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The Ceratitis FARQ complex (formerly FAR complex) includes four frugivorous tephritids, Ceratitis fasciventris,
C. anonae, C. rosa and C. quilicii, the latter two causing important agricultural losses in Africa. Although FARQ
species can be identified on the basis of subtle morphological differences, they cannot be resolved as mono-
phyletic when trying phylogenetic tree reconstructions based on mitochondrial or nuclear gene fragments except
for microsatellites. In this study, we used mitogenome and genome-wide SNPs to investigate the phylogenetic
relationship within the complex as well as between all four Ceratitis subgenera. The analysis of 13 species
supported the monophyly of the Ceratitis subgenera Ceratitis, Ceratalaspis, Pardalaspis, and recovered Pterandrus
as paraphyletic but could not properly resolve species within the FARQ complex. Conversely, gene and species
tree reconstructions based on 785,484 genome-wide SNPs could consistently resolve the FARQ taxa and provide
insights into their phylogenetic relationships. Gene flow was detected by TreeMix analysis from C. quilicii to
C. fasciventris, suggesting the existence of introgression events in the FARQ complex. Our results suggest that
genome-wide SNPs represent a suitable tool for the molecular diagnosis of FARQ species and could possibly be

used to develop rapid diagnostic methods or to trace the origins of intercepted samples.

1. Introduction

Tephritid pests (Diptera: Tephritidae) attack and infest a variety of
economically important fruits and vegetables and represent a major
agricultural threat, causing direct and indirect economic losses to small
farmers and international traders (Ekesi et al., 2016, Tanga et al., 2018).
In Africa, economically important fruit flies mainly belong to the genera
Bactrocera, Ceratitis, Dacus and Zeugodacus (Ekesi et al., 2016). Within
the genus Ceratitis, four highly polyphagous and morphologically similar
species, Ceratitis fasciventris (Bezzi), C. anonae Graham, C. rosa Karsch
and C. quilicii De Meyer, Mwatawala & Virgilio, are also referred to as
the Ceratitis FARQ complex (formerly FAR) (Barr and McPheron, 2006,
De Meyer et al., 2016, Virgilio et al., 2013). C. rosa and C. quilicii are
considered the most aggressive pests of the complex, as combined, they
infest more than 90 species belonging to 25 families of wild and culti-
vated plants. However, their host ranges were still not clearly defined
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until recently (De Meyer et al., 2016), and the two species were both
recognized as C. rosa. Life-cycle simulation models (Tanga et al., 2018)
showed that a number of North American, South American and South-
east Asian regions are potentially suitable for the introduction and
establishment of C. rosa and C. quilicii. In this respect, developing ac-
curate, rapid identification tools for species of the Ceratitis FARQ com-
plex would be vital to prevent introductions out of the African
distribution of these species. Panels of microsatellite markers (Virgilio
et al., 2013, Virgilio et al., 2019) could potentially be used on prob-
lematic samples (e.g. immature stages or females). However, more rapid
and cost-effective tools should be developed for the routine diagnosis of
FARQ species, e.g., in the framework of quarantine or SIT applications.

Even if microsatellite-based population genetics is effective in
recovering the species within the FARQ complex as defined by genotypic
clusters (Virgilio et al., 2013), phylogenetic relationships within the
complex remain unclear, as tree reconstructions based on mitochondrial
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and nuclear gene fragments fail to resolve the FARQ species as mono-
phyletic (Barr and McPheron, 2006, De Meyer et al., 2016, Virgilio et al.
2008). The FARQ complex belongs to the subgenus Pterandrus (sensu
Barr and McPheron, 2006) (De Meyer and Freidberg, 2005), whose
classification also proves to be problematic, as it is divided into two
different sections, one of which is paraphyletic to the subgenus Ceratitis
s.s. (Barr and Wiegmann, 2009). It would now be interesting to clarify
further evolutionary relationships between FARQ taxa in the context of
the subgeneric classification of Ceratitis. In this respect, high-throughput
sequencing technologies and genomic tools prove to be effective in
resolving problematic phylogenies (e.g., see Dupuis et al. 2017). The use
of genomic tools, including mitochondrial genomics (mitogenomics)
and whole genome sequencing (WGS), proved to be an effective and
powerful approach to investigate insect molecular systematics and tax-
onomy, phylogeography and population dynamics (Burger et al., 2014,
Du et al., 2019, Dupuis et al., 2017, Esquerré et al., 2019, Feng et al.,
2018, Jia et al., 2012, Kornilios et al., 2020, Liu et al., 2020, Ma et al.,
2012, Torricelli et al., 2010, Wang et al., 2013), and whole reference
genomes or mitogenomes are publicly available in GenBank (see
Table S1 for a list of tephritid mitochondrial genomes).

