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A B S T R A C T

The whitefy Bemisia tabaci, a species complex consisting of many morphologically indistinguishable species
divided into distinct clades, is one of the most globally important agricultural pests and plant virus vectors.
Cassava-colonizing B. tabaci transmits viruses that cause cassava mosaic disease (CMD) and cassava brown streak
disease (CBSD). Half of all cassava plants in Africa are affected by these viral diseases, resulting in annual
production losses of more than US$ 1 billion. Here we report the draft genome of the cassava whitefly B. tabaci
Sub-Saharan Africa - East and Central Africa (SSA-ECA), the super-abundant population that has been associated
with the rapid spread of viruses causing the pandemics of CMD and CBSD. The SSA-ECA genome assembled from
Illumina short reads has a total size of 513.7Mb and a scaffold N50 length of 497 kb, and contains 15,084
predicted protein-coding genes. Phylogenetic analysis suggests that SSA-ECA diverged from MEAM1 around 5.26
million years ago. A comprehensive genetic analysis of cassava-colonizing B. tabaci in Africa was also conducted,
in which a total of 243 whitefly specimens were collected from 18 countries representing all major cassava-
growing regions in the continent and genotyped using NextRAD sequencing. Population genomic analyses
confirmed the existence of six major populations linked by gene flow and inferred the distribution patterns of
these populations across the African continent. The genome of SSA-ECA and the genetic findings provide va-
luable resources and guidance to facilitate whitefly research and the development of strategies to control cassava
viral diseases spread by whiteflies.
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1. Introduction

The whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) is
an agricultural pest of ornamental, vegetable, grain, legume, and cotton
crops, causing damage directly through feeding and indirectly through
the transmission of plant pathogenic viruses belonging to at least five
genera (Begomovirus, Crinivirus, Ipomovirus, Carlavirus and
Torradovirus). In Africa, the rapid geographical expansion of a pan-
demic of severe cassava mosaic disease (CMD) has devastated cassava
crops in 12 countries in East and Central Africa (Legg et al., 2006,
2011). CMD is caused by cassava mosaic begomoviruses (Bock and
Woods, 1983) that are transmitted by B. tabaci (Legg et al., 2011). In
the past decade, cassava brown streak disease (CBSD) has similarly
spread as a pandemic through East and Central Africa (Alicai et al.,
2007; Legg et al., 2011). CBSD is caused by two species of Ipomovirus
(Mbanzibwa et al., 2011) that are also transmitted by B. tabaci (Maruthi
et al., 2005, 2017), and has emerged as a risk to food security and a
major threat to the production of cassava (Rey and Vanderschuren,
2017). The two diseases affect approximately half of cassava plants in
Africa, resulting in annual production losses of more than US$ 1 billion
(Legg et al., 2014). Over a 5-year period, 10–250-fold increases in B.
tabaci abundance on cassava occurred in Uganda, Kenya, Tanzania and
Burundi, leading to them being referred to as the ‘super-abundant’
whitefly (Legg et al., 2014). The rapid increase in B. tabaci abundance
has been associated with the spread of CMD (Legg and Ogwal, 1998;
Otim-Nape et al., 1996), and has driven the outbreaks of CBSD (Legg
et al., 2011).

Bemisia tabaci is considered to be a species complex consisting of
many morphologically indistinguishable species divided into distinct
clades (Liu et al., 2012). Species-level delimitation has been proposed
based on the mitochondrial cytochrome oxidase I (mtCOI) sequence,
with a> 3.5% divergence level used to separate putative species
(Dinsdale et al., 2010). Sub-Saharan Africa (SSA) was considered to
comprise five genetically distinct groups of cassava-colonizing B. tabaci
(SSA1-5) (Berry et al., 2004; Esterhuizen et al., 2013). Based on the
mtCOI sequence divergence, SSA1 has been further divided into five
subgroups; SSA1 subgroup 1 (SSA1-SG1), SSA1-SG2, SSA1-SG3, SSA1-
SG4 (Legg et al., 2014) and SSA1-SG5 (Ghosh et al., 2015). Recently,
analysis of> 7,000 genome-wide single nucleotide polymorphisms
(SNPs) obtained from cassava-colonizing B. tabaci populations from
eight African countries, however, has led to the proposal for an alter-
native classification (Wosula et al., 2017). Although this supports the
unique identity of SSA whiteflies, it suggests the occurrence of six major
genetic groups which differ from the groupings based on the mtCOI
sequences. SSA-East and Central Africa (SSA-ECA) is the group that co-
occurs with the pandemics of severe CMD and CBSD, and is the geno-
type frequently occurring in super-abundant populations (Wosula et al.,
2017).

