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Abstract 42 

Identifying cryptic species poses a substantial challenge to both biologists and naturalists 43 

due to the morphological similarities. Bemisia tabaci sensu lato is a cryptic species 44 

complex containing more than 44 putative species; several of which are currently among 45 

the world’s most destructive crop pests. Interpreting and delimiting the evolution of this 46 

species complex has proved problematic. To develop a comprehensive framework for the 47 

species delimitation and identification, we evaluated the performance of distinct data 48 

sources both individually and in combination among numerous samples of the B. tabaci 49 

species complex acquired worldwide. Distinct datasets include full mitogenomes, single-50 

copy nuclear genes, restriction site–associated DNA sequencing, geographic range, host 51 

speciation, and reproductive-compatibility datasets.  Phylogentically, our well-supported 52 

topologies generated from three dense molecular markers highlighted the evolutionary 53 

divergence of species of the B. tabaci complex and suggested that the nuclear markers 54 

sever as a more accurate representation of B. tabaci species diversity. Reproductive 55 

compatibility datasets facilitated the identification of at least 17 different cryptic species 56 

within our samples, confirming that the B. tabaci complex comprises multiple cryptic 57 

species. Native geographic range information provides a complementary assessment of 58 

species recognition, while the host ranges datasets provide low rate of delimiting 59 

resolution. We further summarized different data performance in species classification 60 

when compared with the reproductive compatibility indicating that combination of 61 

mtCOI divergence, nuclear markers, native geographic range (at least inclusion of 62 

collecting location) provide a complementary assessment of species recognition. Finally, 63 

we represent a model for understanding and untangling the cryptic species complexes 64 
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based on the evidence from this study and previously published articles.  65 

66 
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Introduction 67 

Cryptic species refers to taxa that are morphologically similar but biologically and  68 

genetically divergent (Pfenninger and Schwenk, 2007; Bickford et al., 2007). They are 69 

present in a wide range of taxonomic groups and represent a large amount of 70 

undiscovered genetic and functional biodiversity (Jörger and Schrödl 2013; Pante et al., 71 

2015; Loxdale et al., 2016). Developing approaches for systematically studying cryptic 72 

species, would contribute significantly to our understanding of biodiversity, and 73 

connecting the study of taxonomy and phylogenetic patterns with evolutionary processes 74 

and ecosystems functioning, such as speciation (Struck et al. 2017). Cryptic species 75 

comprise a significant proportion of biodiversity in some regions (Smith et al. 2008). 76 

Additionally, many putative cryptic species have been identified in high-ranking 77 

threatened and agro-economically important species (Nater et al., 2017; De Barro et al., 78 

2011), emphasizing the need for accurate identification of such cryptic species (Bickford 79 

et al., 2007). However, species delimitation of these morphologically similar cryptic 80 

species has posed a number of challenges to taxonomists and biologists even before the 81 

Linnaean classification system was adopted (Bickford et al., 2007). Cryptic species face 82 

two major challenges of species delimitation. First, many species form on a continuum, 83 

meaning that populations gradually become more divergent across space and time 84 

(Darwin 1859; Mayr 1942; Mallet 1995; De Queiroz 2007). Thus, there is disagreement 85 

on how much sequence divergence of DNA barcoding regions (Moritz & Cicero, 2004) 86 

or morphological traits is sufficient to name lineages as species (Gómez et al., 2002; 87 

McDaniel & Shaw, 2003). Second, speciation proceeds heterogeneously across many 88 

dimensions (Singhal et al., 2018). Therefore, an integrated approach is preferable in 89 
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addressing issues pertaining to species level taxonomic assignment (Padial et al., 2010; 90 

Dayrat 2005; Wiens & Penkrot, 2002; Schlick-Steiner et al., 2010). 91 

 92 

We focus here on the whitefly, Bemisia tabaci sensu lato (Gennadius) (Hemiptera: 93 

Aleyrodidae), a species complex, that is widely distributed throughout tropical and 94 

subtropical regions. B. tabaci are agro-economically important phloem-feeding pests, 95 

causing extensive crop damage through direct feeding, deposition of honeydew or virus 96 

transmission (Dinsdale et al., 2010; Boykin et al., 2012; Mugerwa et al., 2018). The 97 

complex has been proposed to comprise more than 48 morphologically indistinguishable 98 

species largely based solely on DNA-sequencing methods using a single barcode region 99 

(mtCOI) (Dinsdale et al., 2010). Different cryptic species of the complex differ in many 100 

aspects of their biology and ecology, including host-plant range (Sun et al., 2013), 101 

resistance to insecticides (Wang et al., 2010; Horowitz et al., 2004; Sun et al., 2013), 102 

behavior (Liu et al., 2007; Crowder et al., 2010), and the capacity and specificity of virus 103 

transmission (Polston et al., 2014; Wei et al., 2014). The inability to distinguish between 104 

genetically and functionally different species poses a huge challenge for identifying and 105 

managing these pests. In particular, the ability of its members to vector plant viruses, 106 

predominantly the genus Begomovirus, poses a significant threat to farming communities 107 

across in many countries (Amari et al., 2008; NavasCastillo et al., 2011; Ghosh et al., 108 

2019). For example, one putative species currently known as Sub-Saharan Africa 1, 109 

vectoring cassava mosaic disease (CMD) and cassava brown streak disease (CBSD) in 110 

cassava, causes annual losses of more than US$1.25 billion in the production of the 111 

staple-food cassava in nine East and Central African countries (Legg et al., 2006; Maruthi 112 
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et al., 2005; Mware et al., 2009). The Mediterranean (MED) and Middle East-Asia Minor 113 

1 (MEAM1) putative species are globally invasive pests that have attracted attention 114 

owing to their highly invasive ability, polyphagia, the ability to transmit several emergent 115 

crop viruses, and the capacity for developing insecticide resistance (Naranjo et al., 2009; 116 

Navas-Castillo et al., 2011). Overall, regions affected by different cryptic species of 117 

whiteflies are continuing to expand, leading to outbreaks of plant diseases, causing 118 

hunger and food insecurity (Alicai et al., 2007; Hahn et al., 1985; Thresh et al., 1997; 119 

Legg et al., 2014). Given the significant economic losses caused by B. tabaci worldwide, 120 

the accurate identification of distinct species within this complex and understanding the 121 

relationships among them are clearly essential to ensure the implementation of 122 

appropriate quarantine regulations for restricting the spread of any particular B. tabaci 123 

species.  124 

 125 

Initially, in the 1950s, B. tabaci populations were recognized as biotypes or host races 126 

after they were found to be specialized on specific host plants and/or had unique plant-127 

virus transmission capability (Bird, 1957; Mound, 1963). Since then, the classification 128 

and systematics of B. tabaci have remained controversial (Brown et al., 1995; Gill & 129 

Brown, 2009; De Barro et al., 2011) because there is considerable overlap in their 130 

morphological characters present in ‘host-races’ or ‘biotypes’ during the fourth instar and 131 

pupal stages (Russell, 1957; Mound & Halsey, 1978). This controversy has generated 132 

confusion in the nomenclature (Boykin 2014), and much of the scientific literature still 133 

refers to B. tabaci as a single species. Consequently, B. tabaci has been listed as one of 134 

the world’s most destructive invasive species (Russell 1957; Lowe et al., 2004) without 135 



 7 / 51 
 

reference to accurate species names.  136 

 137 

Advances in molecular approaches and tools that are inexpensive and easily accessible 138 

have initiated a completely new era in species delimitation and taxonomy (Bickford et al., 139 

