonnang et al., 2015). However, despite decades of invasions and sig-
nificant damage over its whole range, little is ascertained about
T. absoluta’s invasion pathway and history. Some population genetic
studies have tried to address these questions, but the molecular
markers used to resolve genetic diversity, population structure and
invasive processes were in most cases inconclusive due to an overall
low or unresolutive level of genetic variation within invaded areas
(Bettaibi et al., 2013; Cherif et al, 2017; Cifuentes et al., 2011;
Guillemaud et al., 2015; Ndiaye et al., 2021; Shashank et al., 2018).
Based on microsatellite markers and an extensive sampling performed
in T. absoluta-invaded areas in countries reflecting different historical
steps of its invasion worldwide, particularly in Africa, this study inves-
tigates the genetic diversity and structure of T. absoluta at various

geographical scales.

MATERIALS AND METHODS
Sample collection and DNA extraction

A total of 736 T. absoluta specimens were collected in 60 localities
mainly in Africa (54 localities) with a focus on Senegal and Niger, but
also in Europe (three localities), South America (two localities) and
Indian Ocean island (one locality) (Table 1; Figure 1). Sampling was
conducted between 2009 and 2018, with some instances occurring
shortly after the invasion while others took place a considerable time
afterward (Table 1). Most localities were sampled once, but some
were surveyed twice or three times in successive years, for example,
in Tolkoboye, Niger, where the same field was sampled in 2016, 2017
and 2018 (populations 8, 9 and 10 in Table 1). Specimens were mainly
collected in tomato fields. The majority of individuals collected were
adults, with the exception of 6 larvae collected on sight at Algerian
sites (two larvae per site, in populations 53, 54 and 55). Adults were
caught using insect nets or pheromone traps placed in the middle of
the field for 1 day, and larvae were collected by hand (Table 1). Geno-
mic DNA was extracted from each specimen using the DNeasy Blood
and Tissue Kit (Qiagen, France) according to the manufacturer's

instructions.

Microsatellite genotyping

Twenty-seven primer pairs previously developed or used in popula-
tion genetic studies (Bettaibi et al., 2013; Guillemaud et al., 2012,
2015; Table S1) were tested by monolocus polymerase chain reaction
(PCR) with DNA from 12 specimens of various geographical origins.
PCR amplifications were performed in a final volume of 10 uL con-
taining 5 pL of the Qiagen multiplex PCR Master Mix (1x) (including
Taq, 200 pmol/L of each dNTP and 1.5 mmol/L MgCl,), 2 umol/L of
primers, 1 uL of genomic DNA and 3 puL of RNase-free water. All
PCRs comprised the following steps: (i) activation at 95°C for 15 min;
(i) 35 denaturation cycles at 94°C for 30 s, annealing at 62°C for 90 s

.| -

and elongation at 72°C for 60 s and (iii) a final elongation step at 60°C
for 30 min, as described in Streito et al. (2017). Nine of these loci
finally provided successful and high-quality amplification with unam-
biguous allelic patterns (i.e., clear single band of expected size, no
smear) and apparent polymorphism when scored by agarose gel elec-
trophoresis. They were retained for multiplex PCRs with fluorescently
labelled primers. Using the Multiplex Manager v1.2 software
(Holleley & Geerts, 2009), they were arranged in two multiplex PCRs
that minimized the formation of duplexes and maximized the range of
amplification product sizes (Table S1).

The 736 DNA extracts were screened using these nine microsat-
ellite loci. Standard 10 uL PCRs were performed as described by
Streito et al. (2017). Diluted PCR products were run on an ABI Prism
3130XL automated sequencer (Applied Biosystems, Montpellier,
France) using the GeneScan-500 LIZ™ size standard. Allele sizes were
scored using GeneMapper™ 4.0 software (Applied Biosystems) and
were confirmed manually. The genotypes that were either not suc-
cessfully obtained or had unclear results were subjected to re-
amplification and re-evaluation two times. If the results remained
ambiguous, they were omitted from subsequent analyses. All samples
with genotypes missing at more than two loci were removed. Conse-
quently, 689 samples were considered for the analyses (653 specimens
from Africa, 15 specimens from Europe, 21 specimens from South
America and 19 specimens from the Indian Ocean; Table 1).