In this study, we address the molecular taxonomy and phylogeny of
the FARQ complex from a phylogenomic perspective with the main
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objective of clarifying relationships between the FARQ species as well as
between the complex and the other Ceratitis subgenera.

2. Materials and methods
2.1. Samples collection and DNA extraction

Thirty-six samples of thirteen species, representing four Ceratitis
subgenera, were collected from nine African countries by protein or
trimedlure (TML)-baited traps (Table 1).

Morphological identification was based on a set of multientry iden-
tification keys for African frugivorous flies (Diptera, Tephritidae)
developed by Virgilio et al. (2014). Total genomic DNA was isolated
from each specimen (the abdomen was removed to avoid the pollution
of symbiotic bacteria) using the DNeasy DNA Extraction kit (QIAGEN)
following the standard operating procedure with minor modifications.

2.2. High-throughput sequencing

Total genomic DNA was sent to BerryGenomics (China) for frag-
mentation to an average insert size of 450 bp and library construction
using the Illumina TruSeq Nano DNA library Prep Kit with input of

Table 1
Taxon sampling in this study.
Genus Subgenus Species Sampling Number Population Collection Total Accession Reference
Date Length Number
Ceratitis Ceratalaspis  C. cosyra C. cosyra SDN1 Singa, Sudan 2009-10-13 16,424 MT036783 Present study
C. cosyra ZWE1 Zimbabwe 2018-03-21 15,949 MTO036784 Present study
C. pallidula C. pallidula TZA1 Morogoro, Tanzania 2013-06-01 15,959 MT036774 Present study
C. pallidula TZA2 Morogoro, Tanzania 2013-06-01 15,958 MTO036775 Present study
C. quinaria C. quinaria SDN1 Singa, Sudan 2009-10-13 15,950 MT036788 Present study
Ceratitis C. capitata C. capitata KEN1 Ruiru, Kenya 2011-05-12 15,980 MT036782 Present study
C. capitata LAB1 Laboratory strain 15,980 AJ242872 Spanos et al., 2000
Pardalaspis C. bremii C. bremii GIN1 Conakry, Guinée 2017-07-16 16,252 MT036781 Present study
C. ditissima C. ditissima NGA1 Nasarawa, Nigeria 2017-08-19 16,334 MTO036785 Present study
C. punctata C. punctata GIN1 Conakry, Guinée 2017-07-16 16,376 MT036786 Present study
Pterandrus C. anoane C. anoane CMR1 Cameroon 2004-10-18 16,052 MTO036765 Present study
C. anoane CMR2 Cameroon 2004-10-18 16,014 MT036766 Present study
C. anoane CMR3 Cameroon 2004-10-18 16,021 MT036767 Present study
C. anoane CMR4 Cameroon 2004-10-18 16,019 MTO036768 Present study
C. fasciventris  C. fasciventris BDI1 ~ Nyarubanga, Burundi 2014-01-05 16,027 MT036769 Present study
C. fasciventris BDI2 ~ Nyarubanga, Burundi 2014-01-05 16,018 MT036770 Present study
C. fasciventris BDI3 ~ Nyarubanga, Burundi 2014-01-05 16,026 MT036771 Present study
C. fasciventris BDI4  Nyarubanga, Burundi 2014-01-05 16,022 MT036772 Present study
C. fasciventris BDI5 ~ Nyarubanga, Burundi 2014-01-05 16,020 MT036773 Present study
C. fasciventris Kenya 16,017 KY436396 Drosopoulou et al.,
KEN1 2017
C. querita C. querita KEN1 Nairobi, Kenya 2005-05-30 15,990 MTO036787 Present study
C. quilicii C. quilicii TZA1 Langali, Tanzania 2013-05-18 16,016 MT036776 Present study
C. quilicii TZA2 Langali, Tanzania 2013-05-18 16,021 MT036777 Present study
C. quilicii TZA3 Langali, Tanzania 2013-05-18 16,025 MT036778 Present study
C. quilicii TZA4 Langali, Tanzania 2013-05-18 16,021 MT036779 Present study
C. quilicii TZA5 Langali, Tanzania 2013-05-18 16,021 MT036780 Present study
C. quilicii ZAF1 Mpumalanga, South 2014-02-20 16,025 MT036791 Present study
Africa
C. quilicii ZAF2 Mpumalanga, South 2014-02-20 16,033 MT036792 Present study
Africa
C. quilicii ZAF3 Mpumalanga, South 2014-02-20 16,022 MT036793 Present study
Africa
C. quiliciiZAF4 Mpumalanga, South 2014-02-20 16,023 MT036794 Present study
Africa
C. quilicii ZAF5 Mpumalanga, South 2014-02-20 16,033 MT036795 Present study
Africa
C. quilicii ZAF6 Mpumalanga, South 2014-02-20 16,018 MT036790 Present study
Africa
C. rosa C. rosa TZA1 Langali, Tanzania 2013-05-18 16,001 MT036796 Present study
C. rosa TZA2 Langali, Tanzania 2013-05-18 15,993 MT036797 Present study
C. rosa TZA3 Langali, Tanzania 2013-05-18 15,994 MT036798 Present study
C. rosa TZA4 Langali, Tanzania 2013-05-18 15,993 MT036799 Present study
C. rosa TZA5 Langali, Tanzania 2013-05-18 15,999 MT036800 Present study
C. robivora C. rubivora TZA1 Langali, Tanzania 2013-05-18 16,017 MT036789 Present study
Neoceratitis N. asiatica N. asiatica CHN1 Ningxia, China 2014-06-25 15,481 MF434829 Su et al., 2017
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0.15-4.32 pg genomic DNA. Next-generation sequencing was conducted
on an Illumina HiSeq 2500 platform (2 x 150 bp paired-end reads).
Fastp v0.20.0 (Chen et al., 2018) with default settings was used for
preliminary adapter and read trimming and read filtering.

