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Abstract 

Identification of Bemisia tabaci cryptic whitefly species complex currently relies on molecular 

characterisation of the mitochondrial DNA cytochrome oxidase subunit I (mtCOI) partial gene, however, 

nuclear mitochondrial sequences (NUMTs), PCR-derived pseudogenes and/or poor sequence editing have 

hindered this effort. To-date, ca. 5,175 partial (≥ 300bp) mtCOI sequences for species identification purposes 

have been reported. We reviewed ca. 10% of sequences representing the standard B. tabaci species complex 

mtCOI dataset. We found that 333 sequences (64.9%) were NUMTs, pseudogenes and/or affected by poor 

sequence quality. Amino acid pattern analyses of high throughput sequencing-derived mtCOI gene from 24 

‘tabaci’ and ‘non-tabaci’ species enabled differentiation between NUMTs/pseudogene-affected and likely real 

mtCOI sequences, and that the SSA4, SSA5/SSA8, AsiaII-2 and AsiaII_4 species were NUMTs/pseudogenes 

artefacts. Intra-specific uncorrected nucleotide distances (p-dist) from our up-dated dataset ranged from 0-

1.98%, inter-specific p-dist within phylogenetic clades ranged between ca. 2.5 and 8%, and 8 and >19% for 

species between phylogenetic clades. Differentiating between closely related species could therefore utilise an 

‘average’ p-dist of 2.5%. Despite the smaller B. tabaci mtCOI dataset, six putative new species were identified. 

Adoption of our standardised workflow and up-dated mtCOI clean dataset could facilitate better diagnostics of 

B. tabaci and ‘non-tabaci’ cryptic species.  
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Introduction 

Accurate delimitation of cryptic insect species complex, such as agriculturally significant pests, 

underpins the development of effective management strategies and biosecurity preparedness. The whitefly B. 

tabaci is a cryptic species complex of over 38 polyphagous sap-sucking species
1-3

, with members that are 

indigenous to all continents except Antarctica. Species such as the sub-Saharan African (SSA) cassava whitefly 

species, the B. tabaci Mediterranean (‘MED’) species, and B. tabaci Middle East Asian Minor 1 (‘MEAM1’) have 

been responsible for major crop losses around the world
3-6

. The key challenge in identifying the different 

members of the complex is that they lack any reliable morphological differences. As a result, molecular 

markers have been used to identify the different members of the complex. The most widely used of these is 

mitochondrial COI and for the most part, the 3’ portion of the gene. This has seen a massive amount of 

research effort that resulted in 5,175 partial (ca. 300 to >657bp) mtCOI sequences being deposited in public 

DNA databases (e.g., in GenBank, accessed 22-June-2019).  

While these efforts have contributed to diverse global species being surveyed and characterised for 

their partial mtCOI genes, these publicly available sequences (e.g., from GenBank; also
7, 8

) are also often 

affected by poor quality issues. For example, NUMTs (nuclear mitochondrial sequences) have been 

misidentified and published in high frequencies
9
 which resulted in conflicting estimates of inter-species 

nucleotide distances
2,10

 and erroneous molecular species diagnosis (e.g., MEAM2, see Dinsdale et al
10

 cf. Tay et 

al.
11

; SSA4 see Berry et al.
12

 and Wosula et al.
13

 cf. Elfekih et al.
14

). 

Amino acid composition of various mitochondrial DNA genes (e.g., cytochrome oxidase b (cyt b)
15

, the 

mtCOI) have been shown to remain relatively conserved across evolutionary time at both intra- and inter-

species (especially between closely related species) levels (e.g., in Lepidoptera
16

; between various Bemisia 

species
9
; in crustacean

17
; see also Hebert et al.

18
). The patterns of gene region amino acid conservation, codon 

usage patterns, and nucleotide position composition mutation biases
17,19,20

 can be used to identify NUMTs. 

Increasing availability of high-throughput sequencing (HTS)-derived mitochondrial DNA genomes 

(mitogenomes)
9,11,21-24

 from globally diverged cryptic B. tabaci species complex represent valuable genomic 

resources that could assist with the identification of NUMTs
11

. Significant substitutional changes of amino acid 

residues, especially among related species across highly conserved protein structural locations, could also 

indicate poor sequence quality due to either NUMTs, PCR-artefacts (i.e., pseudogenes due to 

chimeric/assembly errors) and/or sequences with poor editing quality. 

Difficulties to identify NUTMs and pseudogenes have significantly and negatively impacted research 

efforts to better manage the Bemisia cryptic species pest complex
25

, leading to misinterpretations of genome-

wide SNP data
13

 and understanding of evolutionary genomics involving whole genome sequencing
26

. Although 

the recently published mtCOI dataset with 513 B. tabaci sequences
8
 aimed to address molecular diagnostic 

needs and species identification with efforts to remove insertion-deletion (indel)-affected sequences from the 

original dataset
8
, indel-affected sequences nevertheless remained present, while amino acid substitution 

patterns in sequences unaffected by indels were not examined. With the confusion surrounding the B. tabaci 

cryptic species nomenclature
1,4,27,28

, the global research community will benefit from this well-curated mtCOI 

dataset and a standardised workflow to assist with future molecular taxonomy, species diagnostics, and 

evolutionary genomics studies of the Bemisia whitefly species complex. 

In this study, we propose a standardised analysis workflow to enable potential NUMTs beyond indel-

associated PCR amplification and sequencing errors to be more easily identified. We demonstrate this on the 

B. tabaci mtCOI dataset that had previously been assessed for indels and premature stop codons
8
. We re-

calculate the intra- and inter-species uncorrected pairwise nucleotide distances (p-dist), re-evaluate ‘genetic 

gaps’ for species boundary, and infer phylogenetic relationships for the ‘Bemisia tabaci’ cryptic species 

complex based on the curated dataset, and show that novel cryptic species could be overlooked in a dataset 

that is impacted by poor sequence data.  

 

Results 

We detailed a workflow (Fig. 1) outlining a proposed standardised analytical procedure to identify and 

exclude potential NUMTs. We also provided an up-dated version of the partial mtCOI dataset as Suppl. Data 1. 