Statistical analysis
Marker characteristics

To determine whether all nine loci retained were suitable for our
T. absoluta population genetics study, GenePop 4.7.5 on the Web
(Raymond & Rousset, 1995, http://genepop.curtin.edu.au/) was used
to compute the observed number of alleles (Ay) and the allele size
range. The same platform was also used to test linkage disequilibrium
(LD) between each pair of microsatellite loci, deviation from Hardy-
Weinberg equilibrium (HWE) and the inbreeding coefficient (Fis) of
each locus over the whole sampling. As multiple tests were con-
ducted, sequential Bonferroni correction of the p-values was per-
formed. As a potential deviation factor from HWE, null allele
frequency (fnuLL-aLLece) Was estimated (FreeNA package, Chapuis &
Estoup, 2007). Loci with a mean estimate of null-allele frequency
greater than 0.15, significant heterozygote deficiencies after Bonfer-
roni correction (p < 2.64 x 107°), and a highly substantial inbreeding
coefficient (Fis >0.25) were not retained in the study, resulting in the
exclusion of two out of the nine microsatellite loci (i.e., Ta222 and
Ta252) (Table S1).

Levels of genetic diversity and differentiation

For each population sampled containing more than eight individuals,

standard genetic variability indexes were estimated using GenAlEx
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TABLE 1

Date of
first

Mean
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number of Private

Mean

Sampling Sample number of Allelic

date

Ho He report of

private alleles

alleles (A\) richness allele

N

Reference

(mean + SD) T. absoluta

(mean + SD)

richness Fis

size

Lat Long

Locality

pop Country

EPPO (2009b),
Tonnang et al.

(2015)

2008

9.374888 2010 4e

42.003145

Prunelli-di-

Europe 58 France

Fiumorbo

Tonnang et al.

(2015)

2008

Se

35.405607 25.016649 2009

Al Pelagia

59 Greece

Roditakis et al.

2009

be

40.171952 16.524564 2009

Rotondella

Italy

60

(2010), Tonnang
et al. (2015)

Note: Most specimens were sampled in tomato crop fields except for those indicated with &, collected on pepper and A on field border plant. Specimens marked with e were previously analysed in the study

from Guillemaud et al. (2015).

Abbreviations: Ay, mean number of alleles per locus; Ag, mean allelic richness over loci; Fis, fixation index; Ho, observed heterozygosity (bold values are for populations that showed a significant departures from

Hardy-Weinberg equilibrium with a test for heterozygote deficiency); Hg, expected heterozygosity.
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v6.51 (i.e., the mean number of alleles (Ay), allelic richness (Ag), mean
observed (Ho) and unbiased heterozygosities (Hg); Peakall &
Smouse, 2012) or FreeNA (null-allele frequency; Chapuis &
Estoup, 2007). Private allelic richness (P-Ag) was obtained by rarefac-
tion using HP-RARE to correct sampling bias caused by unequal sam-
ple sizes (Kalinowski, 2005). Deviation from HWE and Fs value of
each population were computed with GenePop 4.7.5 on the Web
(Raymond & Rousset, 1995). All genetic analyses were performed on a
total of 36 populations (with n > 8) out of 60.

Levels of pairwise genetic differentiation (Fst values) among the
36 remaining populations were assessed from each microsatellite
dataset harbouring no null alleles (1) using the excluding null alleles
(ENA) method (Fstgna) as implemented in FreeNA (Chapuis &
Estoup, 2007) and (2) without using the ENA method (Fst). The ENA
method accounts for the positive bias caused by null alleles in Fst esti-
mation and provides precise estimates of Fst even in the presence of
null alleles. The overall significance of genotypic differentiation per
population pair was estimated using Fisher's exact tests implemented
in GenePop 4.7.5 (Raymond & Rousset, 1995) at 5% significance
levels.

