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Abstract 41 

Bemisia tabaci is a complex of cryptic agro-economically important pest species 42 

characterized by diverse clades, substantial genetic diversity along with strong 43 

phylogeographic associations. However, a comprehensive phylogenomic analysis 44 

across the entire complex has been lacking, we thus conducted phylogenomic 45 

analyses and explored biogeographic patterns used 680 single-copy nuclear genes 46 

(SCNs) obtained from whole-genome sequencing data of 58 globally sourced B. 47 

tabaci specimens. We constructed both concatenation and coalescent trees using 680 48 

SCNs, which produced highly supported bootstrap values and nearly identical 49 

topologies for all major clades. When comparing these concatenation trees with those 50 

constructed using mtCOI and mitochondrial genome, we found conflicting 51 

phylogenetic relationships, with the later trees recovering fewer major clades. In a 52 

separate comparison between concatenation and coalescent trees, particularly those 53 

generated using IQ-TREE, were found to delineate population relationships more 54 

effectively than RaxML. In contrast, coalescent phylogenies were proficient in 55 

elucidating geographical dispersal patterns and the reorganization of biological 56 

species. Furthermore, we provided a strict consensus tree that clearly defines 57 

relationships within most clades, laying a solid foundation for future research on the 58 

evolution and taxonomy of B. tabaci. Ancestral range estimates suggested that the 59 

ancestral region of the complex is likely situated in equatorial Africa, the Middle East, 60 

and Mediterranean regions. Subsequently, expansion occurred into part of the 61 

Palearctic and further into the Nearctic, Neotropical, Indomalayan, and Australasian 62 

regions. These findings challenge both previous classifications and origin hypotheses, 63 

offering a notably more comprehensive understanding of the global distribution, 64 

evolutionary history, diversification, and biogeography of B. tabaci.  65 

Keywords: Bemisia tabaci; cryptic species; phylogenomic tree; species tree; ancestral 66 

geographic ranges 67 

 68 
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INTRODUCTION 69 

The exploration of evolutionary relationships among organisms stands as a pivotal 70 

objective and prerequisite for numerous biological investigations, which are 71 

commonly illustrated through phylogenetic trees (Darwin, 1859; Dobzhansky, 1973; 72 

Schluter, 2000; Grant & Grant, 2011; Boyd et al., 2017; Irisarri et al., 2017). Cryptic 73 

species, despite their morphological similarity, represent distinct species and are 74 

prevalent across various animal phyla (Bickford et al., 2007; Nygren, 2014). Cryptic 75 

species within the domain of pests hold notable importance, given their formidable 76 

resistance to various management strategies (Bickford et al., 2007) leading to 77 

substantial reductions in agricultural yields. Consequently, considerable time, 78 

financial resources, and effort have been allocated to comprehensively control these 79 

pest populations. 80 

The whitefly, Bemisia tabaci (Hemiptera: Aleyrodidae), represents a prototypical 81 

cryptic species complex and is an economically significant pest in tropical and 82 

subtropical regions (Bellows et al., 1994; De Barro et al., 2011). Moreover, they are 83 

vectors for plant viruses that cause extensive damage to both crops and weeds 84 

(Lefeuvre et al., 2011; Legg et al., 2014). Initially considered a singular species with 85 

multiple morphologically similar biotypes (Bird, 1957), recent advancements using 86 

DNA barcoding with the gene encoding mitochondrial cytochrome oxidase I (mtCOI) 87 

(Chu et al., 2008; Ma et al., 2009; Firdaus et al., 2013; Díaz et al., 2015;) and 88 

reciprocal-crossing experiments have unveiled B. tabaci as a cryptic species complex, 89 

encompassing >48 mtCOI-defined species (Tay et al., 2017; Wang et al., 2010, 2011; 90 

Qin et al., 2016). These species are further categorized into distinct genetic clades, 91 

including Africa/Middle East/Asia Minor, Asia I, Asia II, Asia III, Asia IV, Asia V, 92 

Australia/Indonesia, China, New World, Japan 2, Sub-Saharan Africa (SSA), Uganda, 93 

and some unidentified ones (De Barro et al., 2011). The varying species exhibit 94 

remarkable diversity in their ecology and behavior, such as the range of their host 95 

plant (Zang et al., 2006; Xu et al., 2011), insecticide resistance (Horowitz & Ishaaya, 96 
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2014), invasiveness (Liu et al., 2007), specificity for plant virus transmission 97 

(Fiallo-Olivé et al., 2020), and induction of phytotoxic disorders in host plants 98 

(Hogenhout et al., 2008). 99 

Bemisia tabaci is notorious for vectoring hundreds of plant viruses, predominantly 100 

those belonging to the genus Begomovirus, causing billions of dollars in economic 101 

losses globally to major food crop species (Mar et al., 2017; Fiallo-Olivé and 102 

Navas-Castillo, 2019; Menzel et al., 2011; Polston et al., 2014; Amari et al., 2017; 103 

Maruthi et al., 2017; Costa et al., 2020). For example, (1) Asia II clade species of B. 104 

tabaci transmitted the cotton leaf curl disease (CLCuD) in Pakistan, causing an 105 

economic loss of US$5 billion from 1992 to 1997 (Briddon, 2003). (2) MED and 106 

MEAM1 species from the Africa/Middle East/Asia Minor clade have become 107 

invasive globally, with the MED outbreak in China in 2009 transmitting viruses that 108 

caused significant tomato yield losses (Naranjo et al. 2010). (3) In SSA's 109 

cassava-growing regions, SSA clade species carry diseases that lead to yearly 110 

economic losses of US1.9–2.7 billion and US 0.1 billion due to cassava mosaic 111 

disease (CMD) and cassava brown streak disease (CBSD), respectively (Legg et al., 112 

2006; Ndunguru et al., 2015). Given the substantial impact inflicted by species 113 

originating from various clades, it is imperative to acquire a comprehensive 114 

understanding of their molecular phylogenetic relationships and geographic 115 

distribution to effectively implement management strategies. 116 

Recent advancements in high-throughput sequencing, in conjunction with enhanced 117 

efforts in sample collection, indicate that nuclear genes are effective for exploring 118 

phylogenetic relationships within particular clades, surpassing the utility of mtCOI 119 

and the full mitogenome (Wosula et al., 2017; Vyskočilová et al., 2018; de Moya et 120 

al., 2019; Elfekih et al., 2021; Mugerwa et al., 2021; Ally et al., 2023). For example, 121 

Mugerwa et al. (2021) demonstrated the enhanced efficacy of whole-genome single 122 

nucleotide polymorphism in resolving phylogenetic relationships within the SSA1 123 

clade through comprehensive examination of mating datasets and other biological 124 
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traits. De Moya et al. (2019) utilized 2,184 nuclear orthologs obtained through whole 125 

genome sequencing from nine individuals of B. tabaci to reveal cryptic diversity 126 

within the complex. Additional molecular analyses of the phylogeny of B. tabaci have 127 

typically relied on one to three single-copy nuclear genes (SCNs) and restriction site 128 

associated DNA sequencing (RAD-Seq) which yielded a more resolved phylogeny 129 

with high bootstrap support (Wosula et al., 2017; Vyskočilová et al., 2018; Elfekih et 130 

al., 2021; Mugerwa et al., 2021; Wang et al., 2024). However, the confirmation of the 131 

relationship between particular clades remains uncertain, for example, significant 132 

disparities in the positioning of the New World and sub-Saharan Africa clades 133 

between the phylogenetic trees constructed by different datasets (De Barro et al., 2005; 134 