2.3. Mitochondrial genome assembly, annotation and analysis

The 658 bp fragment of cox1 (DNA barcode region) was used as an
anchor for mapping reference strategy assembly. The universal primer
pair LCO1490/HCO02198 (Flomer, 1994) was used to amplify the frag-
ments with the following reaction conditions: 1 cycle of denaturation at
94 °C for 3 min, followed by 35 cycles of denaturation at 94 °C for 30s,
annealing at 53 °C for 30 s, and elongation at 72 °C for 30 s and then a
final extension at 72 °C for 10 min. PCR products were purified and sent
for Sanger sequencing at BGI (China).

Cleaned paired-end reads assembled to a 658 bp cox1 fragment using
the “Map to Reference” strategy were run in Geneious R.10.0 (https
://www.geneious.com) with 1000 iterations to obtain mitochondrial
genome reads from data. Parameters were set following Herd et al.’s
(2015) recommendation: 1) minimum overlap identity 95%, 2) mini-
mum overlap 50 bp, 3) maximum 10% gaps per read and 4) maximum
gap size 20 bp. High quality coverage contigs were generated into a
consensus sequence. The overlapping region was manually searched at
the head and tail of the consensus sequence and removed to circularize
each complete mitochondrial genome.

Thirteen protein-coding genes (13 PCGs) and noncoding RNAs (22
tRNAs and 2 rRNAs) were automatically annotated by MITOS Web
Server with the appropriate parameters: Reference= “RefSeq 63 Meta-
zoa” and Genetic Code = “5 Invertebrate” (Bernt et al., 2013). Following
the guidelines of Cameron (2014), the accuracy of 13 PCGs and 2 rRNAs
was manually checked in Geneious by alignment with homologous
genes of previously sequenced tephritid mitochondrial genomes. MitoZ
(Meng et al., 2019), a mitogenome toolkit, was used to confirm the de
novo assembly and annotation accuracy after comparison with the “map
to reference strategy” results. Skews were manually calculated with the
formula AT skew = (A — T)/(A + T) and GC skew = (G — C)/(G + C)
(Perna and Kocher, 1995). A total of 36 annotated specimens of 13
Ceratitis species mitochondrial genome sequences were deposited in
GenBank.

2.4. Genome-wide SNPs identification

The whole genome of the Mediterranean fruit fly, Ceratitis capitata
(Papanicolaou et al., 2016) (GenBank accession GCA_000347755.4) was
used as a reference genome for paired-end read mapping using Burrows-
Wheeler Alignment with BWA-MEM algorithms (Li and Durbin, 2009).
Following alignment, Picard Tools (http://broadinstitute.github.io/pi
card/) was used to mark and remove duplicate reads. The Genome
Analysis Toolkit (GATK version 4.1.4.1) (McKenna et al., 2010) was
used to call variants via the HaplotypeCaller algorithm in Genomic
Variant Call Format (GVCF) mode. The SNP filtering was then imple-
mented by using GATK- VariantFiltration with the following parameters:
quality-by-depth ratio (QD) < 2.0, read mapping quality (MQ) < 40.0,
probability of strand bias (FS) > 60.0, symmetric odds ratio (SOR) > 3.0,
MQRankSum < -12.5 or ReadPosRankSum < -8.0. SNPs in approximate
linkage equilibrium were pruned using PLINK v1.90b4 (Purcell et al.,
2007) by considering a threshold of R2 > 0.8 and a window size = 1 k
bp. Annovar (Wang et al., 2010) was used for SNP annotation, including
1) the distribution of SNPs (exon, intron, 5’ and 3’ untranslated regions,
upstream and downstream regions, intergenic regions, and splice sites)
and 2) the SNPs in exonic regions that were identified as synonymous or
NONSynonymous.
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2.5. Phylogenetic analyses

2.5.1. Mitogenomic data

For mitochondrial phylogenetic analyses, the mitochondrial genome
of 38 specimens (including C. capitata AJ242872 and C. fasciventris
KY436396 from GenBank) belonging to 13 Ceratitis species was used
with Neoceratitis asiatica as the outgroup. Analyses were repeated on two
different alignments obtained using the default parameters of ClustalW
(Thompson et al. 1994). Possible incongruences in the alignment of
protein-coding genes were verified by translating amino acids in MEGA
7.0 (Kumar et al., 2016) and checking for artifactual stop codons. The
first alignment included all 13 protein-coding genes (dataset 1: PCG123)
and the second protein-coding genes and ribosomal RNA (rnS and rrnlL,
dataset 2: PCG123 and rRNAs). The rRNA genes were aligned using
MAFFT with Q-INS-i iterative refinement methods to consider rRNA
structural information (Katoh et al., 2019). For each gene, alignments
were verified using Gblocks v0.91b (Castresana, 2000). SequenceMatrix
v1.7 (Vaidya et al., 2011) was used to concatenate aligned sequences for
each dataset. Mitogenomic data were used for both maximum likelihood
(ML) and Bayesian (BI) tree reconstruction following the methods
described below. For BI analyses, the best-fit partitioning schemes and
substitution models for each gene were determined by PartitionFinder
2.1.1 (Lanfear et al., 2012) for both dataset 1 and dataset 2 using the
corrected Akaike information criterion (AICc) greedy algorithm.
Detailed partitioning schemes and best-fit models are listed in Tables S5
and S6.

2.5.2. Genome wide SNP data

For the analysis of relationships among Ceratitis FARQ complex
species, based on genome-wide SNPs, we selected four C. anonae sam-
ples (C. anonae CMR1-CMR4), four C. fasciventris samples (C. fasciventris
BDI1 and BDI3-BDI5), ten C. quilicii samples (C. quilicii TZA1-TZA5 and
C. quilicii ZAF2-ZAF6), five C. rosa samples (C. rosa TZA1-TZAS5) and
C. rubivora as an outgroup for tree reconstructions. The SNPhylo pipeline
(Lee et al., 2014) was used to generate multiple alignments from the
filtered SNP data. Phylogenetic relationships within the FARQ complex
were investigated using both ML and BI tree reconstructions. For ML
analyses, we used RAXML (Stamatakis, 2014). Bayesian analyses were
conducted with MrBayes v3.2.5 (Ronquist and Huelsenbeck, 2003)
using two independent runs with four simultaneous Markov chains,
running for 10,000,000 generations and trees sampled every 1000
generations (with the first 25% of trees discarded as burn-in). Parti-
tionFinder, RAXML and MrBayes analyses were run in CIPRES Science
Gateway V3.3 (Miller et al., 2010). FigTree v1.4.3 (Rambaut, 2015) and
iTOL (Interactive Tree Of Life) v5 (Letunic and Bork, 2019) were used to
draw and to annotate phylogenetic trees. Only nodes with bootstrap
support > 75% and posterior probability (PP) > 0.95 were considered
supported, and all others were discarded from further consideration.