Inferring population genetic structure

The genetic structure of the T. absoluta populations under study was
analysed using a Bayesian model-based clustering analysis implemen-
ted by a Markov Chain Monte Carlo (MCMC) method using Structure
2.3.4 software (Pritchard et al., 2000). The number of clusters (K) was
assessed based on the individual genotypes at multiple loci. Given the
low levels of divergence between the populations and the limited
number of specimens in some sampling areas, we used the sample
group information (LOCPRIOR tool) to conduct our analysis, as sug-
gested by Hubisz et al. (2009). Each run included a burn-in period of
200,000 iterations, followed by 1,000,000 MCMC iterations. Twenty
independent runs were conducted for each K value, ranging from 1 to
10. The most likely values of K, which represents the most probable
number of genetic clusters, and quantification Q (individual assign-
ment) of how likely each individual is to belong to each cluster were
also estimated using the admixture model with correlated allele fre-
quencies. The value of K that best captured the structure was deter-
mined by computing AK (Evanno et al, 2005) using Structure
Harvester (Earl & von Holdt, 2012). A decision between the several
possible K values was made by analysing changes in the individual
assignments (Q) as K values were incremented (Pritchard
et al., 2000) and taking into account the highest average and slight
standard deviation of the posterior probability for K across the var-
ious runs as implemented by Structure software, as suggested by
Janes et al. (2017). Clumpak program (available at http://clumpak.
tau.ac.il, Kopelman et al., 2015) was used to check for multimodal-
ity of the results of the 20 runs from the Structure software and
provided a summation and graphical representation of the results.
The spatial distribution of the delineated genetic clusters in

populations of each continent was mapped with the free and
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FIGURE 1

(a) Inference of population genetic structure in Tuta absoluta based on 7 polymorphic microsatellite loci. Results of successive

Bayesian multi-loci clustering analysis on the 60 populations from the species’ putative area (i.e., South America) and invaded ones (i.e., Africa,
Europe and Mayotte) with the delineation of three main genetic clusters (C1, C2 and C3). Each vertical bar represents one of the 689 specimens
genotyped. The proportion of each colour for a specimen is proportional to the inferred ancestry values (Q) in each genetic cluster. The
population codes are as listed in Table 1. Distribution of T. absoluta populations and their genetic clusters inferred following analyses with the
software Structure in each sampled area: In Senegal (b), East Africa (c), West Africa (d), South America (e) and the Mediterranean basin (f).

open-source QGIS software 3.28.5 (QGlIS.org, 2023) on an Open-
StreetMap base map (Haklay & Weber, 2008).

Finally, since demographic bottlenecks can affect allele richness
and heterozygosity, tests were conducted to identify their signa-
tures in the microsatellite data for each of the 36 populations
with n 2 8. These analyses were performed using Bottleneck
v.1.20.2 (Piry et al., 1999). The underlying assumption is that
recent bottlenecks result in a shift from an L-shaped distribution
of allelic frequencies toward a distribution with fewer alleles in
the less frequent categories. The descriptor (‘mode-shift’ indica-
tor) of the allele frequency distribution and the non-parametric
Wilcoxon sign-rank test (Cornuet & Luikart, 1997) under a two-
phase mutation model (TPM) (variance 30.00, probability 70%,
1000 simulations) were used as recommended for studies
with fewer than 20 microsatellite loci (Di-Rienzo et al., 1994).
Probability values were determined using a one-tailed Wilcoxon
test for heterozygote excess (p < 0.05) and a shifted-mode of

allele frequency distribution was considered as indicative of
bottlenecks.

RESULTS

Marker characteristics

No significant LD was detected for any locin pairs across all popula-
tions, the mean frequency of null alleles for each locus retained was
low (fnuLi-actece <0.14, mean value = 0.07), and four out of seven
conformed to HWE, with two others displaying p-values close to non-
significance. As a result, these seven microsatellite loci were assumed
to segregate independently in the analyses and to be conformed to be
used for the population genetics study. The number of alleles per
locus ranged from 7 to 16 (Table S1) (overall, mean Ay = 10.89),
and the mean number of alleles per population ranged from
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3.14 (population 57) to 6.6 (populations 53 and 54). Expected and
observed heterozygosities revealed a narrow range of high values
(0.445 < Hg <0.703 and 0.390 < Hg <0.774) (Table 1).