The dataset also included partial mtCOI of B. tabaci cryptic species that were from published mitochondrial 

DNA genomes obtained via HTS platform (i.e., Asia I
23

; MEAM1
11

; B. emiliae (AsiaII_7) and B. sp. ‘JpL’
24

; NW1, 

MED and MEAM1
21

; NW
22

; SSA1 and SSA2 (MK940753 and MK940754, this study), but included also 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 5, 2019. ; https://doi.org/10.1101/724765doi: bioRxiv preprint 

https://doi.org/10.1101/724765
http://creativecommons.org/licenses/by-nc-nd/4.0/


 3 

mitogenomes obtained via Sanger long-sequencing approach (i.e., NW
29

; MED
30

; B. afer
31

), partial mtCOI 

sequences of novel Australian Bemisia species (MN056066, MN056067, MN056068), selected African Bemisia 

species
3
, and selected ‘AsiaII’ and ‘China’ B. tabaci cryptic species

2
. NUMTs-free outgroups were also included 

in the up-dated dataset. This up-dated dataset represents a conservative set of curated partial mtCOI 

sequences, i.e., sequence with at least one INDEL identified when aligned against the HTS-mtCOI reference 

dataset were excluded without further analysis of amino acid substitution patterns.  

 

Fig. 1: Schematic diagram outlining the proposed analysis workflow of utilizing high-throughput sequencing 

(HTS) generated B. tabaci cryptic species mitogenomes for identifying potential NUMTs and pseudogenes in 

partial mtCOI gene sequences.  

 

Note: Translation to amino acids uses the invertebrate mtDNA genetic codes. Faded blue arrow indicates 

suggested steps to further confirm putative B. tabaci cryptic species status. The HTS reference mtCOI gene set 

in this study involved B. tabaci and ‘non-tabaci’ cryptic species (i.e., ‘MEAM1’, ‘MED’, ‘MED-ASL’, ‘IO’, ‘AsiaI’, 

‘AsiaII_7 (B. emiliae)’, ‘NW2’, ‘NW1’, ‘Australia’, ‘SSA1’, ‘SSA2’, ‘B. afer’, and ‘B. sp. JpL’; Suppl. Data 2; Suppl. 

Data 3). With the exception of the B. afer, one B. tabaci ‘NW’ (AY521259) and one B. tabaci ‘MED’ (JQ906700) 

mitogenomes which were generated via Sanger sequencing, all remaining mitogenomes were obtained via HTS 

platform. Analyses of amino acid changes between the HTS-mtCOI reference gene set and the Sanger 

sequenced partial mtCOI genes involved determining base substitutions that result in significant biochemical 

Extract COI gene from 

mitogenomes

Full mtCOI gene 

alignment

HTS reference COI

gene set

CSIRO mtCOI dataset

Obtain GenBank accession numbers, 

download original sequences  

COI dataset without 

INDELs

Eliminate GenBank partial mtCOI

sequences with INDELs

Translate to amino acid Translate to amino acidsAlign amino acid sequences

Eliminate sequences if: (i) premature stop codon(s),

(ii) amino acid changes at highly conserved COI gene regions

(iii) contained unlikely amino acid substitutions 

Accept only confident ‘clean’ sequences, 

(trim to 657bp where possible)

If putative new species: 

(i) mitogenome analysis, (ii) genome-wide 

SNP analysis, (iii) life history trait study.

Sequence Alignment:

partial mtCOI from GenBank

and HTS reference COI gene set 

Fig. 1
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property changes of the amino acid residues (e.g., hydrophobic/hydrophilic, polar/non-polar, charged/un-

charged). Partial mtCOI gene sequences from Sanger sequencing platform were not excluded if amino acid 

substitutions have not caused significant biochemical property changes. 

 

Alignment of the HTS-generated partial mtCOI reference gene set (Fig. 2) showed that across 

evolutionary diverged Bemisia species including the cryptic B. tabaci species complex, highly conserved gene 

regions were evident. Comparisons between the various B. tabaci cryptic species showed that, with the 

exception of MEAM1 where five sequences (GU086346, GU086358, GU086351, GU086353, GU086357) 

showed a consistent amino acid change at an otherwise conserved amino acid position 97 in the mtCOI partial 

gene, all sequences that had amino acid substitutions occurring in the inter-species highly conserved COI gene 

regions were excluded, as shown for the MED species (Fig. 3). We acknowledge that amino acid changes could 

potentially occur at other conserved COI gene regions especially if changes were to occur between residues 

with similar biochemical properties, but without solid evidence such as from HTS-generated data we exercise 

caution by excluding such sequences. Table 1 provides a summary of the total number of input partial mtCOI 

sequences from the mtDNA dataset reported by Boykin et al.
8
 for each species, and the number of confirmed 

clean sequences, potential NUMTs and related observations from this study. A full list of related GenBank 

accession numbers for each of the category is also provided (see Suppl. Table 1). 

 

Table 1: Summary of the Bemisia tabaci cryptic species partial mtCOI dataset v2
8
 against the current up-dated 

version of the dataset. Number of input sequences, up-dated partial mtCOI sequences with consistent amino 

acid profiles against mtCOI amino acids as obtained through HTS platform (see Fig. 2) and identified NUMTs 

and pseudogenes (i.e., chimeric genes identified as PCR artefacts due to contig assembly from amplification of 

two different B. tabaci cryptic species), and potential NUMTs. Relevant comments relating to observations of 

NUMTs and pseudogenes/potential NUMTs are also provided. For complete GenBank accession numbers see 

Suppl. Table 1. 

COI dataset of Boykin 

et al.8 

Up-dated 

mtCOI 

NUMTs / 

pseudogenes 

Comments 

NewWorld1 (NW1): N=21 

NewWorld2: (NW2) N=9 

N = 13 N = 17
a
 JF901844, JF901839: Misidentification of NW2 species, 

reported as NW
34

. 

a. Included 4 possible NUMTs (JN969967, JN969969, 

JN969968, AJ550167). 

Asia1: N = 57 N = 19 N = 38  

China2: N = 1 N = 7 N = 1  Seven additional sequences were downloaded from 

GenBank (accessed 11-Sept-2018). 

AsiaIII: N=3 N = 3  Sequences also reported in Lee et al.
2
. 

China3: N=2 N = 2  Sequences also reported in Lee et al.
2
. 

China1: N = 9 N = 5 N = 4  

Australia_Indonesia: N=4 

Australia_DQ: N=1 

Australia_Bundaberg: N=1 

Australia II: N=2 

 

N = 4 

 

N = 4 

GU086326: amino acid substitution at amino acid 

residue position 119 (highly conserved site across all 

Bemisia (Fig. 1). Amino acid otherwise identical to 

HQ457045. Both GU086326 and HQ457045 were from 

Indonesia. 