For the FARQ complex, coalescent species delimitation was also
implemented in SNAPP (Bryant et al., 2012). In this respect, an input
XML file was compiled in BEAUti (Bouckaert et al., 2014) using all
genome wide SNPs and default priors and model parameters. An MCMC
run was then implemented in BEAST 2 (Bouckaert et al., 2014) for one
million generations and sampled every 1000 generations. Run conver-
gence was verified in Tracer v1.7 (Rambaut et al., 2018) by checking
that the effective sample size (ESS) of parameters sampled from the
MCMC run was > 200. This method was always possible, with the
exception of a limited number of theta values for internal branches.
DensiTree v2.2.6 (Bouckaert and Heled, 2014) was used to visualize the
SNAPP species trees after a 10% MCMC chain burn-in. A maximum-
clade-credibility tree was generated with TreeAnnotator (Drummond
and Rambaut, 2007) with 10% burn-in and visualized in FigTree v.1.4.3
(Rambaut, 2015).

Split and introgression patterns within the Ceratitis FARQ complex
were explored in TreeMix (Pickrell and Pritchard, 2012). This approach
allows inferring historical relationships between populations on the
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basis of covariance of allele frequencies and Gaussian approximation to
genetic drift. Python scrpits plink2treemix.py (https://github.com/
speciationgenomics/scripts/blob/master) and plink2treemix.py (htt
ps://bitbucket.org/nygcresearch/treemix/downloads) were prelimi-
narily used to generate the TreeMix input file. Interspecific introgression
was tested using C. rubiovra as the outgroup and 0, 1, 2, 3, and 4
migration edges (m). The R package OptM (Fitak, 2020) was used to
optimize the number of migration edges using threshold models.

3. Results
3.1. Characterization of the mitochondrial genomes

High-throughput sequencing (HTS) generated an average of
24,727,683 reads per sample (SD = 3,740,156), corresponding to an
average coverage of 16.99 (SD = 2.57) (Table S2). All the sequences
reported in this study were deposited into the NCBI SRA under the
accession number PRJNA701261 (Table S2).

In this study, we obtained 36 complete mitochondrial genomes from
13 species belonging to four subgenera of Ceratitis. The length range of
the complete mitochondrial genome was from 15,949 bp in C. cosyra
(Sudan) to 16,424 bp in C. cosyra (Zimbabwe). The length variations of
13 PCGs, 22 tRNAs and 2 rRNAs were very minor, while the length
variation among different specimens was mainly caused by the variation
in the control region (size range from 993 bp in C. querita to 1,487 bp in
Zimbabwe C. cosyra). The arrangement of the 37 genes was identical to
the arrangement in Drosophila yakuba (Clary and Wolstenholme, 1985),
indicating high conservation.

Base composition of the whole mitochondrial genome, i.e., Thirteen
PCGs, 22 tRNA genes, 2 rRNA genes, and a control region and
comparative analysis of the A + T%, AT skew, and GC skew, are shown
in Table S3. All Ceratitis species showed high A + T base compositional
bias, especially in the control region (the average A + T% of the whole
mitochondrial genome, 13 PCGs, 22 tRNA genes, 2 rRNA genes, and the
control region was 77.17%, 75.13%, 76.96%, 80.25%, and 90.42%,
respectively). All AT skews were positive, while GC skews were
negative.

The usage of 13 PCG start codons and stop codons is shown in
Table S4. All PCGs shared the common start codons as ATN, except for
the cox1 gene in all 13 species, which started with TCG, and the nad1
gene in C. cosyra, which started with GTT. For Diptera, it is common to
share with a special start codon TCG in cox1. For stop codons, most PCGs
conservatively terminated with TAA. The cob gene possessed the unique
stop codon TAG, and the nadl and nad5 genes had incomplete termi-
nation codons (T in nadl and TA in nad5).

3.2. Genome-wide SNP identification and annotation

An average of 63,265,735 (SD = 4,941,586) SNPs per specimen were
discovered using GATK (Table S5). After filtration, we identified
785,484 shared SNPs within the Ceratitis FARQ complex and C. rubivora
(Table S5). All the samples SNPs data reported in this study were
deposited into the The European Bioinformatics Institute - European
Variation Archive (EBI-EVA) under the accessions Project ID:
PRJEB43696, Analyses ID: ERZ1758389.

Among the SNPs, 71.85% of single base substitutions were transi-
tions (A/G, C/T and A/C), and 28.15% were SNP transversions (A/T, C/
G and G/T) (Fig. 1). SNPs recovered in intronic intergenic and exonic
regions were 38.12%, 27.43% and 22.18%, respectively(Table 2).