2006; Herbert et al., 2003). The emergence of the mtCOI barcoding method in the late 140 

1990s was a breakthrough, allowing the characterization of species based on genetic data.  141 

Phylogenetic analyses based on their 3′ partial mtCOI sequences (a 3.5% mtCOI 142 

divergence is used to designate different species) suggested that B. tabaci is a cryptic 143 

species complex (Frohlich et al., 1999; Boykin et al., 2007; Dinsdale et al., 2010; Boykin 144 

et al., 2012). Subsequently, crossing experiments that demonstrated reproductive 145 

incompatibility among some putative species that provided further support to the 146 

proposition that B. tabaci is a cryptic species complex (Maruthi et al., 2004;  147 

Wang et al., 2011; Liu et al., 2012). Since reproductive incompatibility is a widely 148 

accepted approach for confirming the existence of distinct B. tabaci species, we have 149 

adopted the biological species concept (BSC), which defines species as interbreeding 150 

populations that are reproductively isolated from each other (Mayr 1942, 1963; Noor 151 

2002), as the definitive test of species delimitation. It has been recommended that the 152 

BSC be used to avoid “taxonomic over-inflation” (Isaac et al., 2004; Singhal et al., 2018). 153 

Reciprocal cross-breeding experiments, however, are technically demanding and often 154 

not possible for invasive pest-species where moving live material between countries to 155 

conduct such experiments is illegal. Although B. tabaci is now generally recognized as a 156 

species complex, questions remain about how many species exist and their relationships. 157 

A genetic framework that reflects BSC boundaries in B. tabaci and that could be applied 158 
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for distinct species identification is needed.  159 

 160 

Although B. tabaci was recognized as a cryptic species complex based on a 3.5% 161 

divergence (657bp) of the mtCOI sequence (Frohlich et al., 1999; Boykin et al., 2007; 162 

Dinsdale et al., 2010; Boykin et al., 2012; Lee et al., 2011), Lee et al. (2011) suggested 163 

that this threshold percentage was not accurate and instead estimated the accurate 164 

threshold to be 4.0%. Based on these findings, 44 putative B. tabaci species were 165 

recognized by employing the 4.0% threshold (Kanakala & Ghanim, 2019). Because the 166 

presence of nuclear mitochondrial (NUMT) DNA/pseudogenes from the nuclear genome 167 

can result in an over-estimation of species diversity- for example, a previously known 168 

species MEAM2 (Delatte et al., 2007) was later shown to be an artifact (Tay et al., 2017). 169 

Therefore, the mtCOI sequence alone is not sufficient to unambiguously delimit and 170 

resolve the number of B. tabaci species (De Queiroz, 2005).  171 

  172 

To date, the phylogenetic relationships of the major lineages of the B. tabaci cryptic 173 

species complex remain unresolved. Phylogenetic trees inferred from molecular datasets, 174 

especially large-scale datasets, are recognized as a necessary framework for comparative 175 

study of a wide spectrum of biological organisms (Hall et al., 2002). In particular, 176 

phylogenies of multiple genes have proven successful, along with traditional methods for 177 

accurate identification of different organisms (Doyle et al., 2003), both within and 178 

outside the traditional boundaries of evolutionary biology (Nadler 1995). Previous 179 

phylogenetic markers used in molecular phylogeny analyses of diverse samples of B. 180 

tabaci have included mtCOI, ribosomal ITS1, and a few single-copy nuclear genes, but 181 
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firm conclusions have yet to be reached owing to the short lengths of these sequences or 182 

limited sample sizes (De Barro et al., 2000; Hsieh et al., 2014). Mitochondrial genomes 183 

and single nucleotide polymorphisms (SNPs) derived from Restriction site–associated 184 

DNA sequencing (RAD-Seq) are also utilized to identify species from sub-Saharan Africa 185 

clades that previously were thought to comprise a single mtCOI-defined species 186 

(Mugerwa et al., 2020; Vyskočilová et al., 2018; Wosula et al., 2017; Elfekih et al., 2021). 187 

However, the performance of these markers with respect to the resolution globally of this 188 

important cryptic species complex has not been completely explored and compared.   189 

 190 

Apart from the molecular phylogenetic approach, tremendous efforts have been directed 191 

towards delimiting members of the B. tabaci cryptic species using other methods, 192 

including reproductive compatibility (Liu et al., 2012) and machine learning based on 193 

differences in puparium morphology (Macleod et al., 2022). For example, crossing 194 

experiments have proven partial, or complete reproductive isolation between many 195 

populations identified as distinct species based on mtCOI sequences (Liu et al., 2012; Qin 196 

et al., 2015; Vyskoˇcilová et al., 2019; Mugerwa et al., 2021). Recently, Macleod et al. 197 

(2022) demonstrated that the 15 species that they analyzed could be discriminated 198 

successfully according to the puparium morphology differences alone using a machine 199 

learning approach. These methods offer support for the existence of multiple cryptic 200 

species in B. tabaci and provide alternative means of species identification. However, 201 

each individual method displays deficiencies and limitations, and fails to recognize 202 

species in some cases (Sukumaran & Knowles, 2017; Frézal & Leblois, 2008). For 203 

instance, the mtCOI distance-based method did not recover the same species groups as 204 
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the mating approach in the Asia II (Qin et al., 2016), MED (Vyskočilová et al., 2018), 205 

and Sub-Saharan Africa 1 (Mugerwa et al., 2021) groups of species. Additionally, there is 206 

a considerable lack of congruence between relationships generated from mitochondrial 207 

genes versus nuclear genes in delimiting B. tabaci cryptic species (Mugerwa et al., 2021). 208 

Given the considerable failure rate when single data sources and approaches were used 209 

for species delimitation, an integrated, multisource approach was proposed to increase the 210 

rigor of species delimitation (Dayrat, 2005; Tan et al., 2009; Schlick-Steiner et al., 2010; 211 

Palandaéiæ et al., 2017; Dzhembekova et al., 2020; Macleod et al., 2022). 212 

 213 

It has been suggested that the combination of different datasets, including but not limited 214 

to comprehensive genome datasets, geographic distribution, reproductive 215 

incompatibilities and host ranges (Heraty et al., 2007; Liu et al., 2012; Struck et al., 2017; 216 

Wosula et al., 2017; Macleod et al., 2022), can either provide additional support for a 217 

species hypothesis or uncover contradictions between datasets. However, no systematic 218 

comparison has yet been carried out on the performance of different data sources and 219 

approaches in identifying the distinct species of B. tabaci. The objectives of this research 220 

are therefore to utilize the previously published data sources, as well as those generated 221 

from this current research to develop a comprehensive framework for species 222 

delimitation and identification by evaluating the performance of distinct data sources 223 

both individually and in combination. 224 

 225 

Our study involved analyzing and integrating the following information: molecular, 226 

mating, and geographical divergence. Molecular data is commonly used for interpreting 227 



 11 / 51 
 

species limits and relationships as it contains a large number of characters that have high 228 

level of resolution in distinguishing population groups (phylogeographic patterns). This 229 

level of resolution is not often achieved by other types (e.g., morphological) of datasets 230 

(Bickford et al., 2006). Since incongruences has been observed between mitochondrial 231 