Recently, genome sequences of the B. tabaci MEAM1 and MED have
been reported (Chen et al., 2016; Xie et al., 2017). However, the rela-
tively high divergence between MEAM1/MED and the cassava whitefly
(Wosula et al., 2017) has limited the use of the MEAM1/MED genomes
as references for the cassava whitefly. Here we report the de novo as-
sembly and annotation of the genome of the super-abundant cassava
whitefly B. tabaci SSA-ECA, which provides a valuable resource to fa-
cilitate the development of efficient strategies to control this pest and
the cassava viruses it transmits. We previously reported SNP-geno-
typing through NextRAD sequencing of cassava whitefly samples that
were collected from eight cassava-growing countries (Wosula et al.,
2017). To obtain a more comprehensive understanding of the dis-
tribution and genetic diversity of cassava-colonizing B. tabaci in Africa,
whitefly samples were collected from cassava in 10 additional countries
and four countries that either had few samples in our previous study or
harbored high whitefly diversity. SNPs were called from the combined
samples using the SSA-ECA genome as the reference. This study
therefore presents the most comprehensive characterization of the

genetics of cassava-colonizing B. tabaci populations in Africa to date, as
well as the genome sequence of SSA-ECA, the genotype directly linked
to super-abundance and the spread of the severe CMD and CBSD pan-
demics.

2. Materials and methods

2.1. Sampling and genome sequencing

Over 10,000 cassava-colonizing whiteflies were collected from
cassava plants in a single field in Murumba Village, Chato District,
northwestern Tanzania, a location on the southwestern shores of Lake
Victoria which is characterized by abundant B. tabaci populations and
rapid spread of CBSD. Adult B. tabaci were aspirated into vials, im-
mediately killed and preserved in 90% ethanol before being transported
to the laboratory. Using a stereoscope, ∼1,050 haploid male whiteflies
were isolated. Genomic DNA was prepared from these whiteflies using
the same protocol described in Chen et al. (2016). These whiteflies were
confirmed to belong to the SSA-ECA group through PCR amplification
with primers specific to the mtCOI gene as well as phylogenetic analysis
with ∼90 diverse cassava-colonizing B. tabaci populations using
genome-wide SNPs (Wosula et al., 2017). Paired-end libraries were
constructed using the Illumina TruSeq DNA sample preparation kit, and
mate-pair libraries were constructed using the Nextera Mate Pair
Sample Preparation kit, following the manufacturer's instructions (Il-
lumina, San Diego, CA). All libraries were sequenced on an Illumina
HiSeq 2500 system.

2.2. Genome assembly

Raw Illumina reads were processed to remove duplicated read pairs,
which were defined as having identical bases in the first 100 bp of both
left and right reads, and only one read pair from the duplicates was
kept. Illumina adaptor and low-quality sequences were removed from
the reads using Trimmomatic (Bolger et al., 2014). De novo assembly
was performed with Platanus (Kajitani et al., 2014), using high-quality
cleaned reads from both paired-end and mate-pair libraries. The as-
sembled scaffolds were compared against the NCBI non-redundant
nucleotide (nt) database using BLASTN with an e-value cutoff of 1e-5.
Scaffolds with over 90% of their lengths similar to only bacterial or
viral sequences were considered to be contaminants and therefore
discarded. To further improve the assembly, we used Pilon (Walker
et al., 2014) to correct base errors, fix mis-assemblies and fill gaps.

2.3. Transcriptome sequencing

To improve gene prediction, RNA-Seq was conducted on B. tabaci
SSA-ECA from three different developmental stages (adults, nymphs
and eggs) collected from cassava plants in a single location in north-
western Tanzania (Murumba village, Chato District). Total RNA was
extracted using the Ambion TRIzol Reagent (Thermo Fisher, USA) fol-
lowing the manufacturer's instructions. Strand-specific RNA-Seq li-
braries were constructed using the protocol described in Zhong et al.
(2011) and sequenced on the Illumina HiSeq 2500 system. Raw reads
were processed by trimming adaptor and low-quality sequences using
Trimmomatic (Bolger et al., 2014). The cleaned reads were aligned to
the assembled SSA-ECA genome using HISAT2 (Kim et al., 2015), fol-
lowed by reference-guided assembly using StringTie (Pertea et al.,
2015). The assembled transcripts were used to improve protein-coding
gene predictions in the B. tabaci SSA-ECA genome.