3.3. Phylogenetic relationships among Ceratitis subgenera

The ML and BI analyses of two datasets (dataset 1: PCG123, dataset
2: PCG123 + rRNAs) including 38 mitochondrial genomes from 13
species (Fig. 2) allowed recovery of the subgenera Ceratalaspis, Ceratitis,
and Pardalaspis as strongly supported monophyletic groups (posterior
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Fig. 1. The transitions and transversions of all the SNPs.

Table 2
Summary of genome-wide SNP annotation information.

Category SNP Numbers
Number of total shared SNPs 785,484
Upstream 23,609
Exonic 174,188

Nonsynonymous 46,232

Synonymous 126,496

Stop gain 351

Stop loss 17

Unknown 1,092
Intronic 299,437
Splicing 142
Downstream 18,828
Upstream/Downstream 6,824
Intergenic 215,473
UTR3 20,688
UTR5 26,241
UTR5/UTR3 54

*4q certitis FARQ complex
Pterandrus

Ceratitis rubivora MT036789
Ceratitis querita MT036787
[ Ceratitis capitata AJ242872
Ceratitis capitata MT036782
123%1[{ Ceratitis quinaria MT036788
*[ Ceratitis pallidula MT036774
*| X Ceratitis pallidula MT036775
_*[ Ceratitis cosyra MT036783
Ceratitis cosyra MT036784
* Ceratitis bremii MT036781
4'_*; Ceratitis ditissima MT036785
Ceratitis punctata MT036786
Neoceratitis asiatica MF434829

Ceratitis

Ceratalaspis

Pardalaspis

—H
0.050

Fig. 2. Maximum likelihood (ML) and Bayesian inference (BI) phylogenetic
trees within four subgenera of Ceratitis. Neoceratitis asiatica was used as an
outgroup. Values above the nodes represent 1) PCG123 Bayesian posterior
probabilities for MrBayes; 2) PCG123 bootstrap values for RAXML; 3) PCG123
and 2 rRNAs Bayesian posterior probabilities for MrBayes; and 4) PCG123 and 2
rRNAs bootstrap values for RAXML. ‘%’ indicates posterior probabilities = 1.00
and ML bootstrap = 100 in all trees.

probability = 1.00 for BI and bootstrap = 100 for ML in all trees).
However, the subgenus Pterandrus was paraphyletic because of
C. querita, which was recovered as a sister species of C. capitata, while
the other Pterandrus representatives (the Ceratitis FARQ complex and
C. rubivora) were monophyletic. All ML and BI tree reconstructions
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recovered Pardalaspis in a basal position to a clade including Ceratalas-
pis, Ceratitis and Pterandrus, with Ceratalaspis basal to the clade,
including Pterandrus and Ceratitis, forming topology as (((Pterandrus +
Ceratitis) + Ceratalaspis)) + Pardalaspis)).

3.4. Phylogenetic analyses and species delimitation within the FARQ
complex

Phylogenetic analyses of the Ceratitis FARQ complex based on
mitogenomic data (both considering PCGs only or PCGs + rRNA) via ML
and BI tree reconstructions are shown in Fig. 3. None of the phylogenetic
reconstructions implemented could recover the four morphospecies of
the FARQ complex as monophyletic, with most of the supported nodes
including mixed samples from different species.

Conversely, the gene trees obtained from the analysis of genomic
data including 785,484 polymorphic SNPs allowed recovery of the four
species of the FARQ complex as distinct and well-supported mono-
phyletic groups (BS = 100 and PP = 1.00 in all trees, see Fig. 4).
C. anonae and C. fasciventris were recovered as sister clades closely
associated with C. rosa, with C. quilicii in a basal position. The topology
of the maximum-clade-credibility tree obtained from the coalescent
analysis (Fig. 5) was strongly supported (PP = 1.00 at all nodes) and
fully in agreement with the topologies of the gene trees obtained from
genomic data (Fig. 4). The species trees visualized in DensiTree were
remarkably consistent and further confirmed the close correspondence
between gene and species trees.

