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Oxidase Subunit I (COI) sequences of PSHB in South 
Africa revealed a nearly homogenous population. The 
majority of individuals have the same haplotype as 
is present in California, Israel and Vietnam (H33). A 
second haplotype was present in only two localities 
in KwaZulu-Natal and the Western Cape. This hap-
lotype is also present in Vietnam and China (H38). 
The placement of the two haplotypes identified within 
South Africa, into different haplogroups suggests 
more than one invasion event. This pilot project jus-
tifies the use of more comprehensive genomic tools 
to finely map the relationships, global invasion path-
ways and within-country dispersal patterns of PSHB 
to better inform management of this invasive species.

Keywords  Invasive species · Ambrosia beetle · 
Cytochrome oxidase · Euwallacea fornicatus · South 
Africa · Polyphagous shot hole borer

Introduction

Euwallaceae fornicatus (Coleoptera: Curculio-
nidae: Scolytinae, Xyleborini; Polyphagous Shot 
Hole Borer; PSHB) has become an established pest 
in Israel (Mendel et  al. 2012), Southern Califor-
nia (Eskalen et  al. 2012), South Africa (Paap et  al. 
2018), Hawaii (Rugman-Jones et al. 2020) and Aus-
tralia (CABI2020; Government of Western Australia 
2022) and Europe (Schuler et  al. 2021, in press). 
These beetles cause damage and ultimately, death of 
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highly susceptible trees by cultivating a symbiotic 
ambrosia fungus (Fusarium euwallaceae) that causes 
Fusarium dieback disease in combination with beetle 
mass attack (Eskalen et  al. 2013; Paap et  al. 2018). 
PSHB poses a significant threat to agricultural, urban 
and natural forests (Eskalen et al. 2012) and has been 
recorded on more than 247 hosts according to stud-
ies in California (Lynch et al. 2021) and 130 in South 
Africa (van Rooyen et al. 2021). In urban areas (e.g., 
Johannesburg, South Africa), conservative estimates 
of tree losses are estimated at 25% (de Wit et al. 2021) 
as the majority of the urban forests (> 50%) consist of 
E. fornicatus reproductive hosts (de Wit et al. 2021). 
The importance of healthy urban environments is 
highlighted by the fact that by 2050 Africa will have 
1.26 billion people living in cities, representing the 
fastest rate of urbanisation of any continent. These 
beetles are now considered high-risk quarantine pests 
of international concern (CABI 2015).

Stouthamer et  al. (2017) identified 21 haplotypes 
of E. fornicatus based on Cytochrome Oxidase C 
Subunit I (COI) gene sequence data. The dominant 
invasive haplotype found in California, Israel and 
South Africa (Stouthamer et  al. 2017) was desig-
nated as Haplotype 33 (H33) and has a putative ori-
gin in Vietnam. The range of localities where H33 
has invaded (Israel, California, South Africa) could 
allude to a bridgehead effect as the mechanism of 
spread for this haplotype (Lantschner et  al. 2020). 
California also harbours a second haplotype (H35) 
which may point toward multiple introductions into 
this region (Stouthamer et  al. 2017). Surveys of 
genetic diversity of E. fornicatus at a global scale are 
still scant and the recent confirmation of E. fornicatus 
in Hawaii (Rugman-Jones et  al. 2020) and Australia 
(CABI 2020; Government of Western Australia 2022) 
highlights the constantly growing global spread and 
shifting genetic landscape of this invasive beetle. In 
South Africa, E. fornicatus has been present since 
at least 2012 (Stouthamer et al. 2017) and became a 
more prominent pest, identified in KwaZulu Natal as 
of 2017 (Paap et al. 2018). It has now spread to every 
province except Limpopo, representing the largest 
geographical outbreak of this invasive pest, but a pop-
ulation genetic survey of the growing invasion has yet 
to be conducted. In this study, we provide an urgently 
needed, rapid assessment of the genetic structure of 
E. fornicatus in South Africa based on mitochondrial 
Cytochrome Oxidase C Subunit I (COI) gene data 

to understand its genetic diversity and pathways of 
dispersal.

Materials and methods

Euwallacea fornicatus sampling

Individuals were collected between June 2020 and 
April 2021 from five provinces in South Africa where 
E. fornicatus has been observed (Van Rooyen et  al. 
2021) (Table  1). Sub-locations within provinces 
were defined as sampling sites separated by some 
geographic barrier, e.g., a large break in green space 
separated by major highways. This amounted to the 
sampling of five provinces and 25 sub-locations. Indi-
viduals were collected from 23 different tree species, 
both indigenous and alien. 