2.4. Annotation of repetitive elements

A MITE (miniature inverted-repeat transposable element) library
and a de novo repeat library were constructed by scanning the as-
sembled B. tabaci SSA-ECA genome using MITE-Hunter (Han and
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Wessler, 2010) and RepeatModeler (http://www.repeatmasker.org/
RepeatModeler), respectively. The identified repeats in the libraries
were subsequently compared against the NCBI non-redundant (nr)
protein database using BLAST with an e-value cutoff of 1e-5, and those
having hits to known protein sequences were removed. Finally, the de
novo repeat library and the MITE library were used to identify repeat
sequences in the assembled SSA-ECA genome by scanning the genome
using RepeatMasker (http://www.repeatmasker.org/) and the Repea-
tRunner (http://www.yandell-lab.org/software/repeatrunner.html)
subroutine in the MAKER annotation pipeline (Cantarel et al., 2008).

2.5. Gene prediction

Protein-coding genes were predicted from the repeat-masked
genome assembly of B. tabaci SSA-ECA using MAKER (Cantarel et al.,
2008), which synthesizes results from ab initio gene predictions with
experimental gene evidence to produce final consensus gene models.
The evidence used in this study included full coding sequences (CDS) of
B. tabaci collected from NCBI, transcripts assembled from our RNA-Seq
data, completed proteomes of fruit fly, pea aphid and whitefly MEAM1,
and proteins from Swiss-Prot. All these sequences were aligned to the
SSA-ECA genome using Spaln (Gotoh, 2008). MAKER was used to run a
battery of trained gene predictors including Augustus (Stanke and
Waack, 2003), BRAKER (Hoff et al., 2015) and Snap (Korf, 2004), and
then integrated with the experimental gene evidence, to produce evi-
dence-based gene predictions.

To functionally annotate the predicted genes, their protein se-
quences were searched against different protein databases including
UnitProt (TrEMBL/SwissProt) and two insect proteomes (whitefly
MEAM1 and fruit fly) using BLAST with an e-value cutoff of 1e-4. The
protein sequences were also compared against the InterPro domain
database (Mitchell et al., 2015). GO annotation was performed with
Blast2GO (Conesa et al., 2005).

2.6. Comparative genomics

We compared the predicted B. tabaci SSA-ECA genes with those of
MEAM1 and 14 other arthropods (Apis mellifera, Camponotus floridanus,
Tribolium castaneum, Bombyx mori, Danaus plexippus, Anopheles gambiae,
Drosophila melanogaster, Pediculus humanus, Diaphorina citri,
Acyrthosiphon pisum, Rhodnius prolixus, Nilaparvata lugens, Daphnia pulex
and Tetranychus urticae). The proteome sequences of all 16 arthropod
species were used to construct orthologous groups using OrthoMCL (Li
et al., 2003). The 668 single-copy genes shared by all 16 species were
used to reconstruct their phylogenetic relationships. Briefly, protein
sequences of the single-copy genes were aligned with MUSCLE (Edgar,
2004), and the positions in the alignment containing gaps in more than
20% of the sequences were removed by trimAl (Capella-Gutierrez et al.,
2009). A phylogenetic tree was then constructed using the maximum-
likelihood method implemented in PhyML (Guindon et al., 2009), with
the JTT model for amino acid substitutions and the aLRT method for
branch support. The alignment was also used to estimate divergence
times among lineages using mcmctree in the PAML package (Yang,
2007). Fossil calibrations were set according to previous studies
(Benton and Donoghue, 2006; Donoghue and Benton, 2007).

2.7. Genotyping of cassava-colonizing whiteflies with NextRAD sequencing

We previously collected 95 cassava-colonizing whitefly samples
from eight African countries (Burundi, Cameroon, Central African
Republic (CAR), Democratic Republic of Congo (DRC), Madagascar,
Nigeria, Rwanda and Tanzania) (Wosula et al., 2017). In this study, an
additional 190 adult whitefly specimens were collected randomly be-
tween 2015 and 2018 from 10 additional countries (Benin, Ghana,
Kenya, Liberia, Malawi, Mozambique, Sierra Leone, Togo, Uganda and
Zambia) and from four countries (Cameroon, DRC, Nigeria, Tanzania)

that either had few samples in our previous study or harbored high
whitefly diversity. Detailed information on locations of sampling within
countries and time of collection is provided in Table S1. The whiteflies
were aspirated live from cassava plants and then preserved in 95%
ethanol prior to storage at −20 °C. DNA extraction was carried out
following the procedures described in Wosula et al. (2017).