Patterns of genetic diversity and differentiation at
various geographical scales

All populations exhibited private alleles, albeit with low richness rang-
ing from 0.004 (population 5, Saga in Niger) to 0.194 (population
56 in Argentina) after rarefaction. Detailed summary statistics for each
population (with n = 8) are listed in Table 1. All populations with high
inbreeding depression (Fis values >0.20) also deviate from Hardy
Weinberg, but the reverse is not necessarily true (e.g., population
5 (Saga, Niger) deviates from HWE: Fis = 0.097) (Table 1). In 18 out of
36 populations (with n > 8), departure from HWE was also often char-
acterized by heterozygosity deficits (76% of the statistically significant
differences between Hg and Ho, p < 0.05). Based on Wilcoxon tests
(p < 0.05) and the ‘mode-shift’ indicator implemented in the Bottle-
neck software, no population in our sampling have experimented
recent demographic bottlenecks.

Populations from invaded African areas exhibited expected het-
erozygosity (Hg) values ranging from 0.532 to 0.703, with these
extreme values observed in Nigerian populations 11 and 4, respec-
tively. Likewise, observed mean heterozygosity (Ho) values ranged
from 0.390 to 0.774, with the great majority of African populations
displaying significantly higher Ho values than the insular population
(population 1, Mayotte; Ho: 0.402) and those two from South Amer-
ica, particularly from Colombia (population 57; Ho: 0.411). In Niger,
specifically, almost all the highest genetic diversity indexes were dis-
played in population 4 (Niamey, sampled in 2013) against all others
from the Tillaberi region (populations 5-10 and 12-16), while the low-
est ones were found in the population 11 (Doutchi) from the Dosso
region. Genetic diversity indexes (Allelic richness, Hg and Hop) locally
increased with time for the same tomato field in Tolkoboye sampled
in 2016, 2017 and 2018 (Table 1). Populations from Senegal gathered
both the highest (0.774) and the lowest (0.390) levels of observed
heterozygosity in populations 26 and 44, respectively (Table 1).

Pairwise Fst values estimated with (Table 2) or without (Table S2)
correcting for the presence of null alleles (ENA method) showed simi-
lar patterns, which is consistent with the low-frequency rate of null
alleles in the dataset. The following description of Fst results is based
on using the ENA method. Pairwise Fst.gna Values ranged from O to
0.313, with the majority below 0.15, indicating low differentiation
levels within the sampling area. All pairwise Fst_gna Values higher than
0.15, which indicates moderate to high levels of differentiation,
involved the Colombian population (population 57) against all the
other populations, whatever their geographic origin, and to a lesser
extent, the Argentinian population (population 56) against the popula-
tion one from Mayotte and some from Africa (populations 8 from
Niger, 44 in the Groundnut Basin in Senegal, 46 in Tanzania and 50 in
Tunisia). The upper pairwise Fst_gena T Value was observed between

the two South American populations (Table 2, Table S2). Even if the
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overall Fst.ena Values were very close to each other, especially at
the African area level, the level of genetic differentiation was shown
to be statistically significant in 74% of cases (465 out of 630 of the

pairwise comparisons) (non-significant results are given in Table S3).

Population structure and characteristics of the genetic
clusters

The Bayesian approach to assess population structure showed that
the most likely value of genetic cluster (K), based on Janes et al.
(2017), was 3, followed by K = 6 (Figure S1). Replicate Structure runs
led to one major solution for all K values and to minor solutions for
values from K =4, except for K=7 (i.e.,, genuine multimodality;
Jakobsson & Rosenberg, 2007; Figure S2). Most specimens (84.4%)
were mainly (Q > 0.70) assigned to one of the three clusters inferred
by the Structure analysis (C1, C2 and C3). More precisely, 6%, 84%
and 10% of all T. absoluta specimens strongly assigned (Q > 0.70) to a
genetic cluster were gathered into the clusters C1, C2 and C3, respec-
tively. Other non-assigned specimens (15.6% with Q < 0.70) were
shown to exhibit a mixed genetic background, with one of the three
clusters still being dominant over the two others most of the time
(0.35 > Q > 0.69) (Figures 1 and 2; Table S4).