/mtCOI and nuclear genes in delimiting the SSA1 species (Mugerwa et al., 2021), we 232 

aimed to further test whether this incongruence occurs across the entire B. tabaci cryptic 233 

species complex by obtaining frequently used genetic markers, such as mitogenomes, 234 

single-copy nuclear genes, and genome level SNPs from selected species across all 235 

lineages in B. tabaci.  236 

 237 

Levels of reproductive incompatibility through mating experiments are generally 238 

considered a more direct and conclusive approach (Paterson et al., 2016) to confirm true 239 

cryptic species. Many B. tabaci species have been verified using mating experiments, but 240 

the consistency of this approach has not been compared with the other methods of species 241 

delimitation across the phylogenetic lineages of B. tabaci on a large scale. We thus tested 242 

the hypothesis that integrating both molecular genetics and mating data could greatly aid 243 

in species delimitation of B. tabaci.  244 

 245 

Geographical divergence was recognized as one of the key forces driving the 246 

diversification of the B. tabaci species complex, as this diversification was thought to be 247 

associated with the separation of continental landmasses (Boykin et al., 2013; De Barro 248 

et al., 2005). However, it has been argued that the role of the insect’s host plants in the 249 

divergence of the species complex is unlikely because most species have the ability to 250 
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colonize multiple plant hosts (De Barro 2005; De Barro et al., 2005). To clarify these 251 

opposing perspectives, we determined whether evolved differences in geographical range 252 

and host utilization could have played a role in the diversification of the B. tabaci species 253 

complex. Outcomes from our analyses would potentially provide additional support for 254 

the operational designation of distinct species based on both mating as well as molecular 255 

phylogenic approaches or help define species when these other approaches fail or 256 

disagree.  257 

 258 

To test this integrated approach across the global distribution of B. tabaci, we first 259 

generated mitogenomes, four single-copy nuclear genes, and RAD-Seq data for 25 260 

specimens, representing the global-scale distribution of B. tabaci. These data were used  261 

to construct phylogenetic relationships and to determine the congruencies among 262 

different molecular phylogenies. Based on this new molecular phylogeny, we conducted 263 

a literature survey of mating experiments that have been conducted among the specimens 264 

that we used and compared them against the phylogenetic tree. Next, geographic 265 

information and host range variation, which could also aid in species delimitation, were 266 

investigated and compared to the phylogenetic framework. Finally, we synthesized our 267 

results to propose an integrated framework that can be applied for the identification of 268 

distinct species. We also addressed how our results may direct future analyses of the 269 

systematics of the B. tabaci species complex and other cryptic species complexes. 270 

 271 

Materials and methods 272 

Taxonomic sampling. Twenty five members of the whitefly cryptic species complex 273 
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were selected as test samples, using the 3.5% mtCOI sequence divergence cutoff (SI 274 

Appendix, Table S1) (hereafter called mtCOI defined species) within the B. tabaci 275 

complex (Dinsdale et al., 2010). These members cover 10 major clades according to the 276 

phylogeny inferred by the mtCOI (SI Appendix, Fig. S1, Table S2) across the world 277 

(Boykin et al., 2007). Specimen names, GenBank accession numbers, localities of 278 

collection and distributions are listed in Table S1. The specimen purity was determined 279 

by mtCOI sequencing. Three samples including Mediterranean (MED), 280 

Mediterranean_Sudan (MED_Sudan) and Mediterranean_Uganda_Sweet Potato 281 

(MED_Uganda_SP) were considered as a single MED species based on a 3.5% mtCOI 282 

sequence divergence cutoff. Genomic DNA was extracted from these samples with the 283 

Qiagen Blood and Tissue kit (Valencia, CA, USA).  284 

 285 

Sequencing strategy. Sanger sequencing was used to obtain mitogenomes and single-286 

copy nuclear genes from single females of the 25 B. tabaci samples and from two 287 

specimens of a closely related species Bemisia afer. Illumina HiSeq 2000 was used to 288 

obtain RAD-Seq datasets from 20 individuals of each sample. Due to small sample size, 289 

six B. tabaci and one B. afer were eliminated, therefore, only 19 B. tabaci and 1 B. afer 290 

specimen were used for RAD-Seq sequencing. The RAD library construction, sample 291 

indexing and pooling followed the descriptions of Baird et al. (2008). Briefly, EcoRI was 292 

selected to digest the genomic DNA after testing various restriction enzymes. A 293 

combinatorial pooled sequencing strategy (Cao et al., 2016) was used as it provides a 294 

cost-effective alternative to sequencing individuals separately. Four multiplexed 295 

sequencing libraries were constructed, in which each DNA sample was assigned a unique 296 
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nucleotide multiplex identifier for barcoding (SI Appendix, Table S3). Illumina HiSeq 297 

2000 was used to perform single-end sequencing.  298 

 299 

Sanger dataset preparation and sequencing. For the complete mitogenomes, primer 300 

sequences and amplification protocols followed Wang et al. (2013). The Adh, Ef-1α and 301 

RNA II single-copy nuclear genes were amplified using primer pairs as follows: forward 302 

(F), 5′GGATGCTTGAGCAATTCTTTGT3′ and reverse (R), 303 

5′GCTTTAGAAATTGGTTACCGTCA3′; F, 304 

5′ACCATACCTGGTTTGATMACTCCRGT3′ and R, 305 

5′CMTGGTTCAAGGGATGGCARAT 3′; and F, 5′TCGGAGACACAATTGCT 3′ and R, 306 

5′TNCTGTACATTCCAAATCATAC 3′, respectively. The Prp8 locus was amplified 307 

using F, 5′GCCTTGGGAGGTGTTGAAG 3′ and R, 5′GGCTTGCATCCAGGGTACC 3′ 308 

(Hsieh et al., 2014). The PCR reaction consisted of denaturation for 3 min at 94°C, then 309 

35 cycles of denaturation for 30 s at 94°C, annealing for 30 s at 54–60°C, extension at 310 

72°C for 2 min and a final extension for 10 min at 72°C. PCR fragments were purified 311 

and ligated into the pGEM-T Easy Vector (Promega Corp, Madison, WI, USA) for 312 

sequencing in both directions using the ABI BigDye 3.1 at GenScript (Nanjing, China). 313 

All sequences were deposited in GenBank (SI Appendix, Table S2). The full mitogenomes 314 

were obtained for all species except Uganda and Asia II 1, for which the second control 315 

regions were not completely obtained because of many hidden random repeats in this 316 

region. In total, we generated 23 newly sequenced mitogenomes from a representative 317 

member of each distinct population of B. tabaci species groups. 318 

 319 
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Annotation of the mitogenomes. The protein-coding genes (PCGs) of 13 mitochondrial 320 

genomes were annotated using DOGMA (Wyman et al., 2004). The tRNAs were 321 

identified using tRNAscan-SE (Lowe and Eddy, 1997) or recognized manually 322 

(Wolstenholme, 1992). The 5′-end of the rrnL gene was assumed to be delimited by the 323 

ends of trnV. The 3′-end of the rrnS gene was determined through comparison between 324 

the mitochondrial orthologous genes described in this study and those available in 325 

GenBank (Thao et al., 2004; Tay et al., 2014; Wang et al., 2013). 326 

 327 

Phylogenetically informative SNPs from sequenced RAD tags. Raw sequencing data 328 

were generated by Illumina base-calling software CASAVAv1.8.2 329 

(http://support.illumina.com/sequencing/sequencing_software/casava.ilmn) according to 330 

the manufacturer’s manual. Contaminated reads, such as those containing adaptors or 331 

primers, were identified by SeqPrep (https://github.com/jstjohn/SeqPrep) with parameters: 332 