Genomic DNA of the 190 whiteflies was used to construct NextRAD
libraries by SNPsaurus, LLC (http://snpsaurus.com/) as described in
Russello et al. (2015). Raw reads from NextRAD sequencing (190
samples combined with 95 samples that were sequenced in Wosula
et al., 2017) were first processed to remove adaptor and low-quality
sequences. The cleaned reads were then aligned to the SSA-ECA
genome, and only uniquely mapped reads were used for SNP calling
using TASSEL5 (Bradbury et al., 2007). The resulting raw SNPs were
filtered by the following criteria: 1) individual samples with missing
data rate> 65% were excluded; 2) SNPs with missing data in> 20% of
the samples or minor allele frequency (MAF) < 0.05 were removed; 3)
SNPs with genotype quality (GQ) < 30 or SNPs with another SNP
of< 5 bp away were excluded.

The final filtered SNPs (63,770) were used to construct a maximum-
likelihood phylogenetic tree using phyML (Guindon et al., 2010) with
default parameters. STRUCTURE (v2.3.4) (Hubisz et al., 2009) was
used to perform a model-based clustering for inferring population
structure. Twenty independent runs for each K value ranging from 1 to
10 were performed with a burn-in length of 10,000 followed by 10,000
iterations, where K is the assumed number of populations. The best K
was deduced from the distribution of ΔK. The optimal K was im-
plemented in a final run with 100,000 burn-in and 100,000 iterations.
Principal component analysis (PCA) was performed using PLINK (v1.9)
(Chang et al., 2015), and the result was illustrated using the ggplot2
package in R.

2.8. Gene flow analysis

We performed gene flow analysis using the D-statistics (Patterson
et al., 2012), which were calculated using the AdmixTools v5.1
(Patterson et al., 2012). This program makes use of the tree structure of
(out group, x; y, SSA4), where ‘out group’ included Bemisia afer and
sweetpotato B. tabaci whitefly (non-cassava haplotype). Under the as-
sumption of the model, there is no gene flow between ‘out group’ and
SSA4, but there is potential gene flow between either population x and
y or x and SSA4, which results in negative or positive D, respectively.
D=0 indicates a lack of gene flow between the two populations. Sig-
nificant deviation from 0 of D is estimated by the Z-score, which is
considered to be significant if |Z-score|> 4.

To infer directionality of gene flow between different populations,
we performed the partitioned D-statistic test, which is based on a five-
taxon tree (((P1, P2), (P31, P32)), O), where P31 and P32 are two
lineages within the P3 clade (Eaton and Ree, 2013). The test can infer
directionality through its measurement of introgression of shared an-
cestral alleles, D12. If gene flow occurs from P31 into P2, then the de-
rived P3 alleles which arise in the ancestor of P31 and P32, and are thus
shared by both taxa, would also appear in P2. In contrast, if gene flow
occurs only in the opposite direction, from P2 into P31, then P2 will not
contain alleles that are shared by the two P3 taxa, and thus the parti-
tioned test would find a non-significant D12. The partitioned D-statistic
test was also calculated using the AdmixTools v5.1 (Patterson et al.,
2012).

2.9. GIS mapping

Geo-referenced coordinates for whitefly samples were used to gen-
erate maps using ArcGIS 10.1 (ESRI, Redlands, California, USA). Maps
were produced illustrating the geographic distributions of cassava-co-
lonizing B. tabaci whiteflies across sampled countries in Africa.
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3. Results and discussion