AsiaII_1: N = 47 N = 8
a
 N = 39 a: Four sequences have a Tyrosine at amino acid 

residue position 200 (consensus across B. tabaci 

species: Isoleucine; B. afer: Leucine, NW/NW2: Valine). 

AsiaII_2: N=1 N = 0 N = 1 AY686088: This is the only GenBank entry representing 

the AsiaII_2 species. This sequence has a nucleotide 

substitution that resulted in a change into Glycine at 

amino acid position 210 (Valine/Isoleucine in all 

Bemisia spp.). 

AsiaII_3: N=5 N = 2 N = 3  

AsiaII_4: N=1 N = 0 N = 1 The only GenBank entry (AY686083) for the AsiaII_4 

species. 

AsiaII_5: N=11 N = 6 N=5 Significant amino acid substitution for AJ748390 at 

position 103 (highly conserved in Bemisia spp. (V: 

hydrophobic (see Fig. 1) to D: hydrophilic). 
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AsiaII_6: N=12 N = 5 N = 7
a
 a: EU192052, EU192054 could potentially represent a 

separate species but excluded due to insufficient 

supporting evidence (e.g., lack of mitogenome 

confirmation). 

AsiaII_7 (B. emiliae): N=14 N = 9† N = 6
a
 †: included also an additional B. emiliae mtCOI 

sequence as reported by Tay et al.
24

. 

a: Includes AY686075 which has a significant amino acid 

substitution cf. all other Asia II-7. 

AsiaII_8: N=11 N = 3 N = 8  

AsiaII_9: N=2 N = 2 N = 0 Sequences also reported in Lee et al.
2
. 

AsiaII_10: N=2 N = 2 N = 0 Sequences also reported in Lee et al.
2
. 

AsiaII_11: N=2 N = 1 N = 1 Sequences also reported in Lee et al.
2
. 

Italy1: N=7 N = 3 N = 4
a
 a: Phenylalanine at amino acid residue position 185 

observed in AY827596 (Tyrosine in all Bemisia spp.). 

Sub-Saharan Africa 1: N=49 N = 15 N = 34  

Sub-Saharan Africa 2: N=16 N = 5  N = 11  

Sub- Saharan Africa 3: N=1 N = 7†  N = 1 †Seven additional clean sequences were downloaded 

from GenBank (accessed 11-Sept-2018). 

Sub-Saharan Africa 4: N=8 N = 0 N = 11† †Three additional sequences downloaded from 

GenBank. All sequences were from Berry et al.
12

 

(previously referred to as ‘Sub-Saharan III’); see also 

Elfekih et al.
14

. 

Sub-Saharan Africa 5: N=1 N = 0 N = 1 This is a chimera PCR amplicon of SSA1 and SSA2 (See 

Suppl. Fig. 1), and has been re-named as SSA8
3
. 

MEAM1: N=100 N = 34
a
 N = 66

b
 a: GU086346, GU086358, GU086351, GU086353, 

GU086357 all have a Serine at amino acid residue 

position 97 (Glycine in all Bemisia spp., see Fig. 2), but 

otherwise all have the clean MEAM1 amino acid 

sequence profile. They are tentatively accepted as 

representing real MEAM1 variants but require 

additional mitogenome support from HTS data. 

b: DQ133373 is excluded due to the ambiguous Y (C/T) 

at nucleotide position 619. 

MEAM2: N=1 N=0 N=1 See Tay et al.
11

. Note that this is the original NUMT 

sequence as identified by Delatte et al.
35

 and 

subsequently named ‘MEAM2’ by Dinsdale et al.
10

. It 

should be differentiated from the ‘African’ MEAM2 of 

Mugerwa et al.
3
. 

Indian Ocean: N=14 N = 6 N=8  

Uganda†: N=4 N = 1 N = 3 † also named Uganda1
3
 

MED: N=83 

 

N = 28 N = 55 Examples of sequences with inconsistent amino acid 

substitution patterns representing possible NUTMs are 

presented in Fig. 3. This ‘MED’ species included the 

sequence JX268596 from Gennadius’ original B. tabaci 

material
28

.  

Africa_Cameroon: N=1 N = 1 N=0 This is the only sequence available in GenBank. There 

are no issues identified based on amino acid sequence 

profile, however complete mitogenome via HTS should 

be obtained.  

Japan2: N=7 N = 5 N = 2  

Note: Not in the Boykin et al.
8
 mtCOI dataset were: African ‘MEAM2’, SSA6, SSA8, SSA9, SSA10, SSA11, SSA12, 

SSA13 (these were taken from Mugerwa et al.
3
). 

 

  

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 5, 2019. ; https://doi.org/10.1101/724765doi: bioRxiv preprint 

https://doi.org/10.1101/724765
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

Fig. 2: Partial (657bp) mitochondrial DNA cytochrome oxidase subunit I (mtCOI) gene translated amino acids 

alignment for all published Bemisia tabaci cryptic species including B. afer and B. sp. ‘JpL’ obtained through 

high throughput sequencing methods. Exceptions are B. tabaci ‘MED’ (JQ906700)
30

 and B. tabaci ‘NW’ 

(AY521259)
29

 which were obtained via long PCR and Sanger sequencing. Conserved domain for the 

heme_Cu_Oxidase_I superfamily for arthropods (MTH00153 cytochrome c oxidase subunit I; NCBI accessed 

29-Dec-2018) was based on blastp search using the MED mtCOI amino acid sequence (MH186144; nucleotide 

positions 782-1438) as input query protein sequence. MTH00153 identified arthropod conserved and variable 

amino acid residues are in red and blue letter codes, respectively. The list of B. tabaci cryptic species 

mitogenomes/mtCOI gene used represent a divergent timeline of at least 45-168.5 MY
32,33

. 

 

 

 

Note: List of mitogenomes used: AY521259 NW
29

; JQ906700 MED
30

; MH191394 NW2, MH191393 NW2, 

MH186144 MED, MH047295 MED, MH186143 MED, MH186145 MEAM1
21

; MH205754 ASL, MH205753 MED, 

MH205752 MED
9
; KY951451 Aus, KY951448 IO, KY951447 MED, KY951452 MEAM1, KY951450 MEAM1, 

KY951449 MEAM1
11

; KX714967 B. emiliae (AsiaII_7)
24

, MK940753_SSA1; MK940754_SSA2; KX714968 B. sp. 