‘-q 20 -L 25 -B AGATCGGAAGAGCGTCGTGT -A AGATCGGAAGAGCACACGTC’. 333 

Sickle (https://github.com/najoshi/sickle) was applied to trim Illumina paired-end reads 334 

with default parameters. Sequence reads were decoded to identify the reads that belong to 335 

different samples according to the pooling signature for each sample. Clean data passing 336 

the above quality control processes were used in further analyses. 337 

 338 

So far, among four published genomes (MEAM1, MED, SSA1-SG1 and Asia II 1) of B. 339 

tabaci species, MEAM1 has the best genome assembly compared to the other three 340 

genomes (Chen et al., 2016, 2019; Xie et al., 2017; Hussain et al., 2019). Thus, the high-341 

quality sequencing reads were aligned to the MEAM1 genome sequences (the public data 342 

http://support.illumina.com/sequencing/sequencing_software/casava.ilmn
https://github.com/jstjohn/SeqPrep
https://github.com/najoshi/sickle
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of the MEAM1reference genome were obtained from NCBI, 343 

http://ncbi.nlm.nih.gov/Traces/wgs/?val=MAMS01#contigs) using BWA software 344 

(http://bio-bwa.sourceforge.net/). After removing PCR-duplication reads by SAMtools 345 

(http://samtools.sourceforge.net/) software with the command of ‘rmdup’, the sequencing 346 

depth and coverage were calculated based on the alignments by custom Perl scripts. The 347 

valid BAM file was used to detect SNPs by GATK ‘Unified Genotyper’ function 348 

(http://www.broadinstitute.org/gatk/). The SNPs with a quality value of more than 20 349 

(GQ>20) and MQRankSum < 10 were considered to be validated. The SNPs that varied 350 

between individuals of the same member species were marked with degeneracy. Then all 351 

the SNP loci were sequentially concatenated by mapping against to the MEAM1 genome. 352 

Gap sequences were added to represent missing reads. 353 

 354 

Sequence alignment. We carried out alignments of 13 PCGs, 22 tRNAs, and 2 rRNAs 355 

for the 27 specimen mitogenomes and four single-copy nuclear genes using MEGA 5.2.2 356 

(Tamura et al., 2011). The mitogenome sequences of New World 1 (AY521259), MED 357 

(KU579279), B. afer_Africa (KF734668) and B. afer_China (GQ139515) were 358 

downloaded from GenBank. Alignments of single-copy nuclear genes were reconstructed 359 

with MAFFT 6.864 (L-INS-i option) (Katoh & Standley, 2013). Then the complete 360 

mitochondrial genome and four single-copy nuclear genes were concatenated respectively. 361 

MUSCLE (Edgar, 2004) was employed to perform the protein alignment. RNA sequences 362 

(rRNAs and tRNAs) were aligned using their secondary structure. The PCGs, tRNA and 363 

ribosomal RNA genes were aligned separately and then concatenated using Mesquite 364 

(Maddison & Maddison, 2001). 365 
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 366 

Missing data and pairwise analyses. For mitochondrial genomes, single-copy nuclear 367 

genes and RAD-Seq datasets (for RAD-Seq, minimum samples were specified as 10, 368 

percentages of missing data for the three datasets were calculated using a Perl script 369 

(available upon request). The heat maps of the nucleotide identities were drawn by R 370 

script (available upon request). 371 

 372 

Phylogenetic analyses. PartitionFinder (Lanfear et al., 2012) was used to determine the 373 

best substitution model for the complete mitogenomes and the four single-copy nuclear 374 

genes. For the concatenated alignment of 13 PCGs, 22 tRNAs and two rRNAs, 375 

PartitionFinder selected a scheme with 12 partitions. Partitioning with exclusion of the 376 

third codon position resulted in 9 partitions, partitioning by mitochondrial genes resulted 377 

in 15 partitions and partitioning by four single-copy nuclear genes resulted in 3 partitions. 378 

For RAD-Seq datasets, 5 different matrices were proposed to assess whether SNP matrix 379 

size (i.e. length of the alignment of base pairs) influenced the outcome of phylogenetic 380 

inference (details are listed in SI Appendix ‘Three molecular data resources’). Two major 381 

phylogenetic approaches, Bayesian and Maximum likelihood (ML) analyses were 382 

conducted. Bayesian analysis was conducted using MrBayes 3.2 (Ronquist et al., 2012) 383 

in combination with an exact model of molecular evolution generated by PartitionFinder. 384 

The algorithm MCMC was applied in parallel (four processors) on the IBM High 385 

Performance Computing Cluster (Bio-macromolecules Analysis Lab, Analysis Center of 386 

Agrobiology and Environmental Sciences, Zhejiang University). The analysis was run for 387 

30 million to 60 million generations, with trees sampled and saved every 1,000 388 
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generations. All runs reached a plateau for likelihood score, which was indicated by the 389 

standard deviation of split frequencies (0.0015). The potential scale reduction factor was 390 

close to 1, indicating that convergence was achieved. Convergence of the runs was also 391 

checked using Tracer v.1.6.0 (Rambaut et al., 2010) and the effective sample size (ESS) 392 

values were well above 200 for each run. Maximum likelihood analyses on all three 393 

datasets were performed in the MPI-parallelized RAxML 7.2.8-ALPHA (Stamatakis 2006) 394 

using a fast bootstrapping algorithm (Stamatakis et al., 2008). For mitochondrial and 395 

single-copy nuclear genes, bootstrap values were obtained using 1,000 replicates under 396 

the GTRGAMMA + CAT approximation of the GTR + Γ model (Stamatakis 2006). For 397 

RAD datasets (matrix: minimum sample= 6,8,10, 12 and 14), bootstrap values were 398 

obtained using 1,000 replicates under the GTRCAT approximation (Stamatakis et al., 399 

2008) with the ascertainment bias correction added in operation (Leaché et al., 2015). 400 

Figtree v1.4. 0 (Rambaut, 2012) was used to view and trim the topology. 401 

 402 

BEAUti v1.8.2 (Drummond & Rambaut 2007) was used to generate the xml file for 403 

BEAST runs. Four independent runs of BEAST were conducted, each consisting of two 404 

chains resulting in 8 independent runs. The tree prior was set to ‘Speciation: Birth-Death 405 

Process’ and the clock model was set to ‘lognormal relaxed clock’. For each run, one 406 

taxon set for the Bemisia species was defined and forced to be a monophyletic model and 407 

specified as HKY. Base frequencies were estimated, and the site heterogeneity model was 408 

set as Gamma plus invariant sites, with four gamma categories, partitioned into codon 409 

positions (1 + 2), 3. The MCMC were run for 50 million generations and sampled every 410 

1000 generations. Tracer v1.6.0 (Rambaut & Drummond, 2007) was used to check the 411 
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convergence of the multiple runs and the ESS values were well above 200 for each run. 412 

Two independent BEAST runs were completed and the two tree files were combined 413 

using Logcombiner (Rambaut & Drummond, 2015). TreeAnnotator (Rambaut & 414 

Drummond, 2013) was used to generate a final tree, which was viewed in FigTree 415 

v1.4.20 (Rambaut, 2012). 416 

 417 

Mating Crosses. To give a global view of the crossing experiments conducted among the 418 

different cryptic species, crossing data were (i) obtained from previously published 419 

reports and (ii) generated for the current research project. In the current study, reciprocal 420 

crosses were set up between two populations (MED_Sudan, MED). Control crosses 421 

consisted of a virgin female and males from the same population with cotton plants (cv. 422 