To collect fresh individuals, a method by Paap 
et al. (2018) was followed wherein an infested branch 
section was removed from the tree and placed in 
sealed containers (10L buckets) for transport to the 
laboratory. The branch was then split to verify gal-
lery formation, and the presence of adult beetles, 
eggs, larvae and pupae. Beetles were collected from 
exposed galleries with a needle or paintbrush and 
placed individually into 1.5 mL Eppendorf tubes with 
absolute Ethanol. Tubes were labelled, sealed with 
parafilm and stored at − 20 °C until use.

For each host tree, GPS coordinates and tree spe-
cies identity were recorded, and photographs of 
infestation sites or entry holes were taken. For each 
individual beetle, GPS coordinates and host tree spe-
cies were recorded. Each beetle was digitally imaged 
using a Leica MZ16A microscope. Representative 
individuals and photographic images of beetles are 
stored at Stellenbosch University, Conservation Ecol-
ogy & Entomology.

DNA extraction, polymerase chain reaction (PCR) 
and sequence data

Beetle heads and thorax were dissected from the 
abdomen to be used for DNA extraction. Extractions 
were carried out using the Qiagen DNEasy Blood & 
Tissue kit with adapted protocol [Purification of total 
DNA from insects (DY14 Aug-06; p 2–3; Qiagen 
(cat. no. 69504 or 69506)]. The head and thorax were 
ground in liquid Nitrogen using a plastic pestle in 
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Table 1   Locations and host trees sampled in South Africa

Province Location GPS coordi-
nates (in decimal 
degrees (S;E))

Tree species Number of 
individuals from 
various galleries 
in a single infested 
branch

Haplotypes GenBank accession

Free State Bloemfontein 
Golf Course

− 29.116945; 
26.257500

Quercus robur 3 H33

Free State Bloemfontein 
Golf Course

− 29.117037; 
26.257553

Fraxinus sp. 1 H33

Free State Bloemfontein 
Golf Course

− 29.117027; 
26.257408

Unknown 3 H33

Free State Bloemfontein 
Golf Course

− 29.117041; 
26.257509

Ulmus parvifolia 1 H33

Free State Bloemfontein 
Golf Course

− 29.117031; 
26.257458

Platanus sp. 1 H33

Free State Bloemfontein, 
Langenhoven 
Park

− 29.100525; 
26.157888

Acer negundo 1 H33

Free State Fitchard Park 
Suburbs, Bloem-
fontein

− 29.137278; 
26.185417

Acer pseudopla-
tanus

1 H33

Free State Fitchard Park 
Suburbs, Bloem-
fontein

− 29.146328; 
26.185402

Acer buergeri-
anum

3 H33

Free State Fitchard Park 
Suburbs, Bloem-
fontein

− 29.138988; 
26.175032

Quercus robur 4 H33

Gauteng Houghton Estate − 26.164143; 
28.058382

Acer buergeri-
anum

5 H33

Gauteng Houghton Estate − 26.165053; 
28.060573

Acer negundo 3 H33

Gauteng Houghton Estate − 26.163333; 
28.064167

Koelreuteria 
paniculata

2 H33

Gauteng Houghton Estate − 26.163618; 
28.064328

Platanus sp. 2 H33

Gauteng Houghton Golf 
Club

− 26.165718; 
28.067459

Combretum eryth-
rophyllum

1 H33

Gauteng Johannesburg, 
Melrose

− 26.144144, 
28.048351

Robinia pseudoa-
cacia

4 H33

Gauteng Kempton Park 
CoffeeShop

− 26.100526; 
28.225426

Acer negundo 3 H33

Gauteng Kempton Park, 
Dries Niemandt 
Park

− 26.104660; 
28.217413

Quercus robur 2 H33

Gauteng Kempton Park, 
Dries Niemandt 
Park

− 26.104858; 
28.217199

Platanus sp. 3 H33

Gauteng Kenneth Stain-
bank Nature 
Reserve

− 29.916389; 
30.940001

Acalypha glabrata 1 H33

Gauteng Krugersdorp 
Gardenworld

− 26.042803; 
27.885929

Platanus sp. 5 H33
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Table 1   (continued)

Province Location GPS coordi-
nates (in decimal 
degrees (S;E))

Tree species Number of 
individuals from 
various galleries 
in a single infested 
branch