‘JpL’
24

; KJ778614 AsiaI
23

; MK386668 NW
22

, and KF734668 B. afer
31

. 

 

  

379

Fig. 2
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Fig 3: Alignments of all MED-NUMTs with no evidence of INDELs against corresponding partial mtCOI amino 

acid residues of related B. tabaci cryptic species as obtained via HTS methods. Blue boxes are conserved 

regions detected in the partial mtCOI region of the B. tabaci and ‘non-tabaci’ cryptic species as well as from 

the Bemisia ‘JpL’ species endemic to Japan and the Korean peninsula, as obtained by HTS methods. Red boxes 

are amino acid residue substitutions that were detected in putative NUMT sequences of B. tabaci MED 

species. These putative NUMT sequences showed greater intra-species amino acid changes than were present 

at the interspecific level that corresponded to over 45-168.5 MY
32,33

 of species divergence. 

 

 

 

 

 

HTS

mitogenomes

MED mtCOI

Sanger sequencing 

HTS

mitogenomes

MED mtCOI

Sanger sequencing 

Fig. 3
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Uncorrected intra- and inter-specific pairwise nucleotide distances (p-dist) 

Intra-species p-dist was calculated to range from 0-1.9% in all phylogenetic species clades (Fig. 4; grey 

bars). Cut-off for intra-species diversity was therefore tentatively suggested at ca. 2% (light red arrow, Fig. 4). 

Three separate inter-species ‘genetic clusters’ (i.e., Clusters I, II, and III) were detected with Cluster I 

representing closely related species, such as between ‘MED’, ‘MED-ASL’ and ‘MED-Burkina Faso’ clades within 

the MED complex, and between the two ‘NW2’ sister clades (Fig. 5). For species within Cluster I, average p-dist 

of 2.5% should be used, and should incorporate the current up-dated dataset and any future data being 

generated, while setting the interspecies p-dist at ca. 3.5% as proposed by Dinsdale et al.
10

 should be 

considered for MED and NWs species complexes. Cluster II showed p-dist range of species at the within 

phylogenetic clade (i.e., ca. 3.5%-8%), and Cluster III contained species between sister clades (ca. 8 to ≥19%). 

 

Fig. 4: Uncorrected pairwise nucleotide distances (p-dist) of partial mtCOI (657bp) from the current up-dated 

B. tabaci cryptic species database. Grey bars are intra-specific comparisons which showed a maximum p-dist 

value of 0.198% as indicated by the lighter red arrow. Blue bars are inter-specific comparisons showing three 

genetic clusters (I, II, III). Cluster I included p-dist predominantly within the ‘MED/MED-Burkina Faso/MED-ASL’ 

species (i.e., 0.008 to 0.26 [MED vs. MED-Burkina Faso]; 0.0137 to 0.0274 [MED-Burkina Faso vs. MED-ASL]; 

0.0152 to 0.032 [MED vs. MED-ASL]), and the ‘NW2/NW2-2’ species (0.0244 to 0.0304). Cluster II showed 

distribution of p-dist values between species within clades, and Cluster III showed p-dist values of species 

between clades. For highly related species within Cluster I we advocate that the ‘average’ p-dist’ should be 

used. 
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Fig 5: Maximum Likelihood (ML) phylogeny of Bemisia tabaci cryptic species of the up-dated mtCOI dataset 

after removal of potential NUMTs, as inferred using IQ-TREE. Based on the partial mtCOI gene, the ‘B. tabaci 

cryptic species complex’ potentially excludes the B. sp. ‘JpL’ and various sub-Saharan African (SSA) species (i.e., 

SSA1, SSA2, SSA3, SSA6, SSA9). Potential new species are in pink colour. With the exception of MED-ASL which 

has been shown to represent a cryptic species within the MED species complex through full mtDNA genome 

and mating compatibility analyses
9
, all other new species especially NW2-2, Sudan (New World), MED-Burkina 

Faso, Australia, and Indonesia, could remain possible PCR artefacts or NUMTs. Australia (Bundaberg), New 

World 2, and all species boxed in blue have had full mitogenomes reported. The AsiaII clade included six 

separate AsiaII sub-clades
1
 of AsiaII_1, AsiaII_5, AsiaII_6, AsiaII_7, Asia II_3 and Asia II_8 based on genetic gaps 

of >8% as separating between clades. Out groups are B. berbericola (HQ457046), B. afer (AF418673, KF734668) 

and two Australian ‘non-tabaci’ Bemisia species (Bemisia_sp_PDB_2-1 (MN056067); Bemisia_sp_PDB_2-2 

(MN056068)). 

 

 

 

 

 

Identification of pseudogene/NUMTs-misidentified B. tabaci cryptic species 

We excluded five species from the Boykin et al.
8
 dataset as being associated with 

NUMTs/pseudogenes. These five putative species included MEAM2 previously shown
11

 to be associated with 

MEAM1 NUMTs; SSA4, reported
14

 to be associated with SSA2 NUMTs; and SSA5, AsiaII_2, and AsiaII_4. The 

SSA5, AsiaII_2 and AsiaII-4 species is each being represented by a single sequence and have only been 

reported once
3,36

. In the case of SSA5, this sequence was shown to consist of 407bp of 5’ COI region of SSA1 

and 327bp of 3’ COI region of SSA2 (see Suppl. Fig. 1). Both AsiaII_2 and AsiaII_4 sequences have multiple 

amino acid substitutions at conserved COI regions and were therefore excluded from the up-dated mtCOI 

dataset. 

The identification of pseudogenes and NUMTs were based on comparisons with HTS-generated 

partial mtCOI sequences (Suppl. Data 2) and with conserved amino acid residues in mtCOI gene regions (Suppl. 

Data 3; noteworthy cases for a number of species are further described below. 
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I. NW, NW2 & Sudan 

In the New World clade two species defined as New World (i.e., ‘NW’, also sometimes referred to as 

‘NW1’) were previously reported
1
. We eliminated 11 sequences as potential NUMTs from the 30 partial mtCOI 

sequences (see Suppl. Table 1) due to significant amino acid changes at various positions. Two NW individuals 

(JF901844, JF901839) identified by Alemandri et al.
34

 represented possible misidentification with uncorrected 

nucleotide distances being closer to NW2 (2.54%) than to NW (4.581%). Our redefined species boundary based 

on p-dist nucleotide similarity values therefore also identified these two misidentified individuals (JF901844, 

JF901839) as belonging to a putative new NW2 species (Fig. 5, as ‘NW2-2’), although these two mtCOI 

sequences were incomplete at the 3’ end (i.e., only 633bp instead of 657bp), and further support based on 

HTS-derived mitogenomes will be needed. Diversity of B. tabaci cryptic species in the New World is therefore 

potentially higher than presently recognised. Presence of novel cryptic B. tabaci species in South America were 

previously also reported
37

. The remaining NW2 and NW1 species defined based on the up-dated mtCOI 

dataset are supported by the availability of draft and/or fully published mitochondrial DNA genomes
21,22

. 