quilicii ZAF5
quilicii ZAF3
quilicii ZAF4
quilicii ZAF1
quilicii ZAF2
quilicii TZA4
rosa TZA1

rosa TZA4

quilicii TZA5
quilicii ZAF6
quilicii TZA3
rosa TZA3

fasciventris BDI1
fasciventris BDI3
anonae CMR4
anonae CMR2

fasciventris BDI4
anonae CMR1
anonae CMR3

fasciventris BDI2

100/4
fasciventris KEN1
fasciventris BDI5
quilicii TZA2

rosa TZA5

quilicii TZA1

rosa TZA2

rubivora

OO0 0000000000000 00600606000600060
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To explore the patterns of introgression within the FARQ complex,
TreeMix software was used to model a maximum-likelihood tree for both
species splits and potential admixture events with C. rubiovra as an
outgroup. The genetic relationships among species revealed by TreeMix
distinguished the four clades, which is consistent with the above
phylogenetic relationship evidence (Fig. 6), regardless of the absence of
migration events, with one migration event. When considering one
migration edge, as indicated by OptM (Fig. S1), TreeMix suggested the
occurrence of an admixture event between C. quilicii and C. fasciventris,
suggesting the existence of introgression events in the FARQ complex.

4. Discussion

The analysis of phylogenomic relationships between Ceratitis sub-
genera further confirmed the polyphyly of Pterandrus, which, according
to Barr and Wiegmann (2009), is subdivided into two sections, with the
FARQ complex belonging to Pterandrus section A (in this study repre-
sented by the four species of the FARQ complex and by C. rubivora). As in
Barr and Wiegmann (2009), we recovered C. querita in Pterandrus sec-
tion B, paraphyletic to representatives of the subgenus Ceratitis s.s. These
results further suggest the need for revision for Pterandrus. In this study,
taxon sampling for Ceratalaspis included only representatives of the
C. cosyra complex (C. cosyra, C. quinaira and C. pallidula), while we have
to take into account that this subgenus was polyphyletic in Barr and
McPheron (2006). Conversely, the monophyly of Pardalaspis is in
agreement with what was observed both in the molecular phylogeny of

quilicii ZAF1
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quilicii ZAF3
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Fig. 3. Maximum likelihood (ML) and Bayesian inference (BI) phylogenetic trees within the Ceratitis FARQ complex. Ceratitis rubivora was used as an outgroup based
on RAXML (A) and MrBayes (B) analysis. Values above the nodes represent bootstrap values for RAXML using dataset 1: PCG123/dataset 2: PCG123 and 2 rRNAs in
(A); Bayesian posterior probabilities for MrBayes using dataset 1: PCG123/dataset 2: PCG123 and 2 rRNAs in (B). ‘%’ indicates posterior probabilities = 1.00 or ML

bootstrap = 100 in all trees.
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Fig. 4. Maximum likelihood (ML) and Bayesian inference (BI) phylogenetic
trees inferred from genome-wide SNPs within the Ceratitis FARQ complex.
Ceratitis rubivora was used as an outgroup. Values above the nodes represent
Bayesian posterior probabilities for MrBayes/bootstrap values for RAXML. ‘%’
indicates posterior probabilities = 1.00 or ML bootstrap = 100 in both trees. ‘-’
indicates nonsupported.

Barr and McPheron (2006), which did not include C. punctata, and with
the cladistic analysis based on morphological characters and host plant
data presented in De Meyer (2005) (which included C. punctata).

In our study, the four species belonging to the Ceratitis FARQ com-
plex could be identified as distinct monophyletic groups only in the
analysis of genome-wide SNPs, while the mitogenomic partition could
not resolve them as separate taxonomic groups. These results suggest
that incomplete lineage sorting or secondary introgression might have
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affected the inconsistent tree topologies obtained for the mitochondrial
and nuclear partitions (Abbott et al., 2016, Weiss et al., 2017). The
introgression between C. quilicii and C. fasciventris revealed by the
TreeMix analyses is consistent with the patterns of interspecific gene
flow described in Virgilio et al. (2013) on the basis of microsatellite data.
Additionally, the lack of complete genetic isolation between species of
the FARQ complex is also supported by the experimental data of Erbout
et al. (2008), who showed that C. fasciventris and either C. rosa or
C. quilicii (as these two species were identified as one before De Meyer
etal. 2016) can generate fertile hybrids under laboratory conditions. It is
also vital to continue interspecific mating experiments among species of
the FARQ complex to obtain a better understanding of the gene flow
discovered within the complex.