Boykin et al., 2007; Wang et al., 2024). Consequently, this uncertainty hinders a 135 

comprehensive understanding of the biogeographic evolution of this elusive species 136 

complex. Overall, phylogenetic studies on this cryptic species complex are limited 137 

due to inadequate previous sampling in terms of specimen count and region coverage. 138 

Therefore, comprehensive taxon sampling and sufficient datasets are crucial for 139 

gaining further insights into the evolutionary history of B. tabaci. 140 

Phylogenetic and biogeographical analyses have gained increasing attention due to 141 

their potential in explaining the contemporary distributions of organisms (Edwards, 142 

1964; Costello et al., 2015; McGlone, 2005; Riddle, 2005; Cowie & Holland, 2006; 143 

Lecture et al., 2016). Hence, understanding the origin and dispersal of this pest is 144 

crucial for advancing knowledge about its migration and diversification, as well as 145 

offering insights into the development of integrated management practices that 146 

effectively handle the rapidly emerging outbreaks of both whitefly and 147 

whitefly-transmitted viral diseases worldwide. A previous phylogenetic study by 148 

Frohlich et al. (1999) on a global B. tabaci collection revealed two major groups: Old 149 

World and New World. The study traced origin of B. tabaci to the Old World group, 150 

which was further subdivided into Indian subcontinent, equatorial Africa, and 151 

Sahel-region subgroups. Alternative hypotheses regarding the origin and dispersion of 152 

B. tabaci posit that (i) the Asian region serves as the probable center of origin (Mound, 153 
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1983); (ii) the Indian subcontinent represents the origin due to its rich diversity of 154 

natural predators (Rekha et al., 2005); and (iii) SSA is the likely center of origin, 155 

supported by additional genetic diversity within the region (Boykin, 2007; Dinsdale et 156 

al., 2010). The dispersal and present-day biogeographical distribution of B. tabaci 157 

species might be attributed to the fragmentation of Gondwanaland and subsequent 158 

movements of tectonic plates (Boykin et al., 2013). However, drawing conclusions 159 

about migration routes has proven challenging, primarily due to the lack of a robust 160 

backbone phylogeny with comprehensive sampling and a phylogeographical analysis. 161 

A prevailing hypothesis proposes that using a phylogenomic analysis that is 162 

specifically based on Single Copy Nuclear genes (SCNs) at a whole-genome scale can 163 

substantially enhance the resolution of phylogenetic relationships at both shallow 164 

(Naumann et al., 2001; Wagner et al., 2012) and deep levels (Duarte et al., 2010; 165 

Zhang et al., 2012) in plant and in insects (Wiegmann et al., 2000, 2009).The 166 

investigation of SCNs has revealed genome skimming as a highly promising 167 

methodology (Berger et al., 2017; Vargas et al., 2019). This approach entails the 168 

compilation of a limited number of genes obtained from genome skimming datasets 169 

with coverage ranging from 2X to 3.5X. In the realm of insect phylogeny, SCN 170 

sequences present a promising avenue for the discovery of novel traits (Friedlander et 171 

al., 1992, 1994; Brower and DeSalle, 1997; Wiegmann et al., 2000, 2009), 172 

particularly in elucidating higher taxonomic levels. Nevertheless, the efficacy of 173 

SCNs in discerning intragroup relationships within the B. tabaci cryptic species 174 

remains unexplored.  175 

Hence, to investigate the evolutionary relationships within the B. tabaci cryptic 176 

species and estimate ancestral geographic ranges, we conducted both 177 

concatenated-based and coalescent-based phylogenomic analyses using 680 SCNs, as 178 

well as mitogenome analysis based on mitogenomes from 58 specimens representing 179 

the global distribution of B. tabaci. Furthermore, we incorporated the phylogenomic 180 

data into a biogeography-based model to estimate the ancestral geographic ranges for 181 

key nodes along the backbone of the tree. Our study sought to answer the following 182 
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questions: (1) What is the phylogenetic relationship among the cryptic species of B. 183 

tabaci? (2) What disparities, if any, are evident in the evolutionary relationships 184 

depicted by concatenated-based phylogenetic trees and coalescent-based species trees? 185 

(3) What are the origins and ancestral geographic ranges of this pest? 186 

MATERIAL AND METHODS 187 

Sample Collection 188 

Specimens were obtained either directly from the host during field collections or from 189 

laboratory colonies (Wang et al., 2024). In total, specimens were collected from 16 190 

sites from countries across four continents as well as from Australia: 1) Asia: China, 191 

South Korea, India, Pakistan, Cambodia, and Israel, 2) Africa: Uganda, Malawi, 192 

Sudan, Nigeria, Tanzania, Comoros, 3) Europe: Spain, and 4) South America: Brazil, 193 

Peru (Table S1). 194 

Library Preparation and Genome Sequencing 195 

We extracted genomic DNA from 53 collected specimens, all preserved in ethanol, 196 

using the Qiagen Blood and Tissue kit (Valencia, CA, USA) (Wang et al., 2013). A 197 

total of 20 μL of DNA was used for library preparation and DNA sequencing. 198 

Genomic DNA was sheared to achieve a mean fragment size of ~300 bp using a 199 

Covaris M220 instrument (Covaris, Woburn, USA), followed by the application of T4 200 

DNA polymerase (MBI Fermentas, St. Leon-Rot, Germany) to generate blunt ends. 201 

Subsequently, adapters were ligated to the ends of the DNA fragments after adding an 202 

'A' base to the 3' end of the blunt phosphorylated DNA fragments. The desired 203 

fragments were purified through gel-electrophoresis and then selectively enriched and 204 

amplified by PCR. During the PCR stage, the index tag was introduced into the 205 

adapter as required. A quantified Illumina paired-end library, for Illumina HiSeq 206 

sequencing (2  150 bp), was prepared (Mugerwa et al., 2021). Additionally, we 207 

incorporated other next-generation sequencing (NGS) sequences from seven B. tabaci 208 

specimens (Mugerwa et al., 2021; Wang et al., 2023) for subsequent analysis. 209 

Sequence Data Quality Control 210 
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The raw sequencing data were generated by Illumina base-calling software CASAVA 211 

v1.8.2 (http://support.illumina.com/sequencing/sequencing_software/casava.ilmn). 212 

FastQC v.0.10.1(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was 213 

used to examine the Illumina sequence data. The raw paired-end reads were trimmed 214 

and subjected to quality control using Trimmomatic v0.33 215 

(http://www.usadellab.org/cms/uploads/supplementary/Trimmomatic)(Bolger et al. 216 

2014). 217 

SCNs Obtained from the Genomes 218 

To acquire SCN references throughout the entire B. tabaci genome, we retrieved 219 

genomes associated with B. tabaci that were previously published up to 2022 and 220 

evaluated their assembly quality. We then extracted SCN references from those 221 

genomes that exhibited satisfactory assembly quality. In brief, four draft genomes of 222 

B. tabaci were analyzed: MEAM1, MED, SSA1, and Asia II 1 (Chen et al., 2016; Xie 223 

et al., 2017; Chen et al., 2019; Hussain et al., 2019). Among these, the assembly 224 

quality of the MEAM1 genome exhibited superior assembly quality as compared to 225 

the others and was selected as a reference for targeted read assembly, thereby 226 

providing ample genomic information for the construction of phylogenetic clades. 227 

Specifically, we used BUSCO v.2 (Simão et al., 2015) to identify SCNs within the 228 