Reanalysis of the Sudan B. tabaci cryptic species partial mtCOI sequence (EU760727) did not exclude 

it as a potential NUMT sequence. Based on our p-dist criteria and inference from phylogenetic analysis (see 

below), our findings concurred with De Barro
38

 that this Sudan individual represented a putative novel species 

basal to the NW and NW2 species, supporting the African origins of New World B. tabaci cryptic species clade 

hypothesis
3
. Complete mitogenome and integrated studies involving life history traits will be needed to further 

support the novel species status of this Sudan B. tabaci cryptic species.  

II. Australia & Australia/Indonesia 

Of the 8 sequences that belonged to the Australia & Australia/Indonesia clade, four (GU086325, 

GU086326, GU086327, DQ130052) were ascertained as potential NUMTs due to significant amino acid 

substitutions. Removing these four sequences resulted in only one sequence with Indonesia origin (HQ457045) 

from those that originated only from Australia. The HQ457045 Indonesian origin sequence further matched 

one unpublished Indonesian B. tabaci cryptic species sequence (AB248263) deposited in GenBank at 100% 

nucleotide identity. Searches against GenBank using clean-up ‘Australia’ sequences resulted in five additional 

NUMT-free sequences (KY951451, KF452532, JX416166, JX416167, JX416160) being identified, of which one 

belonged to a HTS-generated draft complete mitogenome sequence (KY951451)
11

. Removal of NUMT 

sequences in this clade therefore separated Australian endemic species from a native Indonesia species. 

Phylogenetic reanalysis of the ‘Australia’ and ‘Australia/Indonesia’ partial mtCOI genes identified two sister 

clades within the Australia sequences with uncorrected p-dist between these two Australian species estimated 

at 3.35%, while the previous ‘Australia/Indonesia’ clade now contained only Indonesian ‘B. tabaci’ cryptic 

species and has been re-named ‘Indonesia’ (Fig. 5). 

III. MED 

Based on the uncorrected p-dist values, three genetic groups were detected in the current up-dated 

B. tabaci ‘MED’ sequences. These three genetic groups separated Gennadius’ (1889) B. tabaci
28

 from the 

‘African Silver Leaf’ (ASL) ‘MED’ B. tabaci cryptic species
9
, and also a third group reported only from Burkina 

Faso (i.e., MED-Burkina Faso). The MED-Burkina Faso group currently does not have life history and 

mitogenome data to support its species status. A MED mitogenome from an individual that originated from 

Burkina Faso was previously reported
11

 however this individual (KY951447) has a mtCOI partial sequence that 

best matched Gennadius’ B. tabaci
28

 (JX268596) with sequence identity of 99.34%. 

IV. MEAM2 and ‘Africa-MEAM2’ 

The MEAM2 sequence AJ550177, originally referred to as ‘Ms’ biotype
35

, and all subsequent MEAM2-

related sequences in GenBank, i.e., (AB308110)
39

; sequences KK103B, KK104A, KK104B by Karut et al.
40

; 

KY951453, KY951454, KX234912, KX234913, KX234914
11

; KX679576 (GenBank unpublished sequence from 

Iraq); FJ939600, FJ939602 (GenBank unpublished sequence from Egypt)) have been shown
11

 to be NUMTs. The 

original AJ550177 MEAM2 should be differentiated from the ‘MEAM2’ from Africa (KX570778 - KX570784), so 

named because Mugerwa et al.
3
 determined a nucleotide distance of <3.5% when compared with the 

pseudogene MEAM2 AJ550177 instead of first excluding the MEAM2 pseudogene-misidentified species status 

prior to comparisons being carried out. Species status of this ‘African-MEAM2’ of Mugerwa et al.
3
 will need to 

be further confirmed by HTS-derived mitogenome. 
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V. SSA4 and SSA5 

The SSA4 species originally reported by Berry et al.
12

 and named ‘Sub-Saharan III: Western Africa-

Cameroon/Cassava’ has been shown
14

 as being of NUMTs origin from the genome of SSA2. The single SSA5 

sequence (AM040598) recently renamed as SSA8
3
 showed strong signatures of being a chimeric contig (i.e., a 

pseudogene) from SSA1 and SSA2 (see Suppl. Fig. 1). 

 

Mitogenomes as resources to identify potential NUMTs and pseudogenes 

A total of 20 Bemisia tabaci cryptic species mitogenomes, one B. sp. ‘JpL’ and one African B. afer 

mitogenomes have been published to-date. These 20 B. tabaci cryptic species included seven individuals of the 

B. tabaci MED species from Brazil
21

, China
30

, Spain, Israel
9
 and Africa

11
; four individuals of B. tabaci MEAM1 

from Peru
11

 and Brazil
21

; two individuals of NW2 from Brazil
21

, two individuals of B. tabaci NW from the US
29

 

and Barbados
22

; one B. tabaci Aus from Australia, and one B. tabaci Indian Ocean (IO) from La Réunion
11

, one 

B. tabaci Asia I
23

, one B. emiliae (B. tabaci Asia II-7) from Sri Lanka
24

; and one B. tabaci MED-ASL
9
; and the full 

mtCOI gene of the SSA1 (MK940753) and SSA2 (MK940754) species from Uganda. 