First, the analysis of mitogenomic data did not resolve the FARQ
species as separate entities. In this respect, we need to consider both the
strength and direction of the phylogenetic signals provided by the
different partitions considered in this study. In fact, compared to mito-
chondria, the nuclear partition includes approximately one order of
magnitude more data, so the nuclear SNPs might simply have provided a
much stronger signal to the resolution of phylogenetic relationships of
the FARQ complex. Second, it is well known that mitochondrial and
nuclear partitions can provide conflicting signals as a consequence of
recent or ongoing speciation (Battey and Klicka, 2017, Irwin et al., 2009,
Thielsch et al., 2017, Wang et al., 2014), as maternally inherited mito-
chondrial genes are more prone to introgression and incomplete lineage
sorting. Multilocus sequencing data, for example, genome-wide SNPs,
can be a solution to provide unprecedented and accurate insights into
species delimitation and the process of speciation (e.g., Esquerré et al.,
2019, Hundsdoerfer et al., 2019, Mynhardt et al., 2020, Reyes-Velasco
et al., 2020, Weiss et al., 2017). With the possible exception of the
microsatellite-based population structure presented in Virgilio et al.
(2013), this is the first time that the molecular phylogeny of the species
of the FARQ complex can be profitably resolved by a genome-wide SNP
study using HTS data. To resolve further the species delimitation con-
troversy and to confirm the species status, a multiple ‘species tree’
method has also been proposed. SNAPP (Bryant et al., 2012) is widely
used for inferring species trees from unlinked biallelic markers (Donk-
pegan et al., 2020, Gohli et al., 2015, Schmidt-Lebuhn et al., 2017,
Stervander et al., 2016, Streicher et al., 2014, Wielstra et al., 2019). This
method implements a full coalescent model, bypassing the gene trees
and computing species tree likelihoods directly from the markers, inte-
grating over all possible gene trees, rather than sampling them explic-
itly. Phylogenetic inference based on genomic SNP data concatenation
in the coalescent-based species tree (SNAPP tree; Fig. 6) highly sup-
ported four major monophyletic clades as separate species within the
complex and recovered the same topology as the gene tree (maximum
likelihood and Bayesian inference phylogenetic trees; Fig. 4) as
(C. anonae + C. fasciventris) + C. rosa) + C. quilicii. In the present study,
the genomic SNP data corroborated the true status of the four species

‘// C. anonae

\

C. fasciventris

T

C. rosa

C. quilicii

Fig. 5. Species tree estimation of the Ceratitis FARQ complex based on the Multi Species Coalescent Model as inferred by SNAPP and drawn in DensiTree. Support

values on the nodes indicate SNAPP posterior probabilities.
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Fig. 6. Phylogenetic network of the genetic relationships among the Ceratitis
FARQ complex with different possible migration events (m = 0, no migration
event; m = 1, one migration event) inferred from TreeMix analysis. C. rubivora
was used as an outgroup to root the tree. The graph shows the topology and
branch lengths according to the drift parameter. Migration arrows were colored
according to their weight. The scale bar shows 10 times the average standard
error (s.e.) of the entries in the sample covariance matrix W.

within the FARQ complex by providing independent testing to demon-
strate the capacity to resolve the deeper node phylogenetic inference
although with few representative populations for each species. A coor-
dinated research project on the resolution of cryptic tephritids of eco-
nomic significance (Hendrichs et al. 2015) showed that, to some extent,
the FARQ taxa could also be resolved on the basis of wing morpho-
metrics (Van Cann et al, 2015), cuticular hydrocarbons (CHCs)
(Vanickova et al., 2014, Vanickova et al., 2015), and larval morpho-
logical characters (Steck and Ekesi 2015). The integrative and multi-
disciplinary analysis of the FARQ species and the analysis of
morphological differentiation of the midtibia in adult males resulted in
the description of C. quilicii sp. nov. (De Meyer et al. 2016). The results of
this study also suggest that reduced panels of diagnostic SNPs could be
profitably used in the development of rapid and cost-effective tools for
the molecular identification of FARQ species.

5. Conclusions

In this study, we used mitogenome and genome-wide SNPs to
investigate the phylogenetic relationship within the Ceratitis FARQ
complex. The mitochondrial genome failed while genome-wide SNPs
made comprehensive contributions to resolve the Ceratitis FARQ taxa
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and provide insights into their phylogenetic relationships within the
complex inferred by gene and species tree reconstructions. Gene flow
was detected by TreeMix analysis from C. quilicii to C. fasciventris,
providing the evidence of the existence of introgression events in the
FARQ complex. Genome-wide SNPs detected from more representative
geographical populations of each species was necessary to further
explore the inter- and intraspecific evolutionary relationships within the
complex.
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