At a population level, most African populations are very geneti-
cally homogeneous, with a single dominant cluster (C2, green in
Figure 1). Several populations exhibit a genetic profile characterized
by the presence of a prominent second cluster (C3, blue in Figure 1).
Specifically, this cluster is prevalent in seven Senegalese populations
(19, 29, 37, 39-41, 44) as well as in populations from Burkina Faso
(population 47) and Togo (population 49) in West Africa and Tanzania
(population 46) in East Africa for both K = 3 and K = 6 (Figure S1). A
notable observation in Senegal is the presence of C2 and C3 dominant
populations in the northern region confined to relatively small areas.
Populations with a major C2 genetic background were observed in
the coastal areas, the region of Dakar and the Niayes. Those with a
major C3 genetic background were found in the Saint Louis and
Matam valleys and the Groundnut basin, with one site in the Southern
region of Senegal (population 19) (Figure 1). The pattern was different
in Niger, where all assigned T. absoluta (populations 6 to 16) were
exclusively assigned to the cluster C2 (Q > 0.70) with also many speci-
mens characterized by a mixed genetic background including a minor
C1 genetic background (0.21 < Q < 0.58) (identified by the colour red
in Figure 1) particularly in the population Tolkoboye 1 (population 8).
This C1 cluster was also dominant in the Mahorese population (popu-
lation 1, in the Indian Ocean), which exhibits a distinct population
structure compared with other African populations. Specifically, this
C1 genetic background is relatively uncommon in other African popu-
lations studied, but it is nevertheless found in some populations of the
Mediterranean basin (population 52 in Tunisia and 59 in Greece),
represented, however, by very few specimens (only 1 for population
52 and 5 for population 59). This cluster is mainly found in the native
area of T. absoluta in South America (population 56 in Argentina and

population 57 in Colombia). All T. absoluta specimens from South
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TABLE 2

Algeria2 Algeria3 Argentina Colombia

Algerial

Tunisial Tunisia2

Togo

BurkinaFaso2

Tanzania2 BurkinaFaso1

Tanzanial

Agricultural and Forest
Entomology

0.041934
-0.00252
0.07722

0.042025 0.09655

0.101072
0.08096

0.049615
0.038236
0.000722
0.008718
0.004913

0.103273
0.101246
0.066334
0.098371
0.084345
0.058564
0.168224
0.212686

0.092262
0.046922
0.017932

0.081918
0.052013
0.055569
0.061566
0.051547
0.083724
0.298493

0.115125
0.080219
0.10307

0.02019

0.044096
0.048599
0.04935

0.006119

0.012938
0.016144
0.024451
0.166669
0.235531

0.048812
0.037935
0.022482
0.145825

0.001493
0.001593
0.136851
0.252022

-0.007861
0.000001
0.123461
0.201543

0.100177
0.085651
0.172189
0.275367

0.000326
0.130569
0.228243

-0.001165
0.139595
0.265748

0.036951
0.109768
0.295295

0.120223
0.222152

0.313146

0.16052

Note: FST values between 0 and 0.15 are marked in green, and values between 0.15 and 0.5 are marked in yellow.
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America, except one from Argentina, were strongly assigned (mean
Q > 0.89) to this C1 cluster.

The three identified clusters displayed very similar allelic richness
and expected heterozygosity but significantly differed for all other
genetic estimators (Table S4). The clusters 1 and 3 exhibited lower
mean number of alleles and observed heterozygosity than the widely
represented African cluster 2 which was the only genetic cluster not
to show high inbreeding depression and heterozygote deficiency
(Table S4). The level of genetic differentiation between all three clus-
ters was low, with and without ENA correction, with the upper Fst
value being between C1 and C3 and the lower one between both
African clusters, C2 and C3 (Table S5). This is consistent with the Fst
values estimated between all African and Mediterranean populations

included in these clusters (Table 2).