MEAM1 B. tabaci genome by assessing insect orthologous datasets retrieved from 229 

orthoDB (Zdobnov et al., 2016). 230 

Assembly of Orthologous Sequences 231 

To compile potential SCNs among the quantified Illumina sequence data obtained 232 

from various samples, we used aTRAM v.1.0.4 (Allen et al., 2017). Initially, we 233 

identified 1,291 SCNs from the genome of B. tabaci (MEAM1) (Table S4). These 234 

genes were used as the starting sequences for aTRAM. We configured this tool to 235 

assemble sequences across divergent taxa, we used the resulting contigs in a 236 

post-aTRAM exon stitching process and excluded intron sequences 237 

(https://github.com/juliema/phylogenomic_pipeline). The aTRAM exon stitching 238 

http://support.illumina.com/sequencing/sequencing_software/casava.ilmn
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.usadellab.org/cms/uploads/supplementary/Trimmomatic
https://github.com/juliema/phylogenomic_pipeline
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procedure consisted of two sequential steps: exon positions were first determined 239 

using the reference-guided annotation software Exonerate v2.2.0 (Slater & Birney, 240 

2005), and then the exons were integrated. To further validate the orthologs of the 241 

stitched exons in relation to the original reference sequences, we performed a 242 

reciprocal-best-BLAST analysis on each final exon-containing contig (Allen et al., 243 

2017). 244 

Phylogenomic Tree Construction 245 

The SCNs extracted from each individual genome underwent alignment using PASTA 246 

v1.6.3 (Mirarab et al., 2015). The alignments were subsequently masked by 247 

employing a 40% gap threshold utilizing trimAI 1.4 (Capella-Gutiérrez et al.2009). 248 

Following this, a concatenated supermatrix comprising the aligned SCNs was 249 

generated through Sequence Matrix version 100.0 (Vaidya et al., 2011) for 250 

phylogenetic analyses. We initially used a concatenated-based tree analysis to 251 

determine the phylogenetic relationships within B. tabaci. Codon positions of genes 252 

were grouped into distinct partitions to account for rate heterogeneity across genes. 253 

PartitionFinder 2 (Lanfear et al., 2016) was used to compute these partitions, resulting 254 

in 1,090 data partitions. Subsequently, we merged these data partitions into a single 255 

alignment, creating a concatenated supermatrix alignment. This alignment was then 256 

used for a partitioned maximum likelihood (ML) analysis using RAxML v.8.1.3 under 257 

the GTR+gamma model (Stamatakis, 2014) and IQ-TREE v1.5.5 (Nguyen et al., 258 

2015), using the mixed models generated from PartitionFinder 2 (Lanfear et al., 2016). 259 

Branch support was estimated through 100 bootstrap replicates. 260 

Next, we adopted a coalescent-based species tree estimation approach to infer species 261 

relationships, aiming to reconcile gene tree–species tree conflicts arising from 262 

incomplete clade sorting (Mirarab et al., 2014; Vachaspati & Warnow, 2015). We 263 

used two representative software programs, ASTRAL v.5.6.3 (Mirarab et al., 2014; 264 

Mirarab & Warnow, 2015) and ASTRID-2 (Vachaspati & Warnow, 2015), to estimate 265 

species trees from a comprehensive set of gene trees. Finally, we derived a strict 266 
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consensus tree by synthesizing results from concatenation (RAxML and IQ-TREE) 267 

and coalescent (ASTRAL and ASTRID) phylogenies, effectively summarizing the 268 

phylogenetic outcomes. 269 

To assess species determination, two approaches were employed to detect any 270 

discrepancies between them. Firstly, a 3.5% mtCOI divergence is used to designate 271 

different species (Frohlich et al., 1999; Boykin et al., 2007, 2012; Dinsdale et al., 272 

2010; Lee et al., 2013). Secondly, we also conducted an automatic barcode gap 273 

discovery (ABGD) test (Puillandre et al., 2012) on both the mtCOI and nuclear data 274 

sets. Initially, the test was performed using the mtCOI alignment with both 275 

Jukes-Cantor (JC69) and simple distances. The relative gap width (X) was adjusted to 276 

1.5. All other settings for the mtCOI analysis were kept at their default values. 277 

Subsequently, the ABGD analysis was applied to the nuclear supermatrix of 278 

single-copy orthologs, utilizing both JC69 and simple distances with default settings 279 

(de Moya et al., 2019).  280 

Historical Biogeographical Analyses 281 

BEAUti v1.8.2 (Drummond & Rambaut, 2007) was employed to produce the xml file 282 

for BEAST runs using 711,102 alignment nucleotides obtained from 680 SCNs as the 283 

input data. The MCMC simulations were executed for 50 million generations, with 284 

sampling conducted at every 1000th generation. Convergence across the six runs was 285 

verified using Tracer v1.6.0, and the ESS values exceeded 200 in each case. The 286 

parameter settings for these runs were in accordance with the ones outlined by 287 

Mugerwa et al. (2018). Post-processing, we used ETE 2 in Python (Huerta-Cepas et 288 

al., 2010) to extract only the cryptic species of B. tabaci from the resulting BEAST 289 

phylogeny. The trimmed BEAST tree was subsequently used as the input tree for 290 

BioGeoBEARS v. 1.1.1. Information regarding the current distributions of each 291 

cryptic species was sourced from GenBank (based on submitted mtCOI sequences) 292 

and our collection records. We defined five biogeographical regions according to 293 

Udvardy et al. (1975): A, Part of Palearctic; B, Indomalayan; C, Australian; D, 294 

Nearctic and Neotropical; and E, Western Palearctic plus Afrotropical. To infer the 295 
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ancestral ranges and colonization history of the B. tabaci cryptic species group, we 296 

compared three main models: the Dispersal–Extinction–Cladogenesis (DEC) model, 297 

which incorporates regional features influencing biogeographic change rates (Ree, 298 

2005; Ree & Smith, 2008); the Dispersal-Vicariance (DIVA-like) model (Ronquist, 299 

1997) which reconstructs ancestral distributions within a phylogeny without relying 300 

on any prior assumptions concerning the nature or form of area relationships; and the 301 

BAYAREA-like model which enables the estimation of parameters for a given 302 

biogeographic model and facilitates the objective comparison of different 303 

biogeographic models (Landis et al., 2013). Each model was implemented with or 304 

without the jump dispersal parameter (J), allowing ranges to change to include new 305 

areas during speciation (Matzke, 2014). Thus, we compared six distinct models: DEC, 306 

DEC + J, DIVA-like, DIVA-like + J, BAYAREA-like, and BAYAREA-like + J. To 307 

determine the best-fitting model, a likelihood ratio test was conducted (Ree, 2005). 308 

The probabilities of the ancestral states obtained with the best-fitting model were 309 

visually represented as pie charts at the nodes of the tree. 310 

Results 311 

Sampling Strategy 312 

For NGS analysis, we collected 58 B. tabaci samples, in addition to two outgroups 313 

(Bemisia afer). Sample labels were assigned based on mtCOI barcode delimitation, 314 

geographical distribution, and the order of description (Dinsdale et al., 2010; De 315 

Barro et al., 2011; Boykin et al., 2012). The dataset used in this study thus consisted 316 

of 60 specimens, which included 33 putative mtCOI barcode B. tabaci cryptic species 317 

and two outgroup species based on mtCOI sequences using the 3.5% threshold or 3.5% 318 

threshold derived from ABGD analysis (Table S2,3 and Fig. 1A, B). The uncorrected 319 

pairwise distances of the mtCOI sequences are illustrated in Table S2 and Fig. 1C, 320 

which are largely higher than those of SCNs divergence (Table S2), except for the 321 

species pair (sub_Saharan Africa 20_Uganda1 and sub_Saharan Africa 322 

20_Uganda2/MED_uganda 1 and MED_uganda 2), which has the lowest mtCOI 323 
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pairwise distances as 0.0015 and 0.000 (Table S2). Additionally, we discovered three 324 

novel putative species, namely SSA 18, SSA 19, and SSA 20. Notably, SSA 19 325 

clustered within the previously identified SSA clades reported by Dinsdale et al. 326 