Zhe-Mian 1793) as the host plant. Four types of mating combinations between 10 females 423 

and 10 males (MED♀ × MED♂, MED_Sudan♀ × MED_Sudan♂, MED♀ × MED_Sudan♂, 424 

and MED_Sudan♀ × MED♂) were performed in home-made ‘Lock and Lock’ rearing units 425 

containing cotton plants, with three replicates per combination. Rearing unit, plant 426 

cultural solution and methods of collecting newly emerged virgin adults were as 427 

described in Wang et al. (2011). For each combination, the newly emerged adults were 428 

introduced into the rearing units and, 5 days later, all adults were collected and stored at 429 

−20°C for subsequent RAPD-PCR confirmation of identity by diagnostic PCR detection 430 

(De Barro & Driver, 1997). After another 30 days, the top cage of the rearing unit with 431 

the first generation (F1) progeny whiteflies was placed in a freezer at −20°C for 432 

subsequent counting and sexing. 433 

 434 

Statistical analyses were performed using R statistical software (www.R-project.org). To 435 
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determine significant differences between the numbers of progeny as well as the female 436 

ratios of progeny, one-way analysis of variance (ANOVA) was used. When a significant 437 

difference (at P < 0.05) was detected among groups, the Least Significant Difference test 438 

was used for multiple comparisons (Qin et al., 2016). 439 

 440 

Biological species assignment. For the crossing experiments, if the fertility of the F1 441 

female progeny produced in both intrapopulation crosses and inter-population crosses 442 

was confirmed through carrying out reciprocal crossings with their male siblings 443 

produced in interpopulation crosses, we took this as support that the two tested 444 

populations represent the same species. However, if no female progeny produced by the 445 

two tested populations, or even very few F1 female progeny were produced, but the F1 446 

female did not have viability, the two tested populations would be assigned as separate 447 

species. 448 

 449 

Geographic range and host datasets. To further understand the role of geographic range 450 

and host utilization in driving the diversification of the B. tabaci species complex, 451 

information of the geographic distribution and the host plants of the cryptic species that 452 

we studied were obtained in two ways: (i) relevant information compiled from published 453 

literature associated with each specific species, as well as the relative collected location 454 

and the host information deposited in GenBank that include the metadata mentioned 455 

above; (ii) generated from the current study. The geographic distribution of each cryptic 456 

species was summarized and marked onto the map. The host information was used as 457 

input for the HEATMAP.2 function of the R “gplots” package (R Core Team, 2017). 458 
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 459 

Results 460 

Dataset information. We carefully selected a set of 25 representative members of the B. 461 

tabaci cryptic species complex as test samples. Complete mitogenomes, four single-copy 462 

nuclear genes, and RAD-Seq were obtained for all the collected samples. The details of 463 

these datasets are described in SI Appendix (‘Three molecular data resources’, ‘Strategy 464 

on handling RAD-Seq datasets’ and ‘General characterization of the three datasets’, Figs. 465 

S2 and S3, Tables S3 and S4). 466 

 467 

Molecular Phylogenetics. After getting datasets from whole mitogenomes, single-copy 468 

nuclear genes, and RAD-Seq, we generated phylogenetic trees (Figure 1) to screen the 469 

molecular relationships of the 25 selected members. The results were as follows: (i) The 470 

tree generated from full mitogenome sequences (37 genes, 14,599 bp total alignment) 471 

included 11 clades (Asia II, Australia, Asia I, China, Italy, Africa/Middle-East/Asia-472 

Minor, New World, Unknown, sub-Saharan Africa, Uganda, Japan 2) and provided 473 

strong nodal support for most branches with different partition schemes and inferred 474 

methods (Fig. 1A and SI Appendix, Fig. S4A, Table S5); (ii) The single-copy nuclear-475 

gene trees (5,325 bp) recovered many of the same clades as the mitogenomic analysis, 476 

but identified differences in backbone relationships, depending on the partition scheme 477 

(SI Appendix, Table S5) and inference methods used (Fig. 1B and SI Appendix, Fig. S4B). 478 

For instance, the Asia II species are consistently resolved with high nodal support into 479 

two separate groups. Some differences were attributable to non-significant nodal support 480 

in the single-copy nuclear-gene tree, but differences such as the position of 481 
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MED_Uganda SP had significant support which represented a genuine conflict between 482 

nuclear and mitogenomic datasets; (iii) In contrast, the RAD-Seq datasets produced tree 483 

topologies with high support regardless of inference method and the SNP matrix used (SI 484 

Appendix, Tables S3–S6, Fig. S5). The RAD-Seq trees recovered the same major clades 485 

as the other two analyses, but the topology was more like the trees for nuclear genes than 486 

those for mitogenomes (Fig. 1C, SI Appendix, Fig. S5; SNP distributions around the 487 

MEAM1 genome are shown in Fig. 1D). Both nuclear topologies recovered two major 488 

clades with one consisting of New World 1 and New World 2 and the other one 489 

consisting of Asia II 3 and Asia II 9. In summary, discrepancies can be seen among the 490 

phylogenetic trees built by the three datasets. 491 

 492 

Reproductive compatibility among putative species. For further validating 493 

phylogenetic results, we collected data of crossing experiments from the literature and 494 

performed reciprocal crossing experiments among putative species, and compared these 495 

results with the molecular phylogenetic species. As a test case, the data of reciprocal-496 

crossing experiments associated with the 16 mtCOI-defined species defined in previous 497 

studies (Liu et al., 2012; Qin et al., 2016), together with one additional MED population 498 

called MED_Sudan were analyzed.  The crossing experiments showed a range of 499 

outcomes, from completely compatible, to an intermediate level of compatibility, to 500 

completely incompatible (Fig. 2). The intermediate levels showed a range of partially 501 

incompatible phenotypes, ranging from low numbers of F1 hybrid females to successful 502 

mating in only one direction, and/or F1 progeny with reduced viability and fertility.17 503 

species in 25 samples used here were identified (using data of 37 reciprocal crossings 504 

among 17 putative species) that are largely agreed with the number of species proposed 505 
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by 3.5% mtCOI barcode criteria.  And the reproductive incompatibilities co-varied with 506 

the presence of major phylogenetic clades, although limited incongruence between the 507 

two approaches was also evident (Fig. 2). The Asia II 3 and Asia II 9 groups from China, 508 

for instance, had a partial mtCOI divergence of 5.26% (SI Appendix, Table S2), indicating 509 

that they were two mtCOI-defined species, but showed near complete reproductive 510 

compatibility in one direction (Asia II 3 male × Asia II 9 female) and partial reproductive 511 

compatibility in the other direction (Qin et al., 2016) (Fig. 2). The other notable 512 

exception was between MED and MED_Sudan, which showed mtCOI divergence of only 513 

0.31% and thus would be considered the same mtCOI defined species, but showed 514 

complete incompatibility without the production of F1 hybrids in either direction (SI 515 

Appendix, Table S6). Interestingly, with reference to the nuclear topologies, the putative 516 

species ‘Asia II 3’ and ‘Asia II 9’ seem genetically indistinguishable in the RAD-Seq 517 

topology (despite being divergent in the mitochondrial data), while the putative species 518 

‘MED’ and ‘MED_Sudan’ seem genetically indistinguishable in single-copy nuclear 519 

topology. This suggests a combination of molecular phylogenies and reciprocal crossing 520 

data can achieve a better classification than the molecular experiments analyses alone.  521 

 522 

Geographic distribution. The geographic information of each B. tabici species covered 523 

within this manuscript were analyzed based on the metadata deposited in GenBank (Fig. 524 

3). The result showed these species mainly occurred around their local geographic 525 

regions; for example, the species belonging to the China clade was distributed only in 526 