DISCUSSION

Tuta absoluta larvae cause significant crop damage worldwide and
reduced vyields of multiple crops, mainly tomatoes (Biondi
et al., 2018). This impact is particularly severe in Africa (Brévault
et al., 2014; Rwomushana et al., 2019), where the first report
occurred 15 years ago in North Africa. Since then, the species has
rapidly spread to nearly the entire continent (Mansour
et al., 2018). Despite extensive documentation on damage and
management methods, there is still a lack of precise information on
the initial and current populations in Africa. The present study
aims to provide new insights into the genetic diversity and struc-
ture of T. absoluta populations in Africa, exploring their potential
invasion history at various spatial scales.

Putative native area versus invaded areas: Distinct
differentiation and diversity patterns

In our study, the South American populations were grouped into a sin-
gle genetic cluster. However, a significant genetic differentiation was
revealed between Colombia and Argentina, even higher than against
all other localities surveyed worldwide. Even though the sampling size
both in terms of number of localities and number of specimens per
locality was low, this result is supported by previous studies within
the native area of T. absoluta, based on more sampled populations and
using both microsatellite markers and genome assembly methods.
They specifically revealed structuration between the North and the
South of the South American continent (Guillemaud et al., 2015) but
also with a third cluster in the Andes region (South America, Lewald
et al, 2023), previously undetectable with less resolutive markers
(Cifuentes et al., 2011). In Guillemaud et al. (2015) (Supporting Infor-
mation), the same Colombian population exhibited very high
pairwise Fst values with all T. absoluta populations from the Mediter-
ranean basin and South America, even those belonging to the same
genetic cluster. The locality sampled, Boavita, in the Northern Prov-

ince of Boyaca (Colombia), has an altitude of more than 2110 m. as.l.,
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which can indeed represent a natural physical obstacle to the
T. absoluta dispersion and gene flow even over short distances.
The inbreeding factor was also very high in this locality. In their native
habitats, it is generally assumed that gene flow between populations
is influenced by various factors that limit dispersal, such as biogeogra-
phy and physical obstacles, and populations are expected to be genet-
ically structured (Goldberg & Lande, 2007; Hewitt, 2000). This is not
necessarily the case in areas of introduction, where the history of the
invasion mainly influences the genetic structure of the populations.
The two South American populations also paradoxically displayed a
lower level of genetic diversity (mean number of alleles, heterozygosities)
than most of the other populations collected in the Mediterranean basin
(Guillemaud et al., 2015) and in Africa (this study). Thus, despite expected
recent demographic bottlenecks and inbreeding depression usually associ-
ated with all invasion steps, T. absoluta populations from invaded areas,
even from those which have been recently invaded, seem to have quickly
counteracted reductions in genetic diversity and inbreeding depression.
No signature of demographic bottleneck was even observed. Evidence
for levels of genetic diversity similar or even higher in introduced versus
native range populations of invasive species has already been reported in
other invasive species (e.g., Dlugosch & Parker, 2008; Estoup et al., 2016;
Roman & Darling, 2007; Uller & Leimu, 2011). Mechanisms associated
with invasion history characteristics (i.e., hybridization, mass introductions,
repeated or multiple introductions and gene flow among invasion routes),
species reproductive and biological traits and genetic traits have indeed
been shown to counteract global genetic depletion during invasion
(Estoup et al., 2016; Schrieber & Lachmuth, 2017). In our study, the low
levels of differentiation observed, the presence of mixed genetic back-
ground in most sampled specimens and the low severity of the bottle-
necks undergone