(2010), whereas SSA 18 and SSA 20 formed distinct clusters within previously 327 

unidentified clades. The sequence identity of mtCOI for each unknown species 328 

compared to its closest relative in GenBank ranged from 87.65% to 92.98% (Table 1). 329 

The corresponding nuclear divergence with the remaining mtCOI-defined species 330 

varied between 1.99% and 4.52%, 1.56% and 4.54%, as well as 3.43% and 4.51% 331 

(Table S2). Notably, we observed two SSA20 samples that exhibited a nuclear 332 

divergence of only 0.59%, whereas the mtCOI divergence between them was 1.50%. 333 

Our sampling encompassed 11 identified clades, along with four unidentified clades, 334 

and revealed three novel putative species. This coverage represented 79% (38/48) of 335 

the putative B. tabaci species, which allows for a more thorough understanding of the 336 

diversity and distribution of B. tabaci species. 337 

DNA Sequencing and Assembly of SCNs 338 

The genomic libraries for the 58 B. tabaci samples and two outgroups yielded an 339 

average of 180,230,808 (ranging from 136,146,850 to 264,664,076) raw 150-bp reads 340 

per sample. After quality trimming, the clean reads (ranging from 110,870,294 to 341 

242,663,488) were aligned to the MEAM1 genome, resulting in allocation rates of 342 

66.92–95.78% (7.61% and 7.81% for the two outgroups) and an average depth of 343 

15.25–43.03 (1.10–1.20 for the two outgroups), suggesting that the sequencing data 344 

provided robust and comprehensive coverage of the MEAM1 genome for most 345 

samples, enabling detailed genetic analysis. Sequences from each adult individual 346 

covered 64.06–95.62% (5.40%, 6.39% for the two outgroups) of the reference 347 

genome, indicating a substantial variation in the extent of genomic coverage among 348 

samples. Overall, these results demonstrate the successful alignment of the sequencing data 349 

to the reference genome, hereby establishing a robust framework for the subsequent 350 

identification and analysis of SCN genes. 351 
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Of the 1,291 targeted SCNs (Table S4), an average of 1,232 candidate orthologs 352 

(range: 930–1289) were assembled, either in part or in whole, from each sample. 353 

Eventually, to ensure the reliability and accuracy of the phylogenetic inferences, 680 354 

SCNs were selected for phylogenetic analysis after removing potentially 355 

non-orthologous contigs and gene sets with >50% missing data. The concatenated 356 

alignment contained 711,102 sites. The GC composition was analyzed for each codon 357 

position, which indicated that the third codon position had a higher GC composition 358 

than the first and second positions. However, the third codon positions were retained 359 

for downstream analysis, as the bias was consistent across all taxa (Fig. S1), which is 360 

unlikely to introduce systematic errors in the phylogenetic analysis. 361 

Concatenation Trees 362 

Our concatenated analyses resulted in highly supported IQ-TREE (Fig. 2A) and 363 

RAxML (Fig. 2B) trees. Both trees revealed the presence of three prominent genetic 364 

clades among a total of 14 clades, which included four unknown clades (Fig. 2), 365 

suggesting the unexpectedly high diversity of B. tabaci cryptic species. These clades 366 

consist of species designated as SSA 14, SSA 18, SSA 17, SSA 20, and East 367 

Africa—all collected from the SSA region, suggesting a geographical pattern in the 368 

distribution of these genetic clades. In the IQ-TREE, all inner nodes received 369 

bootstrap values exceeding 95%, except for the pair relationships of sub_Saharan 370 

Africa 1_SG3 and sub_Saharan Africa 1_SG2 in Clade a, indicating some uncertainty 371 

in their precise relationship. For the RAxML tree, the mean bootstrap support was 372 

97.8% and ranged from 69% to 100% (Fig. 2B). Of the total 57 inner nodes, a 373 

substantial majority of 52 nodes (91.23%) obtained a bootstrap support of 80% or 374 

higher. It is worth mentioning that clade a displayed two branches, namely the 375 

connection between sub_Saharan Africa 1_SG1/SG3 and the relationship between 376 

sub_Saharan Africa 6/sub_Saharan Africa 1, that received <80% bootstrap support. 377 

Conversely, all remaining branches exhibited a bootstrap support exceeding 95%. 378 

Clade b exhibited two branches, namely the relationship between Asia 379 

I_Cambodia/AI AsiaI_India and the relationship of China 5 with other species, both 380 
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of which received <80% bootstrap support (Fig. 2B). In clade c, the relationships 381 

were strongly supported, as almost all branches received 90% bootstrap support, 382 

except for the weaker support observed for the interrelationships among species of 383 

MED and MEAM1 (Fig. 2B). 384 

In comparing the two trees, branches that received <80% bootstrap support in the 385 

RAxML tree had values exceeding 95% bootstrap support in the IQ-TREE while 386 

maintaining their topology. The main discrepancies between the RAxML tree and 387 

IQ-TREE were associated with the former phylogeny, in which MED (MED_Sudan, 388 

MED_Q2_Spain, MED_Israel) exhibited closer relationships to MEAM1 species than 389 

to the other MED clade species from Uganda. Moreover, some confusion did arise 390 

regarding clade names and the major clades that they belong to. For instance, (i) the 391 

China 5 was indeed located at the base of the clade comprising species of Asia I, 392 

China, Australia, and some Asia II species. (ii) SSAs appeared in both the 393 

Africa/Middle-East/Asia Minor and SSA clades. (iii) The Asia II clade is disrupted by 394 

the insertion of a China clade. These discoveries highlight the challenges in 395 

classifying and understanding the diverse and dynamic nature of B. tabaci species 396 

relationships and cladogenesis.  397 

Comparisons of Concatenation Trees with mtCOI and Mitochondrial Genome 398 

Trees   399 

The phylogenetic relationships in B. tabaci, as inferred from concatenation trees, 400 

showed contradictions with those derived from mtCOI and mitochondrial genome 401 

(Figs. 1-3). For instance, in comparison to the concatenation trees, the mtCOI and 402 

mitochondrial genome phylogenies recovered fewer major clades. As for comparing 403 

the mitogenome-based (Fig. 3) and concatenation phylogenetic analysis (Figs. 2), East 404 

Africa_Uganda1 and East Africa_Uganda2 were clustered outside the clades 405 

containing sub_Saharan Africa 19_Uganda1 and sub_Saharan Africa 19_Uganda2, as 406 

well as the MEDs and MEAM1s in the former topology. Intriguingly, the 407 

concatenation phylogenies yielded a different arrangement, with East 408 
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Africa_Uganda1aligning with the Indian Ocean rather than East Africa_Uganda2, and 409 

sub_Saharan Africa 19_Uganda1 clustering with sub_Saharan Africa 9 rather than 410 

sub_Saharan Africa 19_Uganda2 (Fig. 2). Furthermore, in contrast to the mitogenome 411 

phylogeny, our concatenation phylogenies revealed that Asia II 3 and Asia II 9 412 

clustered alongside China 1 and China 2. Asia II 6 was positioned at the base of the 413 

Asia II clade, which includes Asia II 1, Asia II 7, and Asia II 5 (Fig. 2). The findings 414 

are consistent with previous literature, supporting the hypothesis that phylogenies 415 

based on mtCOI or full mitogenomes often conflict with those derived from whole 416 

genome data (Hadjistylli et al., 2016; Wosula et al., 2017; Vyskočilová et al., 2018; 417 