These cryptic B. tabaci species represented species from phylogenetic clades of Africa/Middle 

East/Asia Minor; New World; Asia II-7; Asia 1, Australia, sub-Saharan African, and Asia I, and evolutionary 

divergence time line that were estimated at 44-66 million years based on partial mtCOI sequence analysis
32

 to 

42.9 - 168 million years just between the ‘MED’ and ‘MEAM1’ species
33

 based on whole genome sequence 

analysis (cf. Chen et al.
26

). Alignments of translated amino acids from this 657bp region showed that significant 

conservation of amino acid residues occurred in the first 125 amino acids except for 8 residues (Fig. 2). In the 

region from amino acid 126 to 218 there were greater number of variable sites although regions of high amino 

acid residue conservation were still evident. Figure 2 included also alignment of corresponding mtCOI gene 

region of B. afer that similarly showed high level of amino acid conservation, suggesting that while various 

cryptic B. tabaci species were yet to be surveyed by HTS (e.g., the various AsiaII clades; the Italy clade, the 

Uganda Clade, the China clade) for the mtCOI gene region and their amino acid compositions, it would seem 

likely that similar high levels of amino acid conservation could be expected.  

Variable sites across this partial mtCOI gene region was assessed for potential effects from observed 

substitutional changes (e.g., between hydrophobic amino acid residues; between amino acids with polar 

uncharged side chains, etc.). Significant changes resulted in amino acids with different biochemical properties 

likely reflected nucleotide substitution changes at the highly conserved 2
nd

 codon position. Examples of some 

of these changes (e.g., an unexplained amino acid substitution that resulted in a Methionine (M) to Lysine (K) 

change in GU086336, amino acid position 77; Fig. 3) that represent significant biochemical property changes, 

as well as greater intra-species amino acid substitution rates as compared with inter-species level changes, can 

been seen in Figure 3. Significantly for these sequences, majority of detected amino acid substitutions also 

occurred in the mtCOI gene regions that had remained conserved for over 40 to 168.5 million years
32,33

. 

 

Phylogenetic analysis from the up-dated mtCOI dataset 

IQ-Tree phylogenetic analysis (best-fit model of substitution according to BIC: TIM2+F+I+G4; BIC 

score: 22638.5567; model for rate heterogeneity: I+G with four categories, proportions of invariable sites: 

0.5218; Gamma-shape alpha: 0.9677) showed strong overall support of SH-aLRT and/or UFBoot for nodes 

separating putative cryptic species, supporting overall integrity of our up-dated mtCOI dataset. Weak node 

support values (SH-aLRT: < 80%; UFBoot: <95%) were also observed (e.g., branch node separating New World 

and SSA11; branch node separating SSA11 and MED/IO/MEAM/SSA12/SSA13) indicated lower probability that 

the corresponding clade is true, and likely reflected the short length of the barcoding region used as being less 

effective for inference of unbiased evolutionary relationships between targeted species. Phylogenetic analysis 

also found evidence to the likely presence of two Australian species in addition to the Indonesian species, with 

the Indonesian species previously being called ‘Australia/Indonesia’
1
. Note that the current up-dated mtCOI 

dataset contained only one haplotype from each of these species clades: Indonesia, Sudan, Australia 

(Bundaberg), Japan1, African Cameroon, ‘African MEAM2’, SSA11, and Sudan (New World). We were unable to 

confirm if these sequences were unaffected by NUMTs/pseudogenes although species such as the ‘Australia 

(Bundaberg)’ species (Fig. 5; Suppl. Data 2: GU086328) has been sequenced for its complete mitogenome 

(KY951451)
11

. 

Current phylogeny of the B. tabaci cryptic species complex suggested Africa being the B. tabaci cryptic 

species complex’s ancestral range with African cryptic Bemisia species (e.g., Uganda/SSA1-3, SSA6, SSA9 
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clades) as a sister clade to all ‘B. tabaci’ cryptic species clades (Fig. 5). The African/Middle East/Asia Minor 

clade that included the Mediterranean species complex, MEAM1, ‘African MEAM2’, and Indian Ocean species, 

and the clade that included the SSA12 and SSA13 species, shared a most common recent ancestor with SSA11, 

and which in turn formed a sister clade with the New World/Sudan species, while the SSA10 species clade was 

shown to be most ancestral. The sub-Saharan African clade that included the SSA1, SSA2 and SSA3 species 

include also SSA6 and SSA9. The European (e.g., Italy1) clade is basal to the various AsiaII clades and the 

China/Indonesia/Australia/AsiaI evolutionary lineages. Its basal evolutionary relationship to the African 

Cameroon species (EU760739) is difficult to explain as also reflected by the weak SHaLRT node support value 

for this single African Cameroon sequence. 

Node support for the placement of the Uganda1/B. species (MN056066) and SSA1, SSA2, SSA3, SSA6, 

SSA9 branch is low for the UFBoot value (i.e., <<95%) however the placement of these two clades as being 

sister clades to the B. tabaci cryptic species complex was high (91.8%) for the SHaLRT test, and approaching 

significant (i.e., 95%) for the UFBoot test (observed at 85%). The Uganda1 species has been reported as a ‘non-

tabaci’ species but with adult morphology similar to B. tabaci
3
. Identification based on fourth instar pupa 

morphologies will be needed to further ascertain if the Uganda1 species belonged to the B. tabaci cryptic 

species complex. Current analysis therefore could not confirm if the Uganda1/Bemisia sp. from Queensland 

Australia (MN056066) and African cassava whitefly species complex (i.e., SSA1, SSA2, SSA3, SSA6, SSA9) should 

be considered as part of the B. tabaci species complex. 

Species diversity within the MED complex have short branch lengths although complete mitogenomes 

and mating studies have supported the distinct species status between MED-ASL and MED
9
. Node support 

values for the ‘MED’ and ‘ASL’ were strong (92.7/99; 98.2/100, respectively) while node support values for 

clustering of the ‘MED-Burkina Faso’ group were weak.  

 

Discussion 

Our proposed analyses of considering nucleotide composition biases (i.e., as reflecting potentially 

unlikely nucleotide substitutions at the highly conserved second codon position), by identifying synonymous 

and non-synonymous amino acid changes, as well as taking into consideration significant intra-species 

substitutions that occurred in evolutionary conserved mtCOI gene regions, will increase the toolset for 

identifying potential NUMTs in the B. tabaci cryptic species complex. We also demonstrated the value of HTS-

generated mitogenomes as significant resources to help identify potential pseudogenes and NUMTs in the 

highly cryptic hemipteran insect Bemisia tabaci species complex. The HTS-generated partial mtCOI gene region 

of these diverse species enabled regions of significant amino acid conservation and patterns of unexpected 

amino acid substitutions at intra-species level to be identified. We have shown that 64.9% of the B. tabaci 

cryptic species mtCOI dataset
8
 as potential NUMTs and pseudogenes. Similar to findings for MEAM2

11
 and 

Elfekih et al.
14

 for SSA4
13,26

, NUMTs-affected ‘pseudo’ species included also SSA5, Asia II_2, and Asia II_4. 

Based on our up-dated dataset, we recalculated intra-species uncorrected nucleotide distances (p-

dist) to range from 0% to ca. 2%, beyond which would indicate separate species. However, for closely related 

species such as within the MED complex (MED, MED-ASL, MED-Burkina Faso), and the NW2/NW2-2 species 

complex, species boundary required average p-dist of 3.5% as proposed
10

. Potential novel species within the B. 

tabaci cryptic species complex were also identified, including: (i) a Burkina Faso ‘MED’ species basal to the 

‘ASL’
9
 and the MED ‘real’ B. tabaci

28
 species; (ii) a new ‘Australia’ species that differed from the ‘Australia 

(Bundaberg)’ species, where its full mitogenome was previously reported
11

, (iii) a new ‘NW2’ species (i.e., 

NW2-2) that differed from the species where full mitogenomes had been sequenced
21

, and (iv) the removal of 

the Australia/Indonesia species clade that now includes only specimens from Indonesia (i.e., ‘Indonesia’ 

species). Our phylogenetic analysis of the new mtCOI dataset further supported the species status of the 

‘Sudan’ species as being closely related to the NW/NW2 species clade, and queried the general acceptance of 

the cassava whitefly species complex (i.e., SSA1, SSA2, SSA3)
27

 as part of the ‘B. tabaci’ cryptic species 

complex. 

Whilst our up-dated dataset identified four putative new species across the phylogenetic clades of the 

‘B. tabaci’ cryptic species complex, confirmation of species status in these putative new species will require full 

mitogenome sequencing which would provide the first phylogenomic insights into species delimitation based 

on multigene inferences, as well as through life history traits and host plant preference studies
9,41-43

. Short 

branch lengths between species, such as between NW2/NW2-2, MED-Burkina Faso/MED/MED-ASL (Fig. 4) 
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suggested that species status could be difficult to confirm, and genomic approaches including multigene 

phylogenies, full mitogenomes and genome-wide SNP analyses should be carried out in addition to life history 

studies. The usage of the short (657bp) partial mtCOI gene for species identification in the B. tabaci cryptic 

species complex remains highly attractive as tools for molecular diagnostics. Whilst the presence of INDEL’s 

and premature stop codons in the partial mtCOI gene enabled NUMTs and pseudogenes to be readily 

identified, NUMTs and pseudogenes could be missed if these signatures were located outside the sequenced 

region
11

, or where random nucleotide substitutions representing NUMTs have not led to pre-mature stop 

codons. Random nucleotide substitutions that might indicate potential NUMT, and that are associated with 

highly conserved functional genes, can also be detected based on codon positional bias, amino acid and 

nucleotide composition analyses
17,44,45

.  

DNA barcoding among arthropods could lead to inaccurate spices richness estimation as NUMTs were 

coamplified
46,47

. A major contributing factor to the large proportions of NUMTs/pseudogenes in the B. tabaci 

mtCOI dataset potentially involved the widespread practice of utilising non-hemipteran COI primers (e.g., C-1-

J2195/L2-N-3014)
12,48,49

. These ‘universal’ primers have not been designed for Hemiptera
3,11,50,51

, and the 

importance of using PCR primers of high efficacies developed for the B. tabaci species complex has been 

stated
3,50,52

. The inclusion of NUMTs/pseudogenes in evolutionary genetic studies
7,32

 could also potentially 

impact dating of species divergence when compared with estimation based on genome data
33

. Implications of 

failure to disentangle NUMTs/pseudogenes in these cryptic hemipteran whitefly species
13

 have also been 

shown to affect population genomic interpretations for the SSA cassava whitefly species in sub-Sharan Africa
14

, 

and failure to acknowledge
26

 could prolong further discrepancies. 

Analyses of our up-dated mtCOI dataset demonstrated that in the majority of B. tabaci cryptic 

species, intra-species p-dist generally range from 0-1.9%, with individuals that differed by >2% to represent 

different species. However, in closely related species (i.e., the MED species complex; the NW2 species 

complex), the lower bounds of inter-species p-dist estimates overlapped the upper bounds p-dist of intra-

species, with interspecies genetic gaps for these closely related species complex observed at p-dist of ca. 3%. 

The use of 4% genetic gap nucleotide distance
2
 represented an overly conservative species boundary that 

could undermine species delimitation, especially in life history trait studies by combining and treating of 

distinct species as one. 

The advent of genome-based analytical options based on genome-wide SNP markers remained no 

panacea
13,26

 to solving the basic yet complex biological issues affecting the Bemisia cryptic species complex, 

when identification of NUMTs and pseudogenes remain significant challenging tasks to complicate result 

interpretation. With novel B. tabaci cryptic species still being identified, our workflow and dataset will 

represent an invaluable toolset to the global Bemisia research communities for improved mtCOI data 

management, molecular diagnostic, and development of biosecurity preparedness strategies for this highly 

invasive agricultural pest complex.  

 

Methods 

We utilised the Bemisia tabaci mtCOI dataset of Boykin et al.
8
 (accessed 08-Sept-2017) for a proposed 

NUMT and pseudogene analysis workflow to generate a clean set mtCOI sequences. Original sequences from 

the National Centre for Biotechnology Information (NCBI) GenBank database were downloaded into the CLC 

Sequence Viewer 8 software (Qiagen Aarhus A/S). All published B. tabaci cryptic species mitochondrial DNA 

genomes were also downloaded (GenBank access date: 22-Oct. 2018) and the mtCOI gene extracted (see ‘HTS 

reference COI gene set’; Suppl. Data 2) followed by nucleotide sequence alignment. We also undertook HTS 

following the method described
23

 to generate the complete mtCOI gene for the SSA1 and SSA2 species in 

order to compare amino acid substitution patterns within the African cassava whitefly clade, based on 

Ugandan SSA1 and SSA2 individuals. The alignment parameters within the CLC Sequence Viewer 8 software for 

both nucleotides and amino acids were set as ‘Gap open cost: 10’, ‘Gap extension cost: 1.0’, and specifying 

‘Alignment: very accurate (slow)’, followed by manual fine tuning where necessary. 