China, while Japan2 was restricted to Japan and Korea, and two species in the New 527 

World clade were mostly found in the Americas with New World 1 mostly occurring in 528 
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North America, while New World 2 being restricted to South America. However, there 529 

were four exceptions to the geographic separation of species: (i) the highly invasive 530 

MEAM1 and MED species have a wide and overlapping geographic range, except that 531 

MED has not yet been recorded in Australia; (ii) the Australian species classified in the 532 

Australia clade were also found in Indonesia; (iii) New World 1 in the New World clade 533 

was found in Sudan; and finally, (iv) the Sub-Saharan Africa 2 was found in Europe (Fig. 534 

3). By mapping this information to the reproductive compatibility data, we found that the 535 

reproductive barriers between the mtCOI defined species, MED and MED_Sudan might 536 

contribute to the geographic isolation. Because the MED sample was collected from a 537 

population in east China, which is believed to have been introduced from the 538 

Mediterranean region approximately 15 years ago, and the latter was collected from 539 

Sudan, in East Africa. The results further suggest that a combination of geographical and 540 

reciprocal crossing data provide a complementary assessment of species recognition.  541 

 542 

Host plant associated speciation. Host‐associated differentiation plays an important role 543 

in speciation of various phytophagous insects (Berlocher & Feder, 2002; Stireman, et al., 544 

2005). By conducting a literature survey, we found that plants belonging to 30 families 545 

have been documented as potential hosts of the B. tabaci cryptic species complex. Of the 546 

30 families, nine families comprise crop plants that could be utilized by many of the 547 

species, while the remaining hosts were mainly wild plants that could be utilized by only 548 

a few species. A heatmap (Fig. 4) showed that Euphorbiaceae, Malvaceae, and 549 

Solanaceae are the top three host families utilized. Apart from these three families, 550 

Convolvulaceae, Asteraceae, Fabaceae and Cucurbitaceae were identified as commonly 551 
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shared by most B. tabaci species. Clustering analysis clustered the B. tabaci species into 552 

three groups based on their host range. One group comprised by Sub-Saharan Africa 1, 553 

MED, MEAM1, Asia I and Asia II 1 species, and in particular for MED and MEAM1, 554 

infested the highest number of hosts including most crop plants, illustrating their 555 

economic importance (Fig. 4). Most species fed on more than one family of host plants, 556 

except for Australia_E, Asia II 9 and Italy 3. Overall, species in the complex differ in 557 

their host range, with many of them showing a potential to use at least seven plant 558 

families. However, these datasets could not clearly distinguish among species, indicating 559 

that host utilization datasets available so far are not a good indicator of species.  560 

 561 

Lessons from comparison of different datasets with reproductive compatibility. 562 

Among all the available datasets, reproductive incompatibility is a more direct and 563 

conclusive approach (Paterson et al., 2016) to confirm true cryptic species. To further 564 

learn the role of the various datasets in aiding B. tabaci species classification, we thus 565 

compared the other datasets to reproductive compatibility. We found that host range 566 

datasets could be ruled out, as many of B. tabaci species share overlapped hosts. In 567 

addition, phylogenetic topologies constructed by mitochondrial genome could improve 568 

our knowledge on the relationships of different cryptic species, but show similar topology 569 

as mtCOI sequences topology (Boykin et al., 2007). Overall, by mapping the other data 570 

sources to the reproductive incompatibility, we found that single-copy nuclear gene or 571 

RAD-Seq phylogenetic topology, mtCOI barcode criteria, and geographical distribution 572 

could be used for explaining the reproductive compatibility or mating barriers observed 573 

most cases.  Specifically, what we learned could be summarized as follows (Fig. 5): (i) 574 
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similar with previous reports, the mtCOI barcode criteria are useful, but in some cases 575 

could not recover the same species groups as the mating approach such as in the case of 576 

Asia II and MED groups of species. (ii) geographically, different distribution pattern 577 

yields different level of reproductive compatibility. For example, when the species are 578 

sympatric, complicated situations may arise (Fig. 5A): when the mtCOI divergence is 579 

higher than 5.26%, complete reproductive incompatibility nearly always occurs, however, 580 

when the mtCOI divergence is lower than 3.5%, either complete reproductive 581 

incompatibility or intermediate level of compatibility may occur. When species are 582 

allopatric, even when the mtCOI divergence is lower than 3.5%, complete reproductive 583 

incompatibility may occur. Allopatric, for instance, could be partly used to explain the 584 

mating barrier between MED and MED_Sudan but is in conflict with the previously 585 

proposed mtCOI barcode criteria in species recognition (Fig. 5B);  (iii) nuclear 586 

genes/SNPs based phylogeny provides additional determinants for recognizing 587 

relationships between different species and explaining the results of crossing experiments, 588 

such as cases reported in MED (Vyskočilová et al., 2018), and Sub-Saharan Africa 1 589 

(Mugerwa et al., 2021) groups of species. Overall, by mapping the other data sources to 590 

the reproductive incompatibility, we found that mtCOI barcode criteria and single-copy 591 

nuclear gene or RAD-Seq phylogenetic provide the first useful separation of species, with 592 

the data of geographical distribution to aid in further analysis. We, thus, promote that the 593 

integration of these data sources has the potential for accurate determination of species 594 

status within the B. tabaci whitefly complex. Finally, based on the findings from this 595 

study as well as previously accumulated knowledge we propose a comprehensive 596 

framework for guiding classification of cryptic species of this whitefly complex (Fig 5C). 597 
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 598 

Discussion 599 

Species, as the basic units in evolution and biodiversity, provides a direct link to the 600 

knowledge about an organism (Schlick-Steiner, 2010). Currently,  a range of data sources 601 

has been used for delimiting different B. tabaci cryptic species, including the 3.5% 602 

sequence divergence threshold of the mtCOI (Dinsdale et al., 2010), reproductive 603 

compatibility (Liu et al., 2012), and machine learning based on differences in puparium 604 

morphology (Macleod et al., 2022). However, a lack of systematic studies offers little 605 

guidance on how congruence or incongruence among different datasets. To this end, we 606 

evaluated the power of datasets that have been used in distinguishing different species 607 

and the results showed the inconsistency in the operational designation of “cryptic 608 

species” by each of these single datasets. Then, we applied comparative analysis of 609 

different datasets against with the reproductive compatibility datasets to see how many 610 

and which data sources should be integrated to delimit species most accurately in the B. 611 

tabaci species complex. Based on our results, apart from reproductive compatibility, we 612 

propose mtCOI divergence, nuclear markers, native geographic range (at least inclusion 613 

of collecting location) as assistant potential diagnostic markers for recognition of new B. 614 

tabaci species.  615 

 616 

In comparison to the phylogenetic relationships derived from mtCOI data (Boykin et al., 617 

2007; Dinsdale et al., 2010; Kanakala & Ghanim, 2019), our results provide a more 618 

accurate view of the diversity and molecular phylogenetic relationships among members 619 

of the B. tabaci species complex using dense molecular markers combining mitogenome, 620 
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single copy nucleotide genes and RAD-seq with appropriate worldwide sampling. RAD-621 

seq has been used to the study of a wide range of organisms, including B. tabaci from the 622 

Subsaharan African group (Cariou et al., 2013; Rubin et al., 2012; Wosula et al., 2017, 623 

Wosula et al., 2017, Elfekih et al., 2021). The method is highly recommended when there 624 

is a reliable reference genome, which decreases errors in the assessment of orthologous 625 