in Africa suggest gene flow and intraspecific

hybridization of individuals across the non-native area. In T. absoluta, as in
many other invasive insects, long- and short-distance dispersal may be
favoured by human activities, natural elements (e.g., wind) and the spe-
cies’ flight capacity (Jones et al., 2019). Indeed, T. absoluta adults were
demonstrated to fly 0.4 km overnight (Salama et al., 2015), but this was
probably underestimated since the method used (i.e., Capture-Release-
Recapture) does not consider insects moving outside the largest recapture
radius and only considers a linear flight distance which does not take into
account insect wanderings (Ranius, 2006). Particularly in Africa, the high
gene flow of a large number of individuals can also be related to interna-
tional and regional trade of T. absoluta host plants, mainly tomato fruits,
and to porous borders and inappropriate implementation of quarantine
and phytosanitary measures (Desneux et al., 2011; Marchioro &
Krechemer, 2024; Tonnang et al., 2015). Moreover, T. absoluta is charac-
terized by a high reproductive potential as the species can yield up to
10-12 generations per year under the prevalent climatic and resource
conditions found (Cherif et al., 2019; Tonnang et al., 2015) in many Afri-
can countries. Under such conditions and suitable environment, also char-
acterized by reduced biotic pressure due to a limited number of natural
enemies (the ‘enemy release hypothesis’ Keane & Crawley, 2002), newly
introduced populations can thus rapidly locally and widely re-expand,
grow and gain genetic diversity greater than in the more stressful

native-area.
Weakly differentiated clusters but with different
genetic background in invaded areas

Outside its native area, nearly all the previously studied T. absoluta

populations have shown remarkable genetic homogeneity and a lack
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of population structure, regardless of the markers used or the geo-
graphic area under study. For instance, Shashank et al. (2018) found
important genetic homogeneity in India and Nepal, invaded since
2014 and 2016, respectively, using the mitochondrial marker COIl.
The same pattern was observed in Turkey, where the pest was first
detected in 2009 (inak et al., 2021), and in Tunisia, invaded in 2008
(Cherif et al., 2017). Guillemaud et al. (2015) revealed a notable lack
of genetic differentiation within the invaded regions around the Medi-
terranean basin, which they attributed to the invasion history of the
species in the area rather than the sensitivity of the markers used.
Similarly, using mtDNA, Ndiaye et al. (2021) found very high homoge-
neity across Africa, attributed to a particular invasion scenario that
combined extensive gene flow, bottlenecks, the specific reproductive
system of the species and human activities. Based on a comprehen-
sive sampling conducted across eight African countries, our results are
broadly consistent with most previous observations from other
invaded regions. They reveal a global genetic homogeneity and a weak
diversity among populations. No clear geographical pattern could be iden-
tified in our Structure analysis, and the Fis values were globally low (but
Fs >0), indicating a low level of inbreeding in the invasive populations. All
these results suggest a specific invasion scenario in Africa, characterized
by significant gene flow between populations, few introduction events of
numerous individuals or at least introductions from genetically very poorly
differentiated geographical areas, as shown in other insect invasions
worldwide (Kerdelhué et al., 2014; Lombaert et al, 2011; Lye
et al,, 2011). This scenario would resemble the one hypothesized by Guil-
lemaud et al. (2015) for T. absoluta in the Mediterranean region. They sug-
gested that the invasion of T. absoluta in the Mediterranean area most
probably resulted from a single introduction followed by a large expansion
without a demographic bottleneck.

However, despite this apparent genetic homogeneity over
T. absoluta African range, our study revealed two main African genetic
clusters: one predominantly encompassing specimens from all coun-
tries even in North Africa and another little represented but geo-
graphically well-delineated cluster, identified both in West Africa and
in East Africa. It is interesting to note that this genetic cluster was vir-
tually absent in T. absoluta from the Mediterranean basin, South
America and Mayotte, as well as from certain African localities or
countries such as Kenya and Niger. This little-represented genetic
cluster might be more recently introduced in Africa than the other
one, less successful in expanding or less frequently found in the zone
of origin. Contrary to what was observed for the predominant African
cluster, this small cluster was also characterized by a high inbreeding
coefficient and heterozygote deficiency, similar to the South American
and Mahorese clusters, suggesting that T. absoluta from these clusters
might face constraints (e.g., physical, genetic, size effect) limiting ran-
dom reproduction. Along these lines, some studies documented the
existence of deuterotokous parthenogenesis in some T. absoluta
populations (Abbes & Chermiti, 2014; Caparros Megido et al., 2012)
and under certain environmental pressure (Grant et al., 2021). As
reproductive mode may indeed affect gene flow, differentiation and
diversity patterns, the hypothesis of two T. absoluta African lineages

with different reproductive strategies should also be examined.
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Unexpectedly, T. absoluta from the island of Mayotte, an overseas
territory in the Indian Ocean off the coast of South-Eastern Africa and
more than 10,000 km away from America, were grouped into the
‘South American’ genetic cluster. As far as we know, trade in vegeta-
bles that could serve as vector for T. absoluta was very limited
between South America and Mayotte, which, in 2014-2015, that is
during the period of the first report of T. absoluta in the island, pro-
duced 44% of the tomatoes consumed locally and imported almost all
the rest from Madagascar (DAAF Mayotte, 2016). Thus, its genetic
clustering with Colombia and Argentina might result from an acciden-
tal introduction event of an invasive South American population on
the island. Precise information regarding the extent of trade between
Mayotte and its closest African neighbours is lacking, but its insularity
may have contributed to its level of genetic differentiation against

many populations.

Conclusion: New insights but still many gaps on
African T. absoluta population structure

Our markers were shown to delineate two main weakly differentiated
African clusters characterized by different diversity and inbreeding levels.
At country and local scales, specimens of both genetic clusters may occur
separately or sympatrically and may hybridize. Even though no clear geo-
graphical structure was identified, our markers revealed various patterns
in Africa. Tanzania and Burkina Faso, for example, were characterized by
genetically distinct populations, whereas specimens sampled in Niger
were genetically close and homogeneous. Populations in Senegal were
characterized by the coexistence of both main clusters, and higher levels
of genetic diversity were found in the Niayes and the Dakar region,
where T. absoluta was first reported in this country (Pfeiffer et al., 2013).
Altogether, our results indicate either a limited number of intro-
duction events or multiple introductions from a single genetically
homogeneous source and probably no or very limited demographic
bottleneck. High gene flow also probably contributes to the quick
recovery of genetic diversity and counteract inbreeding depression
even in the recently invaded areas (i.e., date of first report). Together
with the high polyphagy and tolerance to environmental stresses
(Campos et al., 2021), this must have facilitated establishment out of
the native range. For most of the study area, our results suggest that
the source populations of the African lineages do not have a genetic
background similar to that of our Colombian and Argentinian popula-
tions, that is, in the presumed native area of the species. Therefore,
specimens from native populations at the source of the two African
genetic lineages have likely been unsampled (Slatkin, 2005). A much
more extensive sampling over the whole range of T. absoluta, espe-
cially in its native area, would be necessary to formally analyse the

invasion source and pathways of this species in Africa.
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ing Information section at the end of this article.

Figure S1. Difference in log-likelihood among K values and the maxi-
mal mean likelihood and small standard deviation of the posterior
probability of K. The values corresponding to the cluster number con-
sidered for inferring population genetic structure are marked with
green.

Table S1. Characteristics of the nine polymorphic microsatellite loci
retained from Guillemaud et al. (2012) study in our Tuta absoluta
genetic population study.

Table S2. Pairwise Fst values between the populations (only popula-

tions with eight or more sampled specimens were considered) without

Entomological
tomological
@ Socary

JAVAL ET AL.

the ENA (excluding null alleles) correction. FST values between 0 and
0.15 are marked in green, and values between 0.15 and 0.5 are
marked in yellow.

Table S3. p-values for each population pair differentiation across all
loci. Only non-significant results are shown.

Table S4. Description and genetic diversity of the three clusters (with
Q > 0.70) delineated, with the additional not strongly assigned speci-
mens (Q < 0.70), using Structure software and Evanno’s method.
Table S5. Pairwise Fst values between the three genetic clusters (only
populations with 10 or more sampled specimens were considered)

with and without the ENA (excluding null alleles) correction.
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