Mugerwa et al., 2021; Wang et al., 2024). 418 

Coalescent Phylogenies 419 

Considering the potential influence of incomplete clade sorting on inferred B. tabaci 420 

phylogeny branches in concatenated tree analyses, we investigated two multispecies 421 

coalescent approaches, namely ASTRID and ASTRAL, to elucidate the phylogenetic 422 

relationships among B. tabaci. In general, the coalescent trees from both ASTRID 423 

(Fig. 4A) and ASTRAL (Fig. 4B) approaches exhibited concordance with the trees 424 

derived from the concatenated analysis. The ASTRID tree had robust branch support, 425 

with values ranging from 80 to 100% for most individual branches. However, one 426 

branch (Asia II 7_India) received <80% posterior probability support. Conversely, the 427 

ASTRAL tree displayed comparatively lower support values, which were particularly 428 

noticeable for potentially conflicting shallow branches dispersed across the phylogeny. 429 

This difference highlights the varying sensitivity and resolution of the two coalescent 430 

methods. The ASTRAL tree indicated that the Japan 2 was the sister clade to all other 431 

B. tabaci, whereas Japan 2 was clustered with clade a in the ASTRID tree. The 432 

remaining B. tabaci were classified into three distinct, strongly supported clades 433 

(designated as a–c in Fig. 4). Furthermore, the interrelationships among these three 434 

major clades were successfully resolved. Overall, these results contribute to a more 435 

nuanced understanding of the phylogenetic relationships and evolutionary history of B. 436 
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tabaci, highlighting areas of agreement and discordance between different analytical 437 

methods. 438 

Comparative Analysis of Concatenated and Coalescent Phylogenies 439 

In comparison to the concatenated phylogenies, the coalescent species tree analyses 440 

resulted in subtle variations (Figs. 3 and 5), which were particularly evident in the 441 

positioning of certain species. Notably, within the three major clades, a lone 442 

topological discrepancy was observed—an alternative arrangement of New World 1 443 

and 2. In the coalescent species trees, these two species were embedded within clade c, 444 

albeit with highly supports, whereas in concatenated phylogenies, they were situated 445 

within clade b, accompanied by stronger support. Regarding individual clade, China 5 446 

exhibited divergence just before Italy3 in the coalescent species trees. Conversely, it 447 

was embedded within the clade comprising Asia clades and the Australia clade in the 448 

concatenated phylogenies. Notably, the placement of species from Uganda, for 449 

example the species SSA 19, presents a conflict in trees constructed using both 450 

approaches. An alternative relationship (SSA 1_SG3, SSA 3, Asia II 7) was observed 451 

among well-supported clades connected by short branches. For instance, the SSA 3 452 

mixed with the SSA 2 in the concatenated species tree, whereas they were placed as a 453 

sister group to the SSA2 in coalescent phylogenies. The differing placements of these 454 

species in the coalescent trees versus the concatenated phylogenies may reflect 455 

distinct adaptations or historical events that have shaped their genetic makeup and 456 

distribution. Lastly, the strict consensus of the IQ-TREE, RAxML, ASTRAL, and 457 

ASTRID trees highlights a remarkable degree of nearly identical topologies (Fig. 5) 458 

with well-resolved relationships within most clades, providing a solid foundation for 459 

future evolutionary and taxonomic investigations into B. tabaci. 460 

Geographical Separation and Possible Ancestral Origin 461 

The model selection using AIC in BioGeoBEARS favored the BAYAREALIKE+J 462 

model, as it exhibits a significantly higher likelihood score (Table 2). Consequently, 463 

subsequent analyses primarily concentrated on the outcomes derived from the optimal 464 
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model. The results indicated that B. tabaci from the western Palearctic plus 465 

Afrotropical regions were predominantly confined to two major clades (a and c; Fig. 466 

6). Similarly, the part of Palearctic or Indomalayan B. tabaci were mainly confined to 467 

a single major clade (b), except for the Japan 2 species, which did not align with the 468 

three aforementioned major clades. The results revealed several dispersal events (Fig. 469 

6), underscoring the species' remarkable capacity to colonize novel regions and thrive 470 

in diverse environments. One noteworthy example is an ancient migration of B. tabaci 471 

from the part of Palearctic or Indomalayan region to Australia, giving rise to 472 

subsequent speciation events, as evidenced by two taxa from Australia (referred to as 473 

Australia and Australia_E) embedded within a clade that predominantly comprises the 474 

part of Palearctic and Indomalayan species (clade b). Additionally, the presence of 475 

Asia I and Asia II 1 species in both the part of Palearctic and Indomalayan regions 476 

suggests extensive movement between these two regions. The identification of these 477 

clades and their geographical associations suggests that B. tabaci has undergone 478 

significant diversification and speciation processes, leading to the formation of 479 

genetically distinct populations across different regions. 480 

Our ancestral range estimates offered a compelling visualization of the geographical 481 

isolation patterns within the B. tabaci complex. The optimal biogeographic pathway, 482 

as derived from our modeling, indicates a minimum of five dispersal events (Fig. 6, 483 

I–V). The distribution of the species initiated in the western Palearctic and 484 

Afrotropical region (Fig. 6, I), followed by range extensions into the part of Palearctic 485 

(Fig. 6, III) and the Nearctic and Neotropical (Fig. 6, I), further extending into the 486 

Indomalayan region (Fig. 6, IV), and ultimately reaching the Australian region (Fig. 6, 487 

V). This suggests that the B. tabaci complex has undergone significant geographical 488 

expansion and adaptation over time. Given that the highest species diversity is 489 

concentrated in the middle regions of equatorial North Africa and in the Middle East 490 

and Mediterranean regions, it is likely that the ancestral region can be narrowed down 491 

to this specific geographic area. The dispersal from the western Palearctic plus 492 

Afrotropical region implies migrations to the Americas, as well as the part of 493 
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Palearctic, contributing to the clades associated with New World, Asia, and China. 494 

Subsequently, species indigenous to Asia and China underwent dispersal toward 495 

either the Indomalayan or Australian regions. Notably, all major nodes along the 496 

phylogenetic tree's backbone trace their ancestral range to the middle regions of 497 

equatorial North Africa and the Middle East and Mediterranean regions. The only 498 

exception arises with the species Japan 2, which was collected from Korea and 499 

showed ancestral range estimates that encompassed the middle regions of equatorial 500 

North Africa, the Middle East, and the Mediterranean regions, along with the part of 501 

Palearctic, raising questions about its taxonomic status and the completeness of 502 

sampling in certain regions. This anomaly could be attributed to either incomplete 503 

sampling from the Asia, part of Palearctic or the possibility that Japan 2 is not a B. 504 

tabaci species (Mugerwa et al., 2018). These results provide crucial insights into the 505 

evolutionary history, diversification, and biogeography of the B. tabaci complex, 506 

indicating the importance of integrating genetic and geographical data to understand 507 

species distributions and diversity. 508 

Discussion 509 

Phylogeny Framework of B. tabaci 510 

Within the B. tabaci cryptic species complex, the phylogenetic structure specifically 511 

of the SSA clade species have been investigated predominantly relied on 512 

genomic-scale SNPs generated through RAD-Seq (Wosula et al., 2017; Vyskočilová 513 

et al., 2018; Elfekih et al., 2021; Mugerwa et al., 2021). Additionally, de Moya et al. 514 

(2019) conducted phylogenetic analysis using 2,184 ortholog genes, which were 515 

obtained through whole-genome sequencing of 10 individuals across five putative 516 

species. Recently, Wang et al. (2024) inferred the relationships among 25 517 

representative members of the B. tabaci cryptic species complex by utilizing 518 

mitogenome, single-copy nuclear genes, and genomic-scale SNPs from RAD-Seq 519 

markers. Despite these advancements, there are still significant gaps in our 520 

understanding of the broader intragroup relationships within B. tabaci. And 521 
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previously studies have shown that the SCNs derived from the whole genome have 522 

demonstrated their ability to enhance phylogenetic resolution and statistical power 523 

compared to traditional markers (Berger et al., 2017; Vargas et al., 2019, Allen et al., 524 

2017; Lemmon et al., 2012; Mandel et al., 2014; Weitemier et al., 2014; Dodsworth 525 

et al., 2019; Zhang et al., 2019, Wagner et al., 2012; Zhang et al., 2012; Wolf et al., 526 

2002), presenting a promising avenue for further exploration. We thus employed 527 

comprehensive taxon sampling that represented most reported major clades and 528 

generating genomic-scale SCNs to enhance our understanding of the intragroup 529 

relationships on a broader scale and achieve a well resolved tree for each of the stem 530 

nodes along the backbone.  531 

Based on a barcode gap distance of 3.3% for 670bp mtCOI sequences, which is 532 

slightly below the standard threshold of 3.5%, we identified 33 species (see Table S3) 533 

in our tested samples using the ABGD method (Puillandre et al., 2012), a specially 534 

designed approach for primary species delimitation. It is noteworthy that even if we 535 

had applied the standard threshold of 3.5%, our results would still have indicated the 536 

presence of 33 species, which further complement phylogenetic analyses, indicating 537 

the effectiveness of the ABGD method in delineating species boundaries (de Moya et 538 

al., 2019; Khedkar et al., 2014). Moreover, de Moya et al. (2019) demonstrated 539 

consistency in species recognition by ABGD analysis of sequence divergence 540 

between mitochondrial and nuclear data, whereas we encountered a conflict between 541 

the two approaches. We only detected 1-2 species when utilizing SCNs regardless of 542 

how we changed the relative gap width (X). This inconsistency might be attributed to 543 

the fact that SCNs are more conserved than the orthologous genes used by de Moya et 544 

al. (2019).  545 

By utilizing 711,102 loci in 680 SCNs, the constructed trees resulted in a highly 546 

resolved and well-supported nuclear phylogeny that differentiates from the phylogeny 547 

based on mtCOI (Boykin et al., 2007) or mitogenome. Moreover, the tree uncovered 548 

indications of biogeographically partitioned clades that aligned with those identified 549 

through analysis of the mtCOI gene sequence (Dinsdale et al., 2010). In general, the 550 
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trees produced by both concatenation and coalescent summary methods were largely 551 

compatible and well supported, except for weak support in interrelationships among 552 

certain species. Notably, there was minimal discordance among the different 553 

approaches used, which can be attributed to our stringent parameters for selecting the 554 

SCNs. Overall, compared to the previous phylogenies (Wosula et al., 2017; 555 

Vyskočilová et al., 2018; de Moya et al., 2019; Elfekih et al., 2021; Mugerwa et al., 556 

2021; Wang et al., 2024), our study included a significantly larger number of 557 

individuals (58) to obtain genome scale SCNs, rather than SNPs, mitogenomes, or 558 

ortholog genes. This choice was motivated by the fact that SCNs, derived from both 559 

parental sources and capturing a broader range of phylogenetically informative sites, 560 

can significantly enhance the resolution of phylogenetic relationships and increase 561 

statistical power compared to commonly used markers (Wolf et al., 2002; Rokas et al., 562 

2003; Zhang et al., 2019, 2012; Duarte et al., 2010; Weber et al., 2014; Allen et al., 563 

2017). 564 

Furthermore, within the B. tabaci species complex, we identified four novel clades 565 

across the a and c clades and introduced three new putative species: SSA 18, SSA 19, 566 

and SSA 20. These putative species aligned with the Africa/Middle East/Asia Minor, 567 

the SSA, and unknown genetic groups, respectively, as previously identified by 568 

Dinsdale et al. (2010). In summary, our comprehensive sampling of SCNs, 569 

encompassing densely represented clades that include both well-established and 570 

lesser-known clades, has facilitated the construction of a fully resolved tree. This 571 

achievement was previously challenging, particularly for each of the stem nodes along 572 

the backbone. 573 

Implications for Naming and Phylogeny Construction Methods 574 

Discrepancies have risen regarding the species names and the major clades to which 575 

they belong. These discrepancies can be traced back to the original naming of species, 576 

which was primarily based on relationships established through mtCOI phylogeny 577 

geographical origin and the order of description (De Barro et al., 2011). However, 578 
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these relationships have shifted in SCNs phylogeny. The overwhelming evidence 579 

demonstrates that nuclear genes are highly effective in elucidating phylogenetic 580 

relationships within specific clades, outperforming both mtCOI and the entire 581 

mitogenome (Wosula et al., 2017; Vyskočilová et al., 2018; de Moya et al., 2019; 582 

Elfekih et al., 2021; Mugerwa et al., 2021; Ally et al., 2023). Furthermore, the highly 583 

resolved phylogenetic structure presented in this study has significantly enhanced our 584 

understanding of its evolutionary path and deepened our insights into its evolutionary 585 

trajectory. As a result, these findings necessitate revisions in the classification of B. 586 

tabaci (Boykin et al., 2018; Brown et al., 2023) First, our data did not support the 587 

clustering of species Asia II 3 and Asia II 9 with the Asia II clade; instead, they 588 

grouped with the Clade termed as “China”. Consequently, a revision of the 589 

classification of species Asia II 3 and Asia II 9 to a Chinese name or as a separate 590 

clade is warranted. Second, the classification of the China 5 species, originally 591 

reported from YunNan province, China (Hu et al., 2018), is noteworthy. Whereas 592 

concatenation trees placed it within the clade termed as “China”, coalescent 593 

approaches positioned it between the clade that includes the species Italy 3 and the 594 

clade consisting of species from Asia. Geographically, the latter relationship, in which 595 

the China 5 species has a close association with the species Italy 3, seems more 596 

plausible, offering insights into potential dispersal events from Europe to Asia. Third, 597 

the presence of species referred to as “SSA” within clades of Africa/Middle East/Asia 598 

Minor, SSA, and unknown clades highlights the pressing issue of inconsistent naming 599 

within the B. tabaci species complex (Boykin et al., 2018). A species name holds a 600 

wealth of biological information that forms a critical link between its ecology, biology, 601 

and life history, thereby informing the development of species-specific management 602 

strategies (Boykin et al., 2018; Brown et al., 2023). Now, with the phylogenetic 603 

framework decoded using genomic datasets, we are equipped with a reliable reference 604 

for making informed species name revision. 605 

In comparing the approaches used for constructing the phylogeny of B. tabaci, it 606 

became evident that concatenation phylogenies based on IQ-TREE might outperform 607 
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RaxML phylogeny in delineating population relationships. For instance, the IQ-TREE 608 

phylogeny consistently clustered MED species together, a result not as pronounced in 609 

the RaxML tree. This result from IQ-TREE was expected because specimens labeled 610 

as MED share a high nucleotide identity, despite the possibility of containing different 611 

species, as noted by Vyskočilová et al. (2018). Additionally, IQ-TREE results 612 

indicated that the species SSA 3 was embedded within the species SSA 2, 613 

corroborating the conclusions of Campbell et al. (2023), who proposed the 614 

reclassification of the species SSA 3 as a SSA 2 species based on whole-genome 615 

SNPs and crossing experiments. Similarly, in an earlier study Elfekih et al. (2021) had 616 

argued that SSA 4 should also be reclassified as a SSA 2 species, as demonstrated by 617 

the concatenation of 14,358 genome-wide SNPs derived from 63 cassava whitefly 618 

specimens.  619 

In contrast to concatenation phylogenies, coalescent phylogenies are more likely to 620 

yield better results in exploring geographical dispersal and the reorganization of 621 

biological species (McCormack et al., 2009; Smith et al., 2015; Mirarab & Warnow, 622 