RAD loci (Wagner et al., 2013). In this study, 729,953–2,550,155 bp of SNP information 626 

with high corresponding average depth of polymorphic loci was used for generation of a 627 

phylogenetic tree. This resulted in a phylogeny with improved resolution and high 628 

bootstrap support that has not been reported previously. The associated RAD sequencing 629 

datasets provide a reference model for further application of this technology to other 630 

cryptic pest species (SI Appendix, Implications from RAD-Seq). The resulting phylogeny 631 

is consistent with the topology inferred by single-copy nuclear genes, although it is 632 

incongruent with the topology inferred from mitochondrial genomes. Overall, our results 633 

agree with those of Mugerwa et al. (2021), who found that genome-wide SNPs provide a 634 

more accurate representation of B. tabaci species diversity within the Sub-Saharan 635 

African populations compared with inferences based on mitochondrial genomes 636 

(Dinsdale et al., 2010).  637 

 638 

Although our results provide a more accurate molecular phylogenetic relationship of 639 

members within the B. tabaci species complex, these very rich datasets can also be 640 

misleading (De Queiroz, 2007). To truly confirm a cryptic species, the biological species 641 

concept, which posits that new species are formed when they are reproductively isolated 642 

(Paterson et al., 2016), can be applied. By investigating the reciprocal-crossing 643 
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experiments associated with 16 putative species defined by mtCO1, complete 644 

reproductive incompatibility appeared in most studied species pairs that were largely co-645 

varied with the presence of major lineages in phylogenetic trees. These results were not 646 

unexpected as most pairs used for crossing experiments had more distant relationships 647 

along lineages. In the process of species divergence, the farther along a lineage a species 648 

resides, a larger number of differences expected to have evolved compared to the species 649 

pairs that have closer relationships (De Queiroz, 2007). Two exceptions arose in the MED 650 

and Asia II group -MED and MED_Sudan; Asia II 3 and Asia II9 -with the former one 651 

designated as the same mtCOI-defined species showing near complete incompatibility 652 

without producing hybrid offspring in either direction of crosses and the latter one 653 

designated as two mtCOI-defined species showing partial reproductive compatibility in 654 

one direction. Consistent with the results of Vyskočilová et al. (2018), who demonstrated 655 

the existence of at least two distinct species within MED species, we also found that 656 

MED and MED_Sudan previously designated as the same species are indeed two 657 

separate biological species.  658 

 659 

The current B. tabaci species distribution was consistent with a mode of speciation based 660 

on geographic separation, as different species were associated with particular continental 661 

regions (Boykin et al., 2013; De Barro et al., 2005). In line with that, we found that most 662 

species were confined to local geographic regions, indicating the allopatric divergence 663 

mechanisms likely contribute to speciation in the B. tabaci complex. Substantial species 664 

diversity was found in China and Uganda (Mugerwa et al., 2018), highlighting the 665 

evolutionary importance of these regions. However, these results might also be 666 
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attributable to uneven sampling efforts by researchers across the globe. Four species were 667 

found to have a wider distribution range than originally reported, suggesting that current 668 

species distribution ranges may have changed over time (Berlocher et al., 2000; Hofreiter 669 

et al., 2009). MEAM1 and MED had a wide geographic range, as expected, because they 670 

are highly invasive and are the world’s most destructive crop pests (Tay et al., 2017; De 671 

Barro et al., 2011). Interestingly, an Australian species was also found in Indonesia, a 672 

New World 1 species in Sudan, and a SSA2 species was also reported in Europe, 673 

supporting a new hypotheses of B. tabaci speciation that is linked to the original large 674 

Gondwana landmass (Cawood & Buchan, 2007). This result agrees with the discovery of 675 

Mugerwa et al. (2018), who reported two new species named sub-Saharan Africa 10 and 676 

11 that clustered together with the New World species also found in Africa. These and our 677 

results provide new evidence for a close evolutionary linkage between the Old and New 678 

World species. Consequently, it seems likely other unidentified geographic ranges of 679 

certain members exist within the B. tabaci complex.  680 

 681 

Patterns of host utilization could serve as a major factor in the diversification of 682 

herbivorous insects (Hamm and Fordyce 2015). De Barro (2005) proposed that the role of 683 

the host in divergence in the complex is unlikely. However, Malka et al. (2018) reported 684 

species in the complex that differ in their host range and found that the 10 B. tabaci 685 

populations could be divided into four groups based on their host association. In 686 

accordance with the findings of Malka et al. (2018), the 25 B. tabaci populations here 687 

could be roughly clustered into three groups on the basis of the host range: (i) one group 688 

consisting of Sub-Saharan Africa 1, MED, MEAM1, Asia I and Asia II 1 species with the 689 
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widest host range, (ii) the second group having an extended host range, and (iii) the third 690 

group having a more or less restricted host range. Since many specimens clustered 691 

together in this analysis, our results indicate that host plant ranges might not be good for 692 

distinguishing the individual B. tabaci species. Anyhow, we do not feel confident of these 693 

results, as over 600 plants have been reported as hosts of B. tabaci (Mound and Halsey 694 

1978), and only very limited information could be extracted from metadata. Notably, 695 

some host plants were reported only once for some species, and thus might only serve as 696 

temporary hosts for B. tabaci, and not as a ‘documented’ host used as a food resource. 697 

Even for a single cryptic species, MED for example, different mitochondrial groups had 698 

differing but overlapping host plant ranges (Vyskočilová et al., 2019). Much more effort 699 

is required in the realm of field sampling and experimental host adaption to further 700 

identify the role of host plants in the speciation of B. tabaci (Funk 2012; Malka et al., 701 

2018). 702 

 703 

Since reproductive incompatibility is generally considered a more direct and conclusive 704 

approach (Paterson et al., 2016) to confirm true cryptic species, we  further compared 705 

different datasets against reproductive compatibility to investigate the congruence or 706 

incongruence in species delimiting. The results showed that the combination of mtCOI 707 

divergence, nuclear markers, native geographic range (at least inclusion of collecting 708 

location) provide a complementary assessment of species recognition. For example, 709 

complete reproductive incompatibility appeared in most studied species pairs that were 710 

largely co-varied with the mtCOI-defined species, as well as the presence of major 711 

lineages in phylogenetic trees. The RAD-Seq or single-copy nuclear phylogenetic trees 712 



 32 / 51 
 

showed the genetic similarity or difference of the species in the two expectations raised in 713 

reproductive incompatibility/compatibility. These results provide further support for the 714 

hypothesis that a combination of phylogenies derived from nuclear datasets and 715 

reciprocal crossing data can achieve a better classification than molecular data alone and 716 

further highlighting that nuclear markers are a good complementary data source for B. 717 

tabaci cryptic species identification or any re-examination of species diversity within the 718 

B. tabaci group (Mugerwa et al., 2021; Ally et al., 2019).  719 

 720 

A lack of mating barriers between ‘Asia II 3’ and ‘Asia II 9’ might attribute to the lineage 721 

still in the early stages of divergence that has not yet evolved the properties to clearly 722 

distinguish them through reproductive isolation (De Queiroz, 2007). However, this 723 

interpretation does not fit for why mating barriers occurred between ‘MED’ and 724 

‘MED_Sudan’, even though they share closer relationship than that between ‘Asia II 3’ 725 

and ‘Asia II 9’, and alternative factor should be searched for illustrating the mating 726 

barriers between them. In addition, these findings, while preliminary, suggest that a series 727 

of crosses among closely related populations should be conducted, and only complete 728 

reproductive incompatibility could be severed as a point of reference to improve the 729 

inference about species delimitation. In addition, reproductive barriers observed between 730 

the MED and MED_Sudan could have been caused by limited gene flow (Irwin, 731 

2002), due to the large geographic distance, supporting that the proposition of allopatric 732 

speciation in the evolution of B. tabaci cryptic species. Two mtCOI-defined species, Asia 733 

II 3 and Asia II 9, demonstrated reproductive incompatibility only in one direction of 734 

reciprocal crosses, which might attributable to similar geographic distributions. If this is 735 
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the case, it would mean that sympatric speciation may be occurring in the evolution of 736 

these B. tabaci cryptic species. Specifically, invasive species in the complex, may be able 737 

to mate with diverse incompatibility gradients. Invasive MEAM1 (Perring 2000; Cheek 738 

& Macdonald, 1994) showed the potential to mate with resident species China 1 and Asia 739 

II 3, suggesting that competition may be occurring between the invasive and the resident 740 

species. Consistently, Taquet et al. (2022) found around 2% hybrids between MEAM1 741 

and Indian Ocean species using 11 nuclear microsatellite loci, indicating the presence of 742 

incomplete reproductive isolation between the two species. Our study corroborates 743 

previous findings (Manel et al., 2003; Manni et al., 2004) that geographic information is 744 

key to distinguish differentiation that appears within species because of isolation by 745 

distance. 746 

 747 

Collectively, we found that different data sources we used performed differently in 748 

identifying distinct B. tabaci species. Our results suggest the following insights regarding 749 

the study of species relationships within the B. tabaci species complex: (i) Because the 750 

mtCOI and full mitogenome sequencing data performed very similarly with regard to the 751 

number of delimited species, for cost-effectiveness, universal and widely used mtCOI 752 

barcodes can be used for preliminary species delineation; (ii) nuclear phylogenies 753 

performed better for discovery of hidden genetic divergence (Elfekih et al., 2021; 754 

Mugerwa et al., 2021), which is definitely needed before a new species can be accepted; 755 

(iii) reproductive compatibility is a reliable criterion and quality check for species 756 

recognition as new species are formed when they are reproductively isolated (Paterson et 757 

al., 2016); (iv) geographical position provides an additional dimension for species 758 
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identification (Bolnick and Fitzpatrick, 2007; Coyne & Orr, 2004) when the species has a 759 

narrow and separate distribution range. In fact, the combination of mating information 760 

and geographic information can lead to reliable species recognition results; (v) host range 761 

is a poor choice as a criterion for delimiting B. tabaci species because the association 762 

between host plants and diversification of B. tabaci is unclear (De Barro, 2005; De Barro 763 

et al., 2005). In conclusion, in practical terms, recognition of a new B. tabaci species 764 

requires information on mtCOI, nuclear markers, geographical location, and reproductive 765 

compatibility. Due to the fact that separate species might respond to control measures 766 

differently, the current lack of precision in making routine species-level identifications in 767 

many insect pests has limited the effectiveness of control programs (Packer et al., 2018). 768 

Our results suggest that an integrated approach based on multiple data types can more 769 

confidently delimit B. tabaci species and provide a better overall taxonomic resolution of 770 

the entire species complex. Given the considerable damage that B. tabaci infestations 771 

inflict on agricultural crops, our study paves the way for the improved identification and 772 

diagnosis, as well as prevention of the spread of disease caused by whitefly-transmitted 773 

begomoviruses and implementation of biological control (Bikford et al., 2006). 774 

 775 

Since cryptic species complexes are being documented at an ever-increasing rate on most 776 

major branches of the animal tree of life (Bickford et al., 2007; Wosula et al., 2017; 777 

Jörger and Schrödl 2013; Pante et al., 2015; Loxdale et al., 2016; Nygren 2014), lessons 778 

derived from our present study will help guide the assessment of species complexes of 779 

other similar pests, especially those with the same evolutionary patterns as the B. tabaci 780 

species complex. The suggestions for insects’ cryptic species identification include the 781 
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following: (i) The top priority during the initial stage is that the sampling of species or 782 

populations of interest should cover all lineages; (ii) effort must be given for specific 783 

mtCOI barcode development for species of interest that damage economically important 784 

crops, so as to increase the accuracy of species delimitation; (iii) reproductive 785 

compatibility should be at least investigated in representative populations and tested 786 

against mtCOI barcode species boundaries to determine reasonable species delimitation 787 

criteria; (iv) comprehensive nuclear genes are good targets for accurately predicting 788 

species diversity and evolutionary history; and (v) finally, further characterization of host 789 

range, geographic range, behavior, and other possible factors that drive speciation could 790 

be assessed to assist in delimiting species of interest.  791 
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 1145 

Fig. 1. Phylogenetic trees of B. tabaci (all reconstructed using the Bayesian and ML method). A Tree based on full mitochondrial genomes. 1146 

B Tree based on four single-copy nuclear genes. C Tree based on the RAD-Seq dataset (minimum samples= 6) and the mapping rate (reads 1147 

mapped to the MEAM1 genome) and the number of mapping reads. D SNP distribution by mapping all samples to the MEAM1 genome (the 1148 

number in the figure represents different matrices: 5 represents “matrix=6”, 4 represents “matrix=8”, 3 represents “matrix=10”, 2 represents 1149 

“matrix=12” and 1 represents “matrix=14”). To view the SNP distribution around the MEAM1 genome, scaffolds of the MEAM1 genome were 1150 

connected to eight bigger scaffolds according to length of the scaffolds and then using these eight scaffolds connected as a cycle. For all 1151 

phylogenetic trees, numbers at nodes detail BI posterior probabilities greater than 0.95/ML bootstrap values over 50%.1152 
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Fig. 2. Summary of reproductive incompatibility among putative species of the B. tabaci cryptic species group from published crossing studies, 1155 

as well as unpublished data from an experiment conducted for this paper. 1156 

The mating experiments carried out linked to the BI tree generated by mitogenomic data. Specimens marked with red color represent a conflict 1157 

between the reproductive compatibility and phylogenetic clade boundaries.  1158 

The codes of male source correspond to those of female source listed in the top column. 1159 

Symbols marked with shapes and colors indicate levels of reproductive incompatibility. 1160 

 Complete reproductive compatibility. 1161 

 No F1 hybrid females produced. 1162 

 Marked with green color represent low number of F1 hybrid females produced in both directions of cross but the hybrids were sterile and/or 1163 

characterized by reduced viability and fertility. 1164 

★ Marked with purple color represent lower number of F1 hybrid females produced, and hybrid females were fertile. 1165 

 Marked with yellow color represent low number of F1 hybrid females produced in one direction of cross, but hybrids had reduced viability 1166 

and fertility. 1167 

〇 Marked with red color represent low number of F1 hybrid females produced but fertility of F1 females was not tested. 1168 

 1169 
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 1171 

Fig. 3. Geographical distribution of different putative cryptic species. Geographical 1172 

distribution of different putative cryptic species was summarized from literature reviews. 1173 

Different clades are shown in different colors and the specimens under the same clades are 1174 

noted by different shapes of symbols. Red arrows in the map represent the geographical 1175 

origin of the 25 analyzed samples.1176 
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 1177 
Fig. 4. The host range of species groups in the Bemisia tabaci complex. The reported 1178 

number of host families utilized by different species were transformed into log2 1179 

and used for heatmap and clustering analysis. 1180 
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Fig. 5. Summary of the performance of different datasets in B. tabaci species 1194 

classification as judged by reproductive compatibility datasets (A,B) and a new strategy 1195 

proposed for species classification (C).  1196 