Haplotypes GenBank accession

Gauteng Pretoria Rieton-
dale

− 25.732548; 
28.220006

Acer negundo 6 H33

Gauteng Pretoria Zoo − 25.736082; 
28.190388

Acer negundo 1 H33

Gauteng Pretoria Zoo − 25.736082; 
28.190388

Quercus agrifolia 1 H33

Gauteng Sandton − 26.111646; 
28.065979

Quercus robur 3 H33

Gauteng Walter Sisulu 
National Botani-
cal Garden

− 26.086741, 
27.844260

Heteromorpha 
arborescens

1 H33

Kwa-Zulu Natal Durban Botanical 
Garden

− 29.847288; 
31.007526

Afzelia quanzensis 38 H33 OK598063

Kwa-Zulu Natal Durban Botanical 
Garden

− 29.847288; 
31.007526

Afzelia quanzensis 5 H38 OK598062

Kwa-Zulu Natal Simbithi Eco 
Estate

− 29.508165; 
31.216709

Erythrina lysis-
temon

2 H38

Kwa-Zulu Natal Simbithi Eco 
Estate

− 29.521257; 
31.221115

Indigofera 
jucunda

21 H33

Kwa-Zulu Natal Simbithi Eco 
Estate

− 29.521284; 
31.22118

Albizia adianthi-
folia

11 H33

Northern Cape Jan Kemp Dorp, 
Pecan Farms

− 27,920,200; 
24.831107

Carya illinoensis 1 H33

Western Cape George Botanical 
Gardens

− 33.954098; 
22.455410

Psoralea sp. 7 H33

Western Cape George Botanical 
Gardens

− 33.954098; 
22.455410

Psoralea sp. 1 H38

Western Cape George Golf 
Course

− 33.955097; 
22.441805

Widdringtonia 
nodiflora

1 H33

Western Cape George Golf 
Course

− 33.956802; 
22.440058

Fraxinus sp. 1 H33

Western Cape Sedgefield Market 
Gas Station

− 34.009842; 
22.778262

Acer negundo 6 H33

Western Cape Sedgefield Market 
Gas Station

− 34.009842; 
22.778262

Acer negundo 4 H38

Western Cape Somerset West 
Buitengracht St

− 34.071430; 
18.856550

Acer negundo 9 H33

Western Cape Somerset West 
Harewood Ave

− 34.051556; 
18.836365

Populus sp. 15 H33

Western Cape Somerset West 
Lourensford 
Montessori 
school

− 34.063477; 
18.885941

Acer negundo 2 H33

Western Cape Somerset West 
Lourensford 
Montessori 
school

− 34.063477; 
18.885941

Erythrina lysis-
temon

1 H33
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1.5 mL Eppendorf tubes. Ground samples were lysed 
at 65 °C for 2 h and eluted into 50 μL of Buffer AE. 
DNA concentration in samples were quantified using 
a Nanodrop (ThermoFisher).

PCR amplification of the 711 bp Cytochrome Oxi-
dase C Subunit I partial CDS was carried out using 
universal primers LCO1490 and HCO2198 (Leray 
et  al. 2013). DNA was diluted 1:20 for quantities 
measured between 0.7 and 135 ng/µL, and 5 µL of the 
diluted DNA was used for PCR. The PCR reaction 
volume contained 12.5 µL AccuStart II PCR Master 
Mix (QuantBio), 0.75  µL Forward Primer (10  µM); 
0.75  µL Reverse Primer (10  µM), and 6  µL water 
to a total reaction volume of 25  µL. PCR reaction 
conditions followed: 3 min 94 °C; 40 cycles of 30 s 
94 °C, 30 s 50 °C, 1 min 72 °C. Agarose gel electro-
phoresis (1.5% agarose and SmartGlow Loading dye 
(Accuris Reagents)) was used to verify the amplifi-
cation of single fragments. Samples showing single 
amplification were submitted for Sanger sequencing 
in both directions to the Central Analytical Facil-
ity at Stellenbosch University. Forward and reverse 
sequences were aligned using MAFFT (https://​
mafft.​cbrc.​jp/​align​ment/​server/) to obtain consensus 
sequences. Anomalies in the alignments were verified 
for sequencing errors using TEAL Trace Analysis 
Viewer (https://​www.​gear-​genom​ics.​com/​teal/). Con-
sensus sequences were aligned to the E. fornicatus 
sequence from Paap et  al. (2018) (GenBank acces-
sion MG642816) to confirm sample identities as that 
of E. fornicatus. This sequence was selected based on 
the morphological and genetic characterization of the 
specimen in addition to its confirmed association with 
the F. euwallacea fungal symbiont. Stouthamer et al. 
(2017) was the first to delineate the cryptic species 
complex of Euwallacea into four distinct clades and 
seperate haplotypes. The sequence generated by Paap 

et al. (2018) corresponds to haplotype 33 (Stouthamer 
et al. 2017) and is described as E. fornicatus. Though 
an older sequence from South Africa has been avail-
able since 2012, it was only classified as E. fornicatus 
in the study by Stouthamer et al. (2017) where it also 
corresponded to haplotype 33.

In addition to individuals collected and sequenced 
from South Africa, individuals from three provinces 
in China (Guizhou, Guiyang; Fujian, Fuzhou and 
Hainan, Haikou) and an individual from the USA 
(Los Angeles County, California) was sequenced and 
sequences submitted to GenBank (Table  2). Addi-
tