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Abstract

Hypotheses about the worldwide colonization routes of the melon fly, Zeugodacus
cucurbitae (Diptera: Tephritidae), are mainly based on sparse historical records. Here
we aim at reconstructing the colonization history of the African continent based on an
improved description of the population structure of Z. cucurbitae and approximate
Bayesian analyses. Individuals of Z. cucurbitae were sampled in 17 localities from
East, West and Central Africa and genotyped at 19 microsatellite markers.
Bayesian analyses showed intracontinental population structuring with populations
from Uganda diverging from those of Tanzania and populations from Burundi and
Kenya showing traces of admixture with West African samples. Approximate
Bayesian Computation provided support to the hypothesis of a single introduction
Z. cucurbitae into East Africa and subsequent expansion to West Africa, each
colonization event was followed by a bottleneck that promoted population diver-
gence within Africa. Parameter estimates suggested that these events are roughly
compatible with the historical records of Z. cucurbitae presence in sub-Saharan
Africa (viz. 1936 in East Africa and 1999 in West Africa) and allow excluding
alternative hypotheses on older or multiple introductions of Z. cucurbitae.
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Introduction local populations (Mwatawala et al., 2009; Sood et al., 2016).

Zeugodacus cucurbitae (Coquillett, 1899) (Diptera: Tephriti- Z. cucurbitae attacks more than 80 plant species including com-

dae), the melon fly (formerly named Bactrocera cucurbitae; see
(Virgilio et al., 2015; San Jose et al., 2017)), is a polyphagous
agricultural pest predominantly attacking a wide range of
Cucurbitaceae but also other plant families. This species, na-
tive to Central Asia (Drew & Hancock, 2000) allegedly spread
throughout the 20th century to other regions successfully es-
tablishing into Central and East Asia, Africa, Oceania,
Hawaii and the Islands of the Indian Ocean (White & Elson-
Harris, 1992). As most tephritid pests, the melon fly Z. cucur-
bitae causes important economic losses for farmers and traders
and reduces the availability of essential dietary components to
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mercial crops such as pumpkin, cantaloupe, watermelon,
squash, gourd and cucumber but also non-cucurbit plants
such as tomato, eggplant and soft fruits such as mango,
orange, papaya and peach (White & Elson-Harris, 1992).
Significant differences in the dietary preferences of Z. cucurbi-
tae have been described among populations from different geo-
graphic regions (Vayssieres et al., 2007; De Meyer et al., 2015).

The colonization history of this pest has been reconstructed
mainly based on historical records that are often sparse and
sometimes ambiguous. In Africa, the species was first re-
corded in the East in Tanzania and Kenya in 1936 and 1937,
respectively (http://www.gbif.org// (De Meyer et al., 2015)).
Whether these dates are representative of the genuine arrival
of Z. cucurbitae on the African continent or not is however still
a matter of debate. The important historical links between the
eastern coast of Africa (dominated by the so-called Swahili cul-
ture) and the Near East and Indian subcontinent from as early
as 100 AD (Gilbert, 2004), and the genetic diversity found in a
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previous population worldwide analysis of this pest have led
some authors to suspect that the pest could have been present
in the continent for a much longer time (Virgilio et al., 2010; De
Meyer et al., 2015). Z. cucurbitae has not been recorded in West
Africa before 1999 (http://www.africamuseum.be/fruitfly /
AfroAsia.htm), when it was found in the Gambia and Ivory
Coast (De Meyer et al., 2015). Over the last decade it has
been recognized as a common agricultural pest in a number
of other West African countries including Benin, Burkina
Faso, Ghana, Guinea, Mali, Senegal and Togo (Vayssieres
et al., 2007; Vayssieres et al., 2008). In 2006, Z. cucurbitae was
recorded in the Democratic Republic of Congo (Congo DR)
as well as several other countries of eastern Africa, including
Sudan (2006), Uganda (2009), Ethiopia (2010), Malawi (2010)
and Mozambique (2013) (De Meyer et al., 2015).

Several studies using molecular markers have looked at
different scales the genetic diversity and structuring patterns
of this species in different countries. In a previous study
(Virgilio et al., 2010), a first attempt to unravel the worldwide
population genetic structure of Z. cucurbitae has shown that po-
pulations sampled were split into five main population groups
distributed over the African continent, Central Asia, East Asia,
Hawaii and La Réunion, respectively. Another study, deci-
phering the genetic differentiation between African and non-
African populations demonstrated a common ancestry of the
African Z. cucurbitae and suggested that the invasive popula-
tions of the Indian Ocean islands (La Réunion, Mauritius,
Seychelles) were a result of recent an introduction from
Africa (Jacquard et al., 2013). Then, two recent studies investi-
gated the fine genetic structure with an integrative approach
combining neutral nuclear markers, mitochondrial cytochrome
oxidase I gene sequencing and morphometric measurements,
of several populations in Southeast Asia considered as native
vs. invaded areas in the West Pacific (Boontop et al., 2017a, b).
The authors confirmed the higher genetic diversity in the
native range with genetic sub-structured populations and sug-
gested that the Hawaii invasion was due to multiple introduc-
tions from mainland Asia. Then, a population genomic study
using genome-wide single nucleotide polymorphisms (SNP)
investigated the overall structure of the species, including sev-
eral populations with an important sampling on the Asian/
Pacific area and two localities in Africa (Dupuis et al., 2017).
This study confirmed more or less previously identified genetic
clusters in former studies, with however discrepancies in the
mainland and oceanic Southeast Asia confounded due to vari-
ability among samplings.

Yet, the genetic relationships between mainland African in-
vasive populations and their possible invasion routes across
East and West Africa had not been resolved, leaving open a
number of questions about intracontinental population struc-
ture and colonization history of Z. cucurbitae. The objective of
this paper is to provide a more detailed description of the
African population structure of Z. cucurbitae and to investigate
the spatio-temporal dynamics of its African colonization
routes. In this respect, a higher number of microsatellite mar-
kers, a large sampling coverage in East, West and Central
Africa and novel analyses such as the use of Approximate
Bayesian Computation (ABC) were used.

Materials and methods

Sampling and DNA extraction

Specimens of Z. cucurbitae (n = 332) were sampled from 17
African locations (table 1) distributed throughout the whole
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distribution range of the species on the African continent
(De Meyer et al., 2015). Field sampling was made by baiting
adults using traps with either male lures (cue-lure or methyl
eugenol) or a protein lure (torula yeast).

DNA was extracted from ethanol-preserved adults, pre-
served in the collections of the Royal Museum for Central
Africa (Belgium), via the DNeasy Blood and Tissue Kit
(Qiagen) as per the manufacturer’s instructions. Individual
flies were genotyped using 19 microsatellite loci (B5.2, C3.3,
E3.4, E4.3, F14, F1.6, F3.2, F3.4, G3.4 and BcCIRC3, BcCIRD3,
BcCIRD11, BeCIRES, BcCIRF3, BcCIRF4, BcCIRG1, BcCIRH7,
BcCIRHY, BcCIRH10) developed for Z. cucurbitae by Wu et al.
(2009) and Delatte et al. (2010). Primer sequences and protocols
for DNA amplification, electrophoresis and allele scoring were
performed as described in (2010). Electrophoretic analyses
were conducted on an automated ABI Prism 3100 Genetic
Analyzer (Applied Biosystem) and an individual was declared
not amplified at a locus only after two amplification failures.

Genetic diversity

Microsatellite diversity within populations was estimated
using observed (H,ps) and Nei’s (1987) unbiased expected het-
erozygosity (H,1,) in GENETIX 4.03 (Belkhir et al., 1996) and
within-population diversity was also estimated (H;) (Nei,
1973) using FSTAT (Goudet, 2001). All pairs of loci were tested
for linkage disequilibrium using the permutational probability
test (10* iterations) of GENEPOP 3.4 (Raymond & Rousset,
1995). Single and multilocus Fis were estimated through the
fixation index of Weir & Cockerham (1984). Deviations from
Hardy-Weinberg equilibrium (HWE) were tested using a two-
tailed Fisher’s exact test based on Markov-chain randomiza-
tion (10> dememorizations, 10° batches, and 10° iterations
per batch) in GENEPOP. Probability values of repeated com-
parisons were corrected for Type I errors using the False
Discovery Rate (FDR) procedure (Benjamini & Hochberg,
1995). FreeNA (Chapuis & Estoup, 2007) was used to estimate
null allele frequencies (for each locus in each population) ac-
cording to the expectation maximization (EM) algorithm of
Dempster et al. (1977). Population differentiation was quanti-
fied by calculating pairwise Fy values (Weir & Cockerham
1984) and verifying their significance through the permuta-
tional test implemented in GENETIX.

Population structure

Population structure was revealed using the Bayesian
clustering procedures implemented by STRUCTURE 2.2
(Pritchard et al., 2000), and INSTRUCT (Gao et al., 2007). The
most informative number of genetic clusters was inferred ac-
cording to the method of Evanno et al. (2005). The ad hoc stat-
istic AK was calculated by running STRUCTURE for 10°
generations (admixture model, burn-in of 5.10° generations)
with five iterations for each value of K ranging from 1 to 17.
In order to allow asymmetric patterns of admixture among
populations the Dirichlet parameter for degree of admixture
(a) was separately inferred for each population (Pritchard
et al., 2000). At K=4, analyses in STRUCTURE were re-
peated using different priors, namely either by considering
missing data as recessive homozygotes for the null alleles
(Recessivealleles=1) or including location information
(Locprior=1). CLUMPP v1.1.2 (Jakobsson & Rosenberg,
2007) was used to summarize the posterior estimates of cluster
memberships of the ten best runs of STRUCTURE (K = 4), viz.
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Table 1. Sampling locations, sampling year and geographic coordinates (decimal degrees) of populations of Z. cucurbitae from Africa.

Location Number of individuals Code latitude longitude Sampling year
1 Senegal Niayes 24 Sene_Niay 14.8 —15.77 2008
2 Guinea Foulaya 24 Guin_Foul 10.28 —14.45 2008
3 Ivory Coast Korhogo 8 IvCo_Korh 9.45 —5.63 2008
4 Burkina Faso Bobo Dioulasso 23 Burk_Bobo 11.2 —4.3 2008
5 Togo Agome 24 Togo_Agom 6.95 0.64 2009
6 Togo Tove Abessia 24 Togo_Abes 6.87 0.67 2009
7 Benin Koro 24 Beni Koro 8.9 2.57 2008
8 Congo D.R. Kinshasa 16 Cong_Kins —4.3 15.3 2008
9 Sudan Singa 29 Suda_Sing 13.18 33.96 2009
10 Sudan Abunaama 12 Suda_Abun 12.72 34.11 2009
11 Burundi Kigwena 12 Buru_Kigw -4.14 29.53 2009
12 Uganda Jinja 25 Ugan_Jinj 0.44 33.2 2009
13 Uganda Wakiso 17 Ugan_Waki 0.4 3248 2010
14 Kenya Nguruman 24 Keny Ngur -1.75 36.03 2008
15 Kenya Nairobi 22 Keny_Nair —1.28 36.82 2009
16 Tanzania Morogoro 24 Tanz_Moro —6.82 37.67 2008
17 Tanzania Tanga 24 Tanz_Tang -5.07 39.1 2006

All samples were from traps based in the different localities.

those runs with the highest log probability of the data (LnP
(D). We used the Large K Greedy algorithm of CLUMPP
with random input order and 10° permutations to align runs
and the G’ pairwise matrix similarity statistics. Admixture
proportions of samples and individuals were then visualized
using DISTRUCT v1.1 (Rosenberg, 2004). The admixture pro-
portions resulting from STRUCTURE (K = 4) were then inter-
polated with the geographic distribution of individuals.
Posterior predictive maps of admixture proportions among in-
dividuals were obtained using kriging as described in Virgilio
et al. (2010). In parallel, INSTRUCT software, robust to HW
disequilibrium was run with five chains for K=1-20 (10*
burn-in steps and 2 x 10° iterations).

Demographic models

An ABC analysis was conducted to infer the sub-Saharan
colonization history of Z. cucurbitae in Africa. DIYABC v2.0
(Cornuet et al., 2008; Cornuet et al., 2010; Cornuet et al., 2014)
was used to test a number of scenarios compatible and not
compatible with the available historical records. All scenarios
were based on introductions from a source population, pos-
sibly of Central Asian origin (see Virgilio et al., 2010 and
Boontop et al., 2017b). The coalescent model implemented in
DIYABC assumes the divergence of panmictic populations
without recurrent migration. To avoid violating this assump-
tion, we restricted our analysis to four representative popula-
tions (out of 17), each belonging to one of the main genetics
clusters identified by STRUCTURE, and showing as few traces
of admixture as possible. Based on co-ancestry coefficients
computed in STRUCTURE, Tanz_Tang was used as represen-
tative of the East African group 1, Ugan_Waki was used for
East African group 2. Congo_Kins was used for Central
Africa, IvCoast_Khor represented West Africa and the source
group Asia was represented by an Indian sample (n=32,
Virgilio et al., 2010). The aim of the analysis was to retrace
the order of colonization events and estimate the extent of pos-
sible bottlenecks. Even with four populations, the number of
possible scenarios (including bottlenecks and multifurcations)
is relatively large. Scenarios without and with bottlenecks,
were tested, among which the source population was from
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Asia as a unique event to Africa (any one of the four countries,
and all the other invasions were derived from this source
population), then including as well a scenario as Asia being
the source population to each of them, testing the possible
‘multiple introduction events’, more complex scenario includ-
ing multifurcations were also tested between all populations.
Then, among those ones we discarded the ones with the lowest
probabilities and kept the 25 best ones (SM1). In this analysis,
all scenarios assuming an initial introduction into Africa dif-
ferent from Tanz_Tang had very low posterior probabilities
(below 0.001). Similarly, scenarios omitting genetic bottle-
necks for Tanz_Tang, Ugan Waki, or Congo_Kins received ex-
tremely low support.

For the clarity of presentation, all previous scenarios were
discarded and the whole ABC scenario choice analysis was re-
peated on a short list of six scenarios with non-negligible pos-
terior probabilities. All of these included East Africa as the
entry point of Z. cucurbitae in the continent and differed with
respect to the subsequent colonization history, i.e., to the order
of colonization of Central-East, Central and West Africa
(fig. 1). For each scenario and each population, the following
demographic parameters were estimated: dates of founding
(as the number of generations) (;), current effective population
size (as the number of diploid individuals) (Nj), number of
founders at introduction (Ny;) and duration of the initial
bottleneck (dy;). For all these demographic parameters, prior
distribution ranges, (shown in table 2) were estimated accord-
ing to known records of Z. cucurbitae in sub-Saharan Africa
(De Meyer et al., 2015). Time, expressed in generations before
sampling, was translated in years assuming eight generations
per year. This indicative value was inferred from the previous-
ly published studies on African Z. cucurbitae (Dhillon et al.,
2005) as well as from the mean generation time (T) calculated
on Hawaiian populations (8.4-9.2 generations per year with a
temperature range from 24 to 35 °C, see Vargas et al. (2000)).
One million simulations were conducted under each scenario.
Posterior probabilities of each scenario were computed by per-
forming a polychotomous weighted logistic regression on the
1% simulated datasets closest to the observed dataset (Cornuet
et al., 2008; Cornuet et al., 2010) after linear discriminant ana-
lysis on summary statistics (Cornuet et al., 2014). Confidence in


https://doi.org/10.1017/S0007485319000026

716

Scenario 1 Scenario 2 Scenario 3

g
g
g \ \ /
[ Ug Cg Tz A I Cg uUg Tz A ug I Cg Tz

A

H. Delatte et al.

Scenario 4 Scenario 5 Scenario 6

14
t4-db

3
t3-db

/
I t2-db

/ / 11

/ " 0

Ic Ug Cg Tz A (g Ug IC T: AC Ug IC Tz A

Fig.1. Schematic drawing of the six scenarios used for the ABC method with time scale (t; to t4) and bottleneck (db = duration of bottleneck).
Country codes are the following: IC, Ivory Coast; UG, Uganda; CG, Congo; TZ, Tanzania; A, Asia.

Table 2. Summary of the DIYABC analysis based on 6,000,000 simulated datasets averaged over 60,000 selected datasets.

Posterior Relative ~ Relative square
Parameter names Prior range parameter estimates 95% CI bias root error
Population size effective
Ni1vory-Const (100-5000) 4390 (2420-4900) —0.030 0.290
Nacongo D.R. (500-8000) 2210 (1270-7270) —0.005 0.251
Natiganda (500-8000) 3300 (1680-7330) 0.014 0.291
4Tanzania (500-8000) 1450 (985-5110) 0.074 0.262
N5 asia (500-20,000) 17,400 (12,100-19,500) 0.104 0.276
Time in generation
t (100-1000) 144 (112-445) —0.064 0.290
th (200-1000) 318 (228-667) 0.039 0.205
ts (300-1000) 477 (357-921) 0.193 0.280
ty (300-1500) 998 (602-1440) 0.254 0.281
din (1-200) 29.9 (9.54-188) —0.563 0.643
dya (1-200) 24.6 (8.96-186) —0.691 0.710
dps (1-200) 155 (13.9-191) —0.712 0.719
Genetic parameters (rate)
Upmic (1.00 x 10~°- 557 x107° (3.64 x 10~°- 0.13 0.35
1.00x 107%) 1.36x107%)
P (1.00 x 107'- 3.00x 107! (1.69 x 107'- —0.05 0.35
3.00x 107 3.00x107%)
SMipic (1.00 x 10~8- 1.00x 1078 (1.29 x 1075~ —0.70 0.99
1.00x 107°) 254x107°)

Prior minimum and maximum values, posterior parameter estimates (as inferred from the mode of distributions), 95% confidence interval
(CI), relative bias and relative square root error calculated for the best scenario (scenario 6).

scenario choice was further tested using additional simula-
tions. Specifically, 500 pseudo-observed datasets (PODs)
were simulated under each scenario and treated as real data,
with their posterior probabilities computed as described
above. The type Il error rate was then computed as the propor-
tion of PODs with the highest posterior probability (PP) for the
retained scenario (Cornuet et al., 2008). The choice of scenario
was followed by parameter inference, with parameter poster-
ior distributions and their 95% confidence intervals (CI) that
were inferred via local linear regression on the 1% closest si-
mulated data sets (logit transformation). The precision of par-
ameter inference was then assessed by computing the Square
Root of the Mean Square Error of each parameter and the
Median of the Absolute Error (MAE), based on the 500 PODs.

In parallel to DIYABC analysis, we used GENECLASS 2
software (Piry et al., 2004) to detect the probability of assigna-
tion or exclusion of individuals from a given population. For
doing so, we used the Bayesian criterion implemented in this
software (Rannala Mountain, 1997) with 1000 simulated indi-
viduals (& = 0.01) using the Markov Chain Monte Carlo resam-
pling method (Paetkau, 2004).
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Results

The analysis of 19 microsatellite loci in 17 populations of
Z. cucurbitae (n=18.6, SD=5.8) from 12 African countries
showed relatively low levels of genetic variability, with
mean numbers of alleles (N,) ranging from 2.7 to 3.7 and ob-
served (Hops) and expected heterozygosity (H,p) ranging
from 0.30 to 0.49 and from 0.40 to 0.54, respectively (table 3).
After FDR correction, the exact tests showed significant devia-
tions from HWE in 61 out of 302 population/locus combina-
tions. Multilocus estimates of Fi; ranged from 0.07 to 0.28
and showed significant heterozygote deficiencies in 15 out of
17 populations (table 3). The average gene diversity (H,) of
each population was high for each population, with compar-
able values with He (table 3). The allelic richnesses (A,) were
low and similar between African populations. No linkage dis-
equilibrium among microsatellite markers was detected
through the 171 pairwise comparisons (SM2) therefore all
loci were considered as independent. The average proportion
of null alleles per locus was 0.08 (SD = 0.05) with null alleles
per population ranging from 0.04 (SD =0.08) in Buru_Kigw
to 0.10 (SD =0.10) in Suda_Sing (table 3).


https://doi.org/10.1017/S0007485319000026

ssaud Aissaaun abplgquied Aq auluo payslignd 9200006 LES8YL0005/£101°01/B10"10p//:sdny

Table 3. Summary of genetic variability 17 African populations of Z. cucurbitae (numbered according to table 1) analyzed at 19 microsatellite loci.

N Na Ar Hs H()bs Hn.b FIS An
Sene_Niay 27.31 (3.23) 3.68 (1.29) 3.02 (0.23) 0.52 (0.04) 0.39 (0.20) 0.51 (0.19) 0.24* 0.08 (0.10)
Guin_Foul 23.10 (1.94) 3.63 (1.42) 2.96 (0.22) 0.51 (0.04) 0.40 (0.23) 0.50 (0.19) 0.21* 0.08 (0.10)
IvCo_Korh 22.89 (2.23) 3.63 (1.34) 3.08 (0.23) 0.52 (0.04) 0.40 (0.24) 0.51 (0.19) 0.23* 0.08 (0.11)
Burk_Bobo 22.15 (2.08) 3.63 (1.25) 3.11 (0.22) 0.54 (0.04) 0.46 (0.29) 0.53 (0.18) 0.14* 0.07 (0.12)
Togo_Agom 11.47 (0.84) 347 (1.34) 3.11 (0.24) 0.54 (0.04) 0.41 (0.23) 0.53 (0.18) 0.23 0.07 (0.09)
Togo_Abes 11.73 (0.56) 3.31 (1.20) 3.01 (0.23) 0.50 (0.05) 0.45 (0.28) 0.50 (0.21) 0.10% 0.05 (0.09)
Beni_Koro 23.05 (1.77) 3.63 (1.25) 3.05 (0.22) 0.53 (0.05) 0.46 (0.23) 0.52 (0.19) 0.12* 0.05 (0.08)
Cong_Kins 21.36 (2.75) 2.73 (1.14) 2.35 (0.19) 0.40 (0.05) 0.30 (0.22) 0.39 (0.21) 0.24* 0.08 (0.08)
Suda_Sing 11.57 (0.90) 3.10 (1.10) 2.93 (0.22) 0.52 (0.04) 0.37 (0.26) 0.51 (0.18) 0.28* 0.10 (0.10)
Suda_Abun 11.78 (0.53) 3.26 (1.09) 2.92 (0.18) 0.53 (0.04) 0.49 (0.27) 0.52 (0.15) 0.07* 0.06 (0.09)
Buru_Kigw 7.78 (0.41) 2.78 (1.13) 2.73 (0.25) 0.48 (0.06) 0.41 (0.29) 0.47 (0.24) 0.12 0.04 (0.08)
Ugan_Jinj 21.31 (1.73) 3.36 (1.11) 2.87 (0.19) 0.53 (0.05) 0.39 (0.21) 0.52 (0.19) 0.24* 0.08 (0.07)
Ugan_Waki 23.00 (1.88) 3.31 (1.05) 2.93 (0.19) 0.53 (0.05) 0.41 (0.24) 0.53 (0.20) 0.23* 0.08 (0.11)
Keny_Ngur 22.89 (1.99) 3.68 (1.29) 3.03 (0.21) 0.52 (0.04) 0.37 (0.20) 0.51 (0.18) 0.27* 0.08 (0.10)
Keny_Nair 14.94 (2.34) 3.15 (1.01) 2.8 (0.18) 0.49 (0.04) 0.44 (0.26) 0.49 (0.18) 0.10* 0.06 (0.09)
Tanz_Moro 23.21 (1.31) 3.21 (1.13) 2.79 (0.19) 0.50 (0.04) 0.36 (0.22) 0.50 (0.18) 0.27* 0.09 (0.11)
Tanz_Tang 17.21 (1.13) 2.94 (1.02) 2.66 (0.20) 0.49 (0.04) 0.34 (0.23) 0.46 (0.19) 0.27* 0.09 (0.11)

N,, mean number of alleles; A,, allelic richness; Hs, gene diversity; Hqps, Observed heterozygosity; H,, 1, expected unbiased heterozygosity; Fis, Weir & Cockerham’s (1984) fixation index. In
each population, asterisks indicate multilocus deviations from HWE (experiment-wise P < 0.05 after False Discovery Rate correction), An, mean null allele frequency based on Dempster
et al. (1977). Standard deviations are in parentheses.

Table 4. Pairwise F; values (above diagonal) and results of permutational tests (below diagonal) among 19 African populations of Z. cucurbitae.

Sene_Nia Guin_Fou IvCo_Kor Burk Bob Togo_Ago Togo_Abe Beni_Kor Cong Kin Suda_Sin Suda_Abu Buru_Kig Ugan_Jin Ugan_Wak Keny Ngu Keny Nai Tanz_Mor Tanz_Tan

Sene_Nia -
Guin_Fou
IvCo_Kor
Burk_Bob
Togo_Ago
Togo_Abe
Beni_Kor
Cong Kin *
Suda_Sin
Suda_Abu
Buru_Kig
Ugan_Jin
Ugan_Wak
Keny_Ngu
Keny_Nai
Tanz_Mor
Tanz_Tan
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0.045 0.009
0.060 0.041
0.056 0.029
0.161 0.145
0.053 0.018
0.048 0.018
0.082 0.038
0.029 0.038
- 0.030
* —

* *

* *

* *

0.075
0.079
0.064
0.077
0.090
0.075
0.069
0.193
0.061
0.090
0.093
0.073
0.099
0.077

*

*

0.058
0.049
0.073
0.049
0.033
0.072
0.070
0.160
0.067
0.054
0.051
0.084
0.070
0.033
0.132

*

0.108
0.085
0.131
0.098
0.065
0.133
0.115
0.222
0.115
0.106
0.101
0.127
0.125
0.071
0.169
0.042

*significant at experimentwise a = 0.05. Population abbreviations as in table 1.
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Fig. 2. Ancestry estimation based on the Bayesian clustering method STRUCTURE assuming four population clusters (K = 4). Each vertical
line represents an individual, and each color represents a cluster. Individuals are grouped by sampling location (see table 1 for more details).
Clustering STRUCTURE outcomes is presented at K = 4 (see results), with analyses in STRUCTURE repeated using different priors, namely
either by considering missing data as recessive homozygotes for the null alleles (Recessivealleles = 1) or including location information

(Locprior =1).

After FDR correction, the majority (71.3%) of pairwise Fst
values were significantly different from zero indicating that
most Z. cucurbitae populations were genetically divergent
(table 4). Analyses in STRUCTURE showed a break in the
slope of likelihood values at K =4, similar results were ob-
tained with INSTRUCT, hence the reconstruction of the
African population structure of Z. cucurbitae was based on
four main population clusters (fig. 2, SM3). Most populations
(13 out of 17) were assigned to one of the clusters with average
admixture coefficients (Q) higher than 0.70 (table 5). All popu-
lations from West Africa (Sene_Niay, Guin_Foul, IvCo_Korh,
Burk_Bobo, Togo_Agom, Togo_Abes, Beni_Koro) were pri-
marily assigned to cluster 1 (Q=0.71-0.92), as well as the
two populations from Sudan (Suda_Sing, Suda_Abun,
Q=0.77 and 0.66, respectively). The population from Congo
DR (Cong Kins) was primarily assigned to cluster 2
(Q=0.97), those from Uganda (Ugan_Jinj, Ugan_Waki) to
cluster 3 (Q=0.79, 0.90) and those from Tanzania
(Tanz_Moro, Tanz_Tang) to cluster 4 (Q=0.89, 0.95). Three
samples showed relatively low average co-ancestry coeffi-
cients. These were the population Burundi (Buru_Kigw),
which was primarily assigned to clusters 1 and 4 (Q=0.31
and 0.54, respectively), and the two populations from Kenya
(Keny_Ngur, Keny Nair) primarily assigned to clusters 1
(Q=0.34,0.35) and 3 (Q=0.35, 0.63).
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Table 5. Average co-ancestry coefficients in 17 populations of
Z. cucurbitae assigned to four clusters (population numbers and
codes according to table 1).

Genetic clusters

Population number Population code 1 2 3 4

1 Sene_Niay 0.89 0.02 0.03 0.06
2 Guin_Foul 0.81 0.04 0.03 0.13
3 IvCo_Korh 092 0.05 0.02 0.01
4 Burk_Bobo 0.71 0.06 0.09 0.13
5 Togo_Agom 0.72 0.06 0.06 0.16
6 Togo_Abes 0.73 0.07 0.15 0.04
7 Beni_Koro 0.82 0.02 0.12 0.03
8 Cong_Kins 0.01 097 0.01 0.01
9 Suda_Sing 0.77 0.05 0.13 0.05
10 Suda_Abun 0.66 0.12 0.17 0.05
11 Buru_Kigw 031 0.01 0.15 0.54
12 Ugan_Jinj 0.11 0.08 0.79 0.02
13 Ugan_Waki 0.03 0.02 0.90 0.05
14 Keny_Ngur 034 0.02 035 0.29
15 Keny_Nair 035 0.01 0.63 0.01
16 Tanz_Moro 0.04 0.05 0.02 0.89
17 Tanz_Tang 0.03 0.01 0.01 0.95

Coefficients were obtained from the STRUCTURE analysis illu-
strated in fig. 1 (see methods).
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Table 6. Confidence in scenario choice. The best-chosen scenario was the number 6 (embolden).

Scenario with highest posterior probability

Probability to detect scenario 6 while
data were generated using scenario i

1 2 3

Simulated under scenario 1 345 51 11
2 46 364 67

3 5 70 382

4 59 3 4

5 9 5 9

6 10 5 32

4 5 6
78 4 11 0.022
13 4 6 0.012
3 10 30 0.060
414 3 17 0.034
2 398 77 0.154
22 55 376 0.752

Total type 2 error rate of scenario 6 =0.282.

The GENECLASS 2 analysis aimed at detecting the prob-
ability of assignation or exclusion of individuals from a
given population was run between our different populations
(SM4). West African populations are showing quite high va-
lues between West African populations (and Sudan) reflecting
recent exchanges of populations. These results are corroborat-
ing the STRUCTURE results showing high admixture levels
between those populations.

The low posterior probabilities allowed confidently dis-
carding 19 scenarios out of the 25 tested (see material and
method) using the DIYABC software. The best scenario of
the short list of 6, was scenario 6 (SM5) with a PP of 0.56
(95% CI [0.44-0.59]) followed by scenario 5 (PP =0.10 [0.13—
0.21]), and then by scenario 2 (PP=0.11 [0.00-0.16]). The
best scenario assumed that the representative populations
from Congo DR, Uganda and Ivory Coast stem from inde-
pendent introductions from Tanzania, with a source popula-
tion from Asia (tables 2, 6; fig. 1). The estimated proportions
of assignment rates obtained with GENECLASS2 are showing
an asymmetric and unidirectional migration of the Asia popu-
lation to all tested African populations (0.51 + 0.03 to African
populations and 0.03 + 0.01 received from Africa), also corrob-
orating this unidirectional origin of the African population.

The type II error rate (table 6) associated with scenario 6
(i.e. the probability of select scenario 6 though it is not correct)
was relatively low (0.056). Parameter estimates, relative bias
and relative precision indices for the best simulations are de-
tailed in table 2. Representative populations from Congo DR,
Tanzania and Uganda experienced bottlenecks lasting from 24
to 155 generations, while according to the model; the represen-
tative population from Ivory Coast did not experience bottle-
necks (see Methods). Estimations suggested that 985-5100
individuals (N,) were introduced to Tanzania from a larger an-
cestral population with an effective size of 12,100-19,500 indi-
viduals (fig. 3). DIYABC estimated that Z. cucurbitae was
introduced in Tanzania 998 generations before sampling
(95% CI=602-1440), approximately corresponding to 1883
AD (95% CI =1828-1933). From Tanzania, then Z. cucurbitae
reached Congo DR 477 generations before sampling (approxi-
mately in 1948, 95% CI = AD 1893-1963) then Uganda 318 gen-
erations before sampling (approximately in 1969, 95% CI = AD
1926-1980) and Ivory Coast 144 generations before sampling
(approximately in 1990, 95% CI = AD 1952-1994) (fig. 3).

Discussion

The colonization routes of invasive species are often in-
ferred from historical records that are sparse or incomplete
(Estoup & Guillemaud, 2010). The reliability of historical
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records to trace back the colonization routes of African fruit
flies is particularly difficult to verify, due to the relatively re-
cent development of comprehensive monitoring programs
and sampling campaign in different parts of Africa, to the pat-
chy spatial and temporal distribution of tephritid flies (see
Mwatawala et al., 2009; Mwatawala et al., 2010) and to the scar-
city or total lack of information from large areas of the African
continent (http://data.gbif.org/occurrences/). Previous ana-
lyses on the genetic structure of Z. cucurbitae suggested that
the range expansion of this pest originated in Asia and that,
based on their results (Virgilio et al., 2010; Jacquard et al.,
2013; Dupuis et al., 2017; Boontop et al., 2017a), African popu-
lations were clearly distinguishable from the Asian popula-
tions as well as from the other worldwide-distributed
population groups. Increasing the number of African samples
(from almost its whole range of distribution in Africa) pro-
vided a better resolution of the intra-continental population
structure of Z. cucurbitae.

This study shows that the sub-Saharan population struc-
ture of the melon fly includes four main genetic clusters: cor-
responding to populations of central Africa, Tanzania,
Uganda and West Africa, respectively. Two countries, i.e.,
Burundi and Kenya, showed admixed patterns between East
and West African populations. A high number of our sampled
populations presented significant heterozygote deficiencies,
however, with a low percentage of null alleles detected
(<10%). This might possibly be explained by the spatial scale
chosen for sampling, which might have attracted individuals
out of their true scale of population, inducing more homozy-
gotes than expected under HW equilibrium creating a
Wahlund effect (Selkoe & Toonen, 2006). The low genetic di-
versity and high significant F;s of these African populations
are also strong signals of founder effects that often occurs in
invasive populations.

ABC scenario choice analyses supported the hypothesis of
a single introduction event occurring in East Africa between
AD 1828 and 1933. This estimate is compatible with the first
historical record, AD 1936, available for Tanzania (De Meyer
etal., 2015). Colonization events were followed by bottlenecks,
promoting genetic divergence between populations, and then,
expansion to East Africa (between AD 1893 and 1963), Central
Africa (AD 1893-1963) and West Africa (AD 1952-1994). The
present results corroborate the hypothesis of a relatively recent
introduction to East Africa and subsequent expansion to West
Africa of Z. cucurbitae and suggest that these events happened
following the timeline suggested by the historical records (viz.
1936 in East Africa and 1999 in West Africa).

The recent results based on genomic (SNP) data (Dupuis
et al., 2017) using a worldwide sampling of Z. cucurbitae
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Fig. 3. Map of Africa with sampling locations (see table 1 for details), and dates of the first description of Zeugodacus cucurbitae from
historical records (cf De Meyer et al., 2015), and most likely invasion routes of Z. cucurbitae, deduced from genetic analysis based on
microsatellite markers variation and approximate Bayesian computation (DIYABC). The arrows indicate the most likely invasion
pathways with the 95% confidence intervals indicated below the map. Estimated years evaluated from the generation time were also

deduced, followed by 95% confidence intervals in brackets.

including two African populations showed that their sampled
population from Tanzania was closer to the ones from Asia
(Bangladesh/Nepal region) than the one from West Africa
(Senegal; based on pairwise Fy values). Furthermore, their
Z. cucurbitae population from Tanzania was closer to the one
from Senegal than any other sampled population in their
study. Those results are pointing toward a similar hypothesis
of a single source of introduction in East Africa followed by an
expansion to West Africa.

This allows excluding previous alternative hypotheses
(Virgilio et al., 2010) considering older introductions of Z. cu-
curbitae possibly related to the first trade contacts between
Africa and Asia (dating back as 100 AD, see De Meyer et al.,
2015 and references therein). Range expansion promoted by
a successful invasive population, which provides propagules
outside the native distribution range has recently been de-
scribed as the invasive bridgehead effect. Indeed this effect
was first described on a coccinellid native to Asia (Harmonia
axyridis), which is invasive worldwide, and where many of
its invasions have stemmed not from its native range, but
from a particularly successful invasive population (Lombaert
etal.,2010). Similarly, we can hypothesize that the East African
Z. cucurbitie might have played this role during the
sub-Saharan range expansion of Z. cucurbitae. To a lesser
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extent, a similar pattern of invasion might have occurred for
B. dorsalis in Africa, where it was suggested that the invasion
of this pest across the whole African continent might have
been realized by one or two source populations (Khamis
et al., 2009).

These invasion patterns are driven by a more successful
population, as suggested by Lombaert et al. (2010), suggest
that we should increase vigilance against invasive bridgehead
populations. Indeed, Z. cucurbitae might carry on its invasion
wave in other countries where it has not been settled yet, and
more careful control should be taken at borders to prevent its
arrival in new territories.

Supplementary material

The supplementary material for this article can be found at
https://doi.org/10.1017/50007485319000026.
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