3.1. Genome of the cassava whitefly B. tabaci SSA-ECA

The B. tabaci SSA-ECA genome was sequenced using the Illumina
technology. A total of three paired-end libraries with insert sizes of 350
bp, 550 bp and 850 bp and three mate-pair libraries with insert sizes of
3 Kb, 8 Kb and 15 Kb were constructed and sequenced, which yielded
about 255 Gb of raw sequence data. After removing duplicates, adaptor
and low-quality sequences, a total of 126.5 Gb cleaned sequences were
obtained (Table S2). K-mer distribution of the cleaned sequences dis-
played a very weak peak (Fig. S1), indicating the possible heterogeneity
of the sequenced sample, which would hinder the de novo assembly of
the genome. Therefore, we further used Quake (Kelley et al., 2010) to
reduce the heterogeneity in the sequences by correcting the low-fre-
quency reads with higher-frequency reads. After this correction, a more
obvious peak was observed in the k-mer distribution plot (Fig. S1),
supporting reduced heterogeneity in the corrected reads. Finally, we
obtained 65 Gb of cleaned and corrected high-quality sequences that
were used in the assembly.

The final assembled genome of B. tabaci SSA-ECA contained 71,393
scaffolds with an N50 length of 497 kb and a total length of 513.7Mb,
both of which were shorter than the published genome of B. tabaci
MEAM1 (Chen et al., 2016), which is not unexpected given the het-
erogeneous nature of SSA-ECA used for genome sequencing, while the
N50 length of the assembled SSA-ECA scaffolds was similar to that of
the MED scaffolds (Table 1). We evaluated the completeness of the gene
content in the draft genome assembly of SSA-ECA using BUSCO (Simao
et al., 2015), which indicated that the assembly captured 95.3% of the
core eukaryotic genes and 90.2% were completely covered by the as-
sembly. Our results suggest that although a relatively high portion
(∼25%) of the SSA-ECA genome was missing in the assembly, the
majority of the gene space was successfully assembled.

A total of 39.6% of the assembled genome was annotated as repeat
elements (Table S3), which was slightly less than that in the MEAM1
genome (Table 1). The most predominant repeat elements were MITEs,
which occupied 24.8% of the genome. In addition, 11.9% of genome
was annotated as unknown repeats, which were unable to be classified
into any known families.

A total of 15,084 protein-coding genes were predicted in the SSA-

ECA genome, which is similar to the number of genes predicted in
MEAM1. The gene structure of SSA-ECA, including the average lengths
of CDS and exons, and the number of exons per gene, is also similar to
that of MEAM1 and MED (Table 1). Among the 15,084 predicted SSA-
ECA genes, 73.9% had hits to proteins in the UniProt (TrEMBL/Swiss-
Prot) database, 42.3% were annotated with GO terms, 68.7% contained
InterPro domains, and 87.2%, 79.5% and 55.0% of the SSA-ECA pre-
dicted genes shared detectable homology with MEAM1, MED and fruit
fly genes, respectively.

3.2. Detoxification of xenobiotic compounds

Several enzyme families have been widely reported to be implicated
in detoxification of xenobiotic compounds such as plant secondary
metabolites and insecticides. These families include cytochrome P450
(CYP), UDP-glucuronosyltransferase (UGT), glutathione S-transferase
(GST), ABC transporter (ABC), and carboxylesterase (COE). As shown in
Table 2, the SSA-ECA genome contains 130 predicted CYPs, the same
number as detected in MEAM1, but fewer than the amount (153) found
in MED. The SSA-ECA genome also encodes 67 predicted UGTs, which
is similar to MED (63) but less than MEAM1 (81). Furthermore, a total
of 25 GSTs, 42 COE and 48 ABCs were predicted in the SSA-ECA
genome, all of which are similar to or fewer than the corresponding
amounts identified in MEAM1 and MED.

Recently, several additional gene families have been found to be
involved in insecticide resistance in B. tabaci, including cathepsin,
phosphatidylethanolamine-binding protein (PEBP) and aromatic per-
oxygenase (APO) (Chen et al., 2016). A total of 84 cathepsin and 98
PEBP genes were predicted in the SSA-ECA genome, which is sub-
stantially less than the amounts found in MEAM1 and MED (Table 2). In
addition, 15 APO genes were predicted in SSA-ECA, similar to the
amounts detected in MEAM1 and MED.

Overall, SSA-ECA has a reduced set of predicted genes related to
detoxification of xenobiotic compounds compared to MEAM1 or MED.
This is consistent with the fact that the SSA-ECA has a much narrower
host range (largely restricted to cassava) than the more polyphagous
MEAM1 and MED.

3.3. Comparative genomics

We constructed orthologous groups by comparing the complete set
of SSA-ECA protein-coding genes with those of MEAM1 and 14 other
arthropods. A total of 2,535 orthologous groups were shared by all 16
species, including 668 single-copy orthologous genes. These single-copy
genes were used to reconstruct their phylogenetic relationships, which
were consistent with previous studies (Chen et al., 2016; Xie et al.,
2017; Xue et al., 2014). The divergence time between SSA-ECA and
MEAM1 was estimated to be around 5.26 million years ago (Mya)
(Fig. 1A). This is different from the divergence time of 50–70 Mya
between sub-Saharan Africa and other B. tabaci species complex re-
ported by Boykin et al. (2013), who used a 657-bp fragment at the 3’

Table 1
Genome assembly statistics of African cassava whitefly SSA-ECA.

SSA-ECA MED MEAM1

Genome assembly
Assembled genome size (Mb) 513.7 658.2 615.0
Gap (%) 4.9 3.0 2.3
Scaffold N50 (bp) 497,869 436,791 3,232,964
Scaffold L50 218 421 56
Contig N50 (bp) 10,224 44,366 29,876
Contig L50 12,381 4,288 5,762
Minimum length (bp) 500 501 500

Genomic features
GC content (%) 39.3 39.5 39.6
Repeat (%) 39.6 40.0 43.2
Number of protein-coding genes 15,084 20,786 15,664
Mean coding sequence length (bp) 1,339.57 1,505.5 1,469.80
Mean number of exons per gene 6.19 6.0 6.73
Mean exon length (bp) 365.97 351.0 421.1
Mean intron length (bp) 2,310.58 1,776.0 1,875.50

BUSCO evaluation - % present (complete)
Genomea 85.8 (78.0) 82.3 (78.0) 86.7 (84.1)
Proteina 95.3 (90.2) 92.1 (88.3) 96.8 (94.4)

a BUSCO was run against the assembled genome sequences and the predicted
proteins, respectively. Numbers shown are percentages of core eukaryotic genes
covered by the assemblies or proteins, with percentages of genes that were
completely covered shown in parenthesis.

Table 2
Summary statistics of predicted detoxification-related genes.

SSA-ECA MEAM1 MED

Cytochrome P450 (CYP) 130 130 153
UDP-glucuronosyltransferase (UGT) 67 81 63
Glutathione S-transferase (GST) 25 22 21
Carboxylesterase (COE) 42 51 51
ABC transporter (ABC) 48 50 59
Cathepsin 84 111 167
Phosphatidylethanolamine-binding protein

(PEBP)
98 202 149

Aromatic peroxygenase (APO) 15 20 17

Total 509 667 680
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end of the single mtCOI gene to infer the divergence time. We argue
that a comparative genomic approach provides a more accurate picture
of the evolutionary history of the Bemisia complex species. In addition,
the low synonymous nucleotide substitution rates (Ks) of orthologous
gene pairs between SSA-ECA and MEAM1 (peaked at 0.079; see below)
further supported the relatively recent divergence between these two
whiteflies.

We further constructed orthologous groups among SSA-ECA,
MEAM1 and MED whiteflies, which resulted in the identification of
8,166 groups shared by all three whiteflies. Ks of orthologous gene pairs
between MEAM1 and SSA-ECA peaked at 0.079, which was similar to
that between SSA-ECA and MED (0.088), but greater than that between
MEAM1 and MED (0.021) (Fig. 1B).

3.4. Genetic diversity of cassava-colonizing B. tabaci in Africa

SNP-genotyping with NextRAD sequencing was used to examine the
comprehensive and geographically extensive set of cassava-colonizing
B. tabaci in Africa. SNP-genotyping was done using 243 B. tabaci cas-
sava whiteflies which produced quality sequences out of the combined
285 samples. Maximum-likelihood phylogenetic analysis (Fig. 2) and
PCA (Fig. 3A) revealed the existence of six major haplogroups (SSA2,
SSA4, SSA-CA, SSA-ESA, SSA-WA and SSA-ECA). This is consistent with
our previous study despite the fact that the earlier study had only 7,453
SNPs, with the MEAM1 genome used as the reference (Wosula et al.,
2017), compared to this study, which identified 63,770 SNPs using the
SSA-ECA genome as the reference. Haplogroup SSA2 comprised 35
(15%) samples, and they were from Cameroon, Kenya, Ghana, DRC and
Sierra Leone. Although SSA2 is a single haplogroup, it appears to have
three sub-groups comprising samples from Cameroon (Central Africa),
Ghana and Sierra Leone (West Africa), and eastern DRC and Kenya
(East Africa), respectively. This study confirms that SSA2 from Kenya
belongs to the same haplogroup as SSA2 from Cameroon, and demon-
strates that SSA2 is present in East, Central and West Africa, but not
southern Africa. Consequently, it is the most geographically dispersed
group. Furthermore, across most of its range, it appears to be a

secondary population that does not predominate. This suggests that it
may have a specific biological niche that enables it to succeed when co-
occurring with other haplogroups. SSA4 comprised 18 (7.4%) samples,
and they were from Cameroon, DRC and CAR. This population seemed
to be restricted to Central Africa. Haplogroup SSA-CA consisted of 13
(5.3%) samples from eastern DRC and western Tanzania. This popula-
tion was restricted to the regions around Lake Tanganyika in Tanzania
(Kigoma) and DRC (Katanga and Tanganyika provinces). SSA-ESA
comprised 56 (23.0%) samples collected from Tanzania, Kenya, Mo-
zambique, Malawi and Zambia. There were two subgroups in this po-
pulation, with samples from Tanzania and Kenya grouping in a separate
cluster from those of Malawi and Mozambique. This population was
restricted to southern Africa and coastal East Africa, although three
samples from Kigoma (northwestern Tanzania) were also identified in
this haplogroup. SSA-WA comprised 52 (21.4%) samples from Nigeria,
Sierra Leone, Togo, Benin, Ghana, Liberia and CAR. This population
predominated in West Africa. Haplogroup SSA-ECA comprised 69
(28.4%) samples collected from Tanzania, Uganda, Kenya, Burundi,
Rwanda and eastern DRC. This population was predominant in the
regions of East and Central Africa currently affected by the CBSD
pandemic, and previously the CMD pandemic.

Population structure analysis revealed that the six major hap-
logroups have their origins from five ancestral populations (K=5)
(Fig. 3B). Haplogroups SSA-ECA, SSA-WA, SSA-ESA and SSA2 have a
relatively homogenous genetic background while SSA4 and SSA-CA are
extensively admixed comprising signatures from all five ancestral po-
pulations. SSA2 (including samples from Kenya) is a population that is
distinct from SSA-ECA and therefore the latter is unlikely to be a hybrid
of SSA2 and some other population as had been hypothesized (Legg
et al., 2002). Gene flow analyses revealed a similar pattern to that re-
ported by Wosula et al. (2017). There was significant gene flow from
SSA-WA to SSA-ECA, SSA-ECA to SSA-CA, SSA-CA to SSA4, and SSA-
ESA to SSA-CA (Tables S4 and S5). Significant gene flow also occurred
between SSA2 and SSA4 although the direction of flow was not de-
termined. Further analyses excluding SSA2 from Cameroon showed no
evidence of gene flow between SSA2 from Kenya and SSA-ECA. This

Fig. 1. Phylogenomics of cassava whitefly Bemisia tabaci SSA-ECA. (a) Phylogenetic relationships of SSA-ECA and 15 other arthropod species. Daphnia pulex and
Tetranychus urticae were used as the outgroup taxa. Branch length represents the divergence time. (b) Distribution of synonymous substitution rate (Ks) of ortho-
logous gene pairs between MEAM1 and MED, SSA-ECA and MEAM1, and SSA-ECA and MED.
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confirms that SSA-ECA is a distinct population that displaced SSA2 in
East Africa. The existence of six haplogroups as previously reported in
Wosula et al. (2017), with samples covering almost all of the major
cassava-growing countries in Africa, indicates that this is likely to re-
present most if not all of the major genetic groupings of B. tabaci oc-
curring on cassava in the continent. Gene flow among these populations
could lead to the emergence of novel haplogroups that have favorable
traits such as rapid reproduction rate and increased adaptation to new
environments; this could exacerbate virus epidemics through increased
spread, severity and even emergence of new strains. Introgression of
new alleles through hybridization has been shown to result in increased
adaptive competitiveness and geographic range expansion of some
hybridizing species (Wellenreuther et al., 2018). Since gene flow occurs
from SSA-ECA, the superabundant population associated with severe
virus epidemics (CMD and CBSD) in Eastern Africa, to SSA-CA, a po-
pulation currently confined to DRC, introgression of alleles putatively
associated with increased fitness of SSA-ECA could potentially lead to
the rapid expansion of SSA-CA populations that would drive virus
epidemics in new regions. An alternative scenario might be the dis-
placement of one or more cryptic species by others, such as the example
from Uganda in which SSA-ECA displaced SSA2. Displacement of local
B. tabaci cryptic species by invasive groups, for example MEAM1 and
MED, has been reported to have triggered severe virus epidemics or the
emergence of new virus strains or viruses in affected crops and even the
emergence of new viruses in previously unaffected host plants (Islam
et al., 2018).

3.5. Geographical distribution of cassava B. tabaci

Based on SNP-genotyping, this study demonstrates that SSA2 has

the most extensive distribution, ranging from Sierra Leone in West
Africa to Kenya in the East. This range covers a huge diversity of eco-
logical zones, indicating that this haplogroup must have a wide adap-
tation to diverse vegetation, climate and agroecological types. SSA-ECA
and SSA-WA are found in the humid forest and derived savanna zones
of Eastern Africa and West Africa, respectively. SSA4 and SSA-CA are
restricted haplogroups, with the former confined in Cameroon and DRC
and the latter in DRC (humid forest and savanna zones). SSA-ESA is
found in savanna and semi-arid zones of Eastern and Southern Africa
(Fig. 4). In view of its extensive distribution, SSA2 overlaps with three
other haplogroups: SSA-ECA in East Africa, SSA4 in Central Africa and
SSA-WA in West Africa (Fig. 4). The overlapping of populations in
various zones could present opportunities for hybridization considering
that all the six cassava whitefly populations are linked through gene
flow. SSA2 overlaps in range with three other populations but gene flow
occurs only with SSA4. The range of SSA-ECA, the population asso-
ciated with severe virus epidemics in cassava, overlaps with three other
populations but gene flow is only into SSA-CA. Su et al. (2017) de-
monstrated that hybrids of termites Coptotermes gestroi and C. for-
mosanus possess temperature tolerance of both species and survived
better at 15–35 °C. Although this study presents evidence for gene flow,
and earlier studies demonstrated successful mating between different
cassava-colonizing B. tabaci populations (Maruthi et al., 2001), further
experiments will be required to prove mating compatibility and to de-
termine the fitness outcomes for the progeny of crosses between the six
major cassava-colonizing B. tabaci haplogroups. Results from such ex-
periments could be used as the basis for modelling future changes in
populations of each of these groups and their hybrid offspring, as well
as the resulting virus spread and consequent impact on cassava pro-
duction across the continent.

Fig. 2. Maximum-likelihood phylogenetic tree constructed based on SNPs (63,770) generated by NextRAD sequencing of Bemisia tabaci (cassava and non-cassava
haplotypes) and B. afer adults sampled between 2009 and 2018 from eighteen countries in Africa. Samples designated (*) are published (Wosula et al., 2017).
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4. Conclusion

Here we present the first draft genome assembly and annotation of
the super-abundant cassava whitefly Bemisia tabaci SSA-ECA, and report
that six major distinct populations of cassava B. tabaci exist in the major
cassava-growing regions of Africa. These populations are all linked
through gene flow and overlap in various agroecological zones. The
combined effect of gene flow and overlapping distributions may lead to
the emergence of novel populations that could further drive the virus
epidemics in cassava either through increased spread or the emergence
of novel strains. The genome assembly presented here will provide a
valuable resource for studying the factors driving the super-abundance
of cassava whiteflies, and for understanding the mechanisms under-
lying whitefly-virus interactions, transmission and disease development
in cassava. It will also facilitate the development of novel strategies for
whitefly and whitefly-transmitted virus control on cassava in Africa and
other agriculturally important crops throughout the world. In addition,
the SSA-ECA genome sequence allows for the development of robust,
rapid and accurate SNP-based molecular tools for routine monitoring of
the cassava-colonizing whiteflies in Africa.

Availability of supporting data

This Whole Genome Shotgun project has been deposited at DDBJ/
ENA/GenBank under the accession PGTP00000000. The version de-
scribed in this paper is version PGTP01000000. The raw genome and
RNA-Seq sequences have been deposited in the NCBI Short Sequence
Archive (SRA) under accessions SRP125415 and SRP125413, respec-
tively. The genome sequence and annotation are also available in the
whitefly genome database (http://www.whiteflygenomics.org).
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