2015; Edwards et al., 2016). Consistent with this, McCormack et al. (2009) and Smith 623 

et al. (2015) proposed that “summary” coalescent-based species tree methods could 624 

significantly enhance the accuracy of phylogenetic inference. For example, in 625 

coalescent phylogenies, species from the New World clade appeared as the sister 626 

taxon to the Africa/Middle East/Asia Minor clade, which comprised SSA, MED, and 627 

MEAM1 species. This configuration provides compelling evidence for a close 628 

evolutionary link between African and Old and New World species. Furthermore, our 629 

coalescent phylogenies confirm the distinctness of SSA1_SG3 from SSA1_SG1 and 630 

SSA1_SG2, aligning with Mugerwa et al.'s (2021) hypothesis that SSA1_SG3 631 

represents a unique biological species, while SSA1_SG1 and SSA1_SG2 constitute 632 

another, as evidenced by mating datasets. 633 

Although slight differences were observed between concatenation and coalescent 634 

phylogenies, these results affirm that genome-scale trees constructed through 635 

concatenation and coalescent approaches yield accurate gene and species trees 636 
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(Irisarri et al., 2017). Using both approaches concurrently appears to be instrumental 637 

in comprehensively explaining various intriguing biological phenomena. 638 

Additionally, our comparative analysis of the topology of concatenation phylogenies 639 

and the mtCOI or mitogenome tree revealed discrepancies in the displaying the 640 

phylogenetic relationships of different cryptic species. For instance, 641 

mitochondrial-based phylogeny revealed fewer major clades compared to the 642 

phylogenies constructed using SCN data. These results align with existing literature, 643 

reinforcing the hypothesis that the mtCOI or mitogenome based phylogenies obtained 644 

from the full mitogenomes conflicted with those from whole genome (Hadjistylli et 645 

al., 2016; Wosula et al., 2017; Vyskočilová et al., 2018; Mugerwa et al., 2021; Wang 646 

et al., 2024). This discrepancy might arise due to the limitations of 647 

mitochondrial-related marker, which may not accurately capture the true diversity 648 

among different populations (Mugerwa et al., 2021; Lee et al., 2013) or mtDNA may 649 

be less reliable in nonvertebrates compared to vertebrates (Allio et al, 2017). Another 650 

possible reason is that mt-associated markers might be more adept at elucidating 651 

relationships at lower taxonomic levels, where SCNs could be effectively discriminate 652 

both shallow and deep taxonomic levels (Wang et al., 2017; Wiegmann et al., 2000, 653 

2009; Mark et al., 2001; Naumann et al., 2001; Wagner et al., 2012; Duarte et al., 654 

2010; Zhang et al., 2012). Alternatively, non-random processes like introgressions, 655 

and hybridizations may contribute to conflicting topologies between nuclear and 656 

mitochondrial phylogenetic trees (Richard et al., 2014). 657 

Evolution and Dispersion of B. tabaci 658 

Previous hypotheses about the origin and dispersal of B. tabaci (Mound, 1983; 659 

Frohlich et al., 1999; Dinsdale et al., 2010) suggest origins in the Old World, Asia, 660 

the Indian sub-continent, or SSA (Rekha et al., 2005; Boykin et al., 2007; Dinsdale et 661 

al., 2010; Boykin et al., 2012). In contrast, data presented here suggest that B. tabaci 662 

most likely originated from the middle regions of equatorial Africa, the Middle East, 663 

and/or the Mediterranean regions, all of which were part of the Gondwana landmass 664 

and experienced several dispersal events and subsequent diversification. This 665 
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inference finds substantial support in various observations. (i) The oldest clade in our 666 

phylogeny trees are the species from SSA, and this clade shows higher species 667 

richness than other clades, once we rule out the uncertainty of the species status of 668 

Japan 2 (Lee et al., 2013). Our analysis indicated that this ancient clade subsequently 669 

diverged into the two other major clades (b and c). (ii) The four aforementioned 670 

regions are physically adjacent. (iii) The high genetic diversity observed in equatorial 671 

Africa, further substantiating it as a potential center of origin for B. tabaci (Lefeuvre 672 

et al., 2011; Mugerwa et al., 2018). (iv) The clustering of certain SSA species with 673 

MEAM1 and MED, suggesting geographical links with the Middle East and the 674 

Mediterranean. Moreover, intriguing connections were found between different 675 

continents, supporting the hypothesis by Boykin et al. (2013) attributing the current 676 

biogeographical distribution of B. tabaci species to the breakup of Gondwanaland and 677 

subsequent plate tectonic movements. During the Mesozoic era, it was hypothesized 678 

that Western Gondwanaland underwent a fragmentation process, resulting in the 679 

separation of South America and Africa between 120 and 84 million years ago 680 

(Somoza et al., 2008). Approximately 95 million years ago (Somoza et al., 2008; 681 

Veevers et al., 1986; Torsviket al., 2000), Australia detached from Antarctica, while 682 

India disengaged from Madagascar and subsequently migrated northward, eventually 683 

colliding with Asia. What is not consistent with this hypothesis, however, is the 684 

timing of diversification within the B. tabaci species, which was estimated to occur 685 

between 60 and 30 million years ago (Cenozoic), a period that challenges the notion 686 

of a phylogenetically deep variance event in the B. tabaci species complex 687 

attributable to continental drift (Boykin et al., 2013). 688 

Our preferred BAYAREALIKE+J model, which includes founder speciation, 689 

supports a more likely scenario of movement between different continents as plant 690 

hosts dispersed, followed by subsequent speciation in the new plant host/environment. 691 

However, confidently determining the accuracy of this scenario necessitates 692 

associated fossils as calibration points or genome-scale datasets from species that 693 

align with the age of the fossil record, a challenge posed by the current diversification 694 
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time derived from 657-bp mtCOI sequences and the use of only one calibration time 695 

point. 696 

Our biogeographic analysis revealed several notable patterns (Fig. 6). Primarily, we 697 

observed that the biogeographic distribution was generally concordant with the major 698 

reported clades (Frohlich et al., 1999). For instance, New World species were 699 

identified in the Americas (Brown et al., 1995; Marubayashi et al., 2013; Barbosa et 700 

al., 2014), whereas the Asian clade species (Asia I, Asia II, China) and the SSA clade 701 

species were predominantly found in Asia and Africa, respectively. In contrast, the 702 

highly invasive MEAM1 and MED species exhibited a wide geographical range, with 703 

MED notably absent in Australia. This distribution aligns with the ability of MEAM1 704 

and MED to invade new regions and displace indigenous species, often facilitated by 705 

the movement of plant material by humans (Brown et al., 1995; Liu et al., 2007; 706 

McKenzie et al., 2004). Furthermore, our biogeographic analysis revealed key 707 

insights into dispersal pathways. The presence of Australian species in both the 708 

Australia clade and the Indonesia clade indicates a likely dispersal route from Asia to 709 

Australia, possibly through India and Indonesia. Similarly, the presence of SSA 2 in 710 

Europe suggests a dispersal pathway from SSA to Europe. Moreover, the 711 

identification of New World 1 in Sudan indicates at least one dispersal event from 712 

Africa to the Americas, likely from SSA to America. Additionally, our biogeographic 713 

analysis identified a dispersal direction from China to India, with species from India 714 

diverging after China 5 (which was collected in China). 715 

The BioGeoBEARS analysis provided ambiguous results for the dispersal direction of 716 

New World species in America. However, our phylogenetic analysis, which indicated 717 

that the species New World 2 diverged after the species New World 1, suggests a 718 

route from Latin America into North America. This finding challenges the previously 719 

hypothesized invasion route into North America and then into Latin America 720 

(Lefeuvre et al., 2011). The discrepancy may stem from the mtCOI tree classification 721 

of the species New World 1 as ancestral to the species New World 2, whereas our 722 

phylogeny supports the species New World 2 as the ancestral species. To further 723 
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determine the direction of dispersal events among various species, comprehensive 724 

evaluation through in-depth population studies is necessary. 725 

Sampling Gaps and Future Prospects 726 

Our phylogeny substantially expands the taxon sampling for genome-scale 727 

phylogenetic studies. However, our study remains unable to cover the complete 728 

number of the complex, due to inaccessible data such as Asia II 8 and 11 from India, 729 

Asia III from Taiwan or India, China 3, Asia V from China, Italy 1 and 2 from Italy, 730 

and SSA 5, 7, 8, 10, and 11 from Africa. The lack of comprehensive sampling 731 

hampers our ability to confidently determine the direction of dispersal for some 732 

species. Better resolution of these dispersal directions awaits a more extensive and 733 

well-supported phylogeny. For instance, the sampling of species found in Italy 734 

encompasses only 33% of the total reported species, thereby restricting our capacity 735 

to investigate the ancestral range of this clade. Thus, the direction of the dispersal of 736 

some species can be rigorously tested only when, and if, more Italian species are 737 

included in the analyses. Furthermore, to comprehend the influence of population 738 

migration and demography on species dispersal, it is crucial to ascertain the timing of 739 

evolutionary events (Guindon et al., 2020). However, in our current investigation, we 740 

encountered limitations in deducing divergence time estimates. Although a substantial 741 

fossil record exists for Aleyrodidae species (Drohojowska & Szwedo, 2011, 2012, 742 

2013), these species were excluded from our taxonomic sampling.  743 

Conclusion 744 

Phylogenomics coupled with biogeographical analyses have revealed the most robust 745 

and comprehensive backbone phylogeny for the B. tabaci species complex to date 746 

along with a series of extensive dispersal events. Given the proven success of SCNs in 747 

resolving phylogenetic relationships within cryptic species complexes, future studies 748 

exploring biogeographical hypotheses at the species and genus levels could offer 749 

further insights into the migrations and dispersals of the whitefly family.  750 
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B. tabaci Number 

sequences 

Sequences GenBank accession  

no. 

Closest 

sequence 

esequnceseque

ncerelative 

GenBank 

accession no. 

Identity(%) 

with closet 

relative 

SSA18 (1) 1 3a OR364120 MK445128.1 91.28 

SSA19 (2) 2 73;101_3NEW OR364066;OR364073 MN646951.1 92.98 

SSA20 (2) 2 6/493 OR364063;OR364064 MN056066.1 87.65 

 1146 

Table 2 Comparison of different biogeographic models assessed in BioGeoBEARS. 1147 

Model LnL No. of free parameters d e j AIC AIC_wt 

DEC –76.00 2 4.54 1.00E-12 0.000 156.00 8.00E-06 

DEC+J –73.20 3 3.61 6.60E-02 0.012 152.40 4.90E-05 

DIVALIKE –78.65 2 4.88 1.80E+00 0.000 161.30 5.70E-07 

DIVALIKE+J –74.88 3 4.20 1.00E-12 0.013 155.80 9.10E-06 

BAYAREALIKE –81.56 2 3.12 5.00E+00 0.000 167.10 3.10E-08 

BAYAREALIKE+JJ –63.27 3 2.82 4.98E+00 0.018 132.50 1.00E+00 

Abbreviations:log-likelihood (LnL), Akaike information criterion (AIC),, dispersal matrix (d), 1148 

extinctionmatrix(e),jump dispersal or founder-event speciation (j). 1149 
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 1151 

 1152 

Fig. 1 Distribution map of samples, phylogeny of the selected species, and pairwise 1153 

comparisons of mtCOI uncorrected pairwise nucleotide distances (p-distances). A, 1154 

Phylogeny based on 657 bp of the mtCOI using the Bayesian method and distribution 1155 

map of samples used in this study. Black dots at tips indicate samples that were 1156 

selected for genomic sequencing providing a focused subset for subsequent analyses. 1157 

Major genetic clades of interest, labeled a–c, are color-coded. B, Phylogeny based on 1158 

mtCOI for the selected species using the Bayesian method, revealing distinct genetic 1159 

clades (labeled A–L). C, Pairwise comparisons of mtCOI uncorrected p-distances 1160 
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among pairs of closely related clades. Note: Aus represents Australia and Australia_E, 1161 

SSA represents sub-Saharan Africa. 1162 

 1163 

Fig. 2 Phylogenetic trees showing relationships of B. tabaci species based on the 1164 

concatenation of 680 SCNs. A, IQ-Tree phylogeny. B, RaxML phylogeny. Colors at 1165 

tips correspond to different clades for both A and B. Bootstrap values of <95% are 1166 

shown on the tree. All other branches were strongly supported (bootstrap values of 1167 

100% ). Major genetic clades of interest, labeled a–c, are color-coded. 1168 
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1169 

Fig. 3 Phylogenetic trees showing relationships of B. tabaci species based on the 1170 

concatenation of 12 mitochondrial protein-coding genes, as well as 12S rRNA and 1171 

16S rRNA genes (totaling 12,725 bp) from mitochondrial genome. A, IQ-Tree 1172 

phylogeny. B, RaxML phylogeny. Bootstrap values of <95% are shown on the tree. 1173 

 1174 

 1175 

 1176 

 1177 

 1178 
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 1179 

Fig. 4 Coalescent trees depict relationships of B. tabaci species based on 680 SCNs. 1180 

A, The coalescent tree was constructed using the ASTRID tool based on gene trees. B, 1181 

The coalescent tree was constructed using the ASTRAL tool based on gene trees. 1182 

Letters “a–c” represent the major clades as described in Figure 2. 1183 
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 1184 

Fig. 5 The strict consensus of the IQ-TREE, RaxML, ASTRAL, and ASTRID trees 1185 

shows all resolved nodes with a minimum of 95% support across the four trees. The 1186 

resulting tree is presented in the form of a cladogram, in which branch lengths do not 1187 

provide additional information. Major clades a–c are as described in the main text.  1188 

 1189 

 1190 
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Fig. 6 Ancestral area reconstruction using the BAYAREALIKE+J model in 1191 

BioGeoBEARS. Tip colors represent the current biogeographic area, and pie charts 1192 

indicate predicted ancestral areas during cladogenesis. The map displays the 1193 

biogeographic areas as defined by Udvardy et al., 1975: A, part of Palearctic; B, 1194 

Indomalayan; C, Australian; D, Nearctic and Neotropical; and E Afrotropical plus the 1195 

part of Palearctic.  1196 
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Supplementary Files: 1197 

Table S1 Summary of sample information, sequencing results, single-copy nuclear 1198 

gene assembly, and GenBank accession numbers. 1199 

Table S2 Percentage of nucleotide divergence in mtCOI (657 bp) and in 680 SCNs 1200 

among all detected B. tabaci specimens. 1201 

Table S3 33 detected putative species based on ABGD and a nucleotide sequence 1202 

divergence threshold of 3.5%. 1203 

Table S4 The 1,291single-copy nuclear genes used in this study. Gene names that are 1204 

in bold indicate the 680 genes used for phylogenetic analysis. 1205 
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 1206 

Fig. S1 GC content of the 680 SCNs for individual specimen analyzed in this study.  1207 