We aligned all partial mtCOI gene sequences downloaded directly from GenBank against the HTS 

reference COI gene set, and eliminated all Sanger sequencing-generated sequences that contained indels. All 

indel-free sequences were translated to amino acid residues from appropriate codon positions using the 

invertebrate mitochondrial DNA genetic codes to: (i) identify potential premature stop codons, and (ii) enable 

amino acid residue alignment against the HTS reference COI amino acid dataset (Suppl. Data 3). We further 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 5, 2019. ; https://doi.org/10.1101/724765doi: bioRxiv preprint 

https://doi.org/10.1101/724765
http://creativecommons.org/licenses/by-nc-nd/4.0/


 14

eliminated all sequences where amino acid substitutions had occurred at highly conserved regions as 

identified within the trimmed HTS reference COI gene set. As a final check, all sequences that passed the 

INDEL and conserved amino acid region substitution tests were examined for presence of amino acid residues 

that might have violated permissible biochemical signatures, due typically to substitutions at the highly 

conserved second codon position. Sanger sequencing- generated nucleotides with such amino acid 

substitution patterns that were not present also in HTS-generated sequences were further eliminated as 

potential NUMTs. The overall purpose of utilising HTS reference mtCOI gene set was therefore to: (i) identify 

the mtDNA gene regions with highly-conserved amino acid signatures that have been retained across these 

cryptic hemipteran species complex, estimated to have diverged between 44.6 and 146 million years
32,33

, and 

(ii) to eliminate sequences representing potential ‘cryptic’ NUMTs where their amino acid substitution 

patterns have either violated permissible biochemical signatures, or that shared permissible biochemical 

signatures but violated the conserved regions amino acid signature rule. A schematic diagram outlining the 

analysis workflow is presented in Figure 1. 

 

Inclusion of additional GenBank sequences 

Singleton partial mtCOI sequences representing a putative B. tabaci cryptic species (e.g., MEAM2, 

China2, AsiaII_2, AsiaII_4, SSA5, ‘Sudan1’) in the dataset of Boykin et al.
8
 were further compared to Bemisia 

cryptic species partial mtCOI sequences within GenBank (accessed 31-Jan-2019) using the NCBI blast search 

algorithm
53

 specifying the non-redundant (nr) sequence database. Sequences within GenBank that exhibited 

≥98% sequence identity to these singleton partial mtCOI genes were downloaded to the CLC Sequence Viewer 

8, followed by nucleotide and amino acid alignment to check for indels, premature stop codons, and amino 

acid conservation signatures as outlined above (Fig. 1). We further downloaded partial mtCOI sequences of 

related Bemisia species representing potential outgroups for phylogenetic analysis purposes. We assessed 

these outgroup sequences for presence of NUMTs and pseudogenes, and excluded sequences that could not 

be confirmed as free from NUMTs in all subsequent analyses. 

 

Phylogenetic analysis 

Phylogenetic analysis using IQ-TREE web server <http://iqtree.cibiv.univie.ac.at>
54,55

 was carried out 

using the up-dated mtCOI database and included also partial mtCOI sequences extracted from published draft 

mitogenomes. We selected automatic model selection within ModelFinder
56

 and specified 2,000 bootstrap 

replications to assess for branch support, with maximum iterations for ultrafast bootstrap57 cut-off and a 

minimum correlation coefficient set at 1,000 and 0.99, respectively. IQ-TREE search parameter for 

perturbation strength and IQ-TREE stopping rule were as default values (i.e., 0.5 and 100, respectively). 

Visualisation of the phylogeny was by FigTree v1.4.4 (2006-2008, Andrew Rambaut, 

<http://tree.bio.ed.ac.uk>). 

 

Estimating uncorrected pairwise nucleotide distances (p-dist) 

Studies to-date including analyses of global B. tabaci cryptic species complex partial mtCOI sequences 

have regularly used the Kimura-2-parameter (i.e., K2P) nucleotide substitution model to estimate species 

boundary
2,10,58

. The K2P model assumed equal base compositions (i.e., A=G=T=C)
59

 and violates the general 

mitochondrial DNA nucleotide compositions in Arthropods which is typically A-T rich (e.g., Lepidoptera
16,60,61

; 

Coleoptera
62,63

; Bemisia spp. e.g., Kunz et al.
22

; Tay et al.
23

). Instead, we used the uncorrected pairwise 

nucleotide distance (p-dist) for both within and between species comparison as recommended
64

. We used the 

multiple sequence alignment program MAFFT
65,66

 available in Geneious Prime and Geneious v11.1.5 with 

default settings (i.e., auto select for an appropriate strategy according to data size, scoring matrix set at 

200PAM / K=2; and gap opening penalty and offset value set at 1.53 and 0.123, respectively). Estimated 

uncorrected p-dist were compared according to output phylogeny that identified specific species within major 

phylogenetic branches and between clades. All p-dist values of analysed individuals (excluding 

NUMTs/pseudogene-affected and misidentified species) were grouped in 0.01 (i.e., 1%) nucleotide distance 

increments to identify ‘genetic gap’ signatures
2,10

 for species boundary. 
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Identification of PCR artefacts in SSA5 

The sub-Saharan African 5 (SSA5; previously unpublished, renamed as SSA8
3
) partial mtCOI sequence 

(AM040598) was aligned against the up-dated CSIRO dataset and specifically against the SSA1, SSA2 and SSA3 

sequences to ascertain nucleotide substitution patterns.  

 

Availability of supporting data and materials 

All sequences analysed are available from the NCBI. The clean mtCOI dataset and supporting data 

described in this paper is available as Supplementary Data1. 
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Suppl. Fig. 1: Chimeric amplicon signatures of SSA5 (renamed ‘SSA8’
3
). The shared nucleotide homology region 

(100%) between SSA1 and SSA2 (boxed section; nucleotide position 387-409) enabled the partial mtCOI 

sequences from these two different SSA species to be joined into a single contig that resulted in the 

misidentification of PCR chimeric products as a novel SSA species (i.e., SSA5). Note SSA1 (AY057180) and SSA2 

(AY057173) are as entries in the current mtCOI dataset which have been assessed for NUMTs and trimmed to 

657bp. Nucleotide positions are as SSA5 sequence (AM040598). 

 

 

 

AM040598_SS5

Nucleotide Identity to SSA1 (AY057180):  100%

Nucleotide Identity to SSA2 (AY057173):  91.97%

Nucleotide identity to SSA1 (AY057180):  89.71%

Nucleotide Identity to SSA2 (AY057173):  100%

* SSA1-SSA2 overlapping region 

with 100% sequence homology

59 409 715

387 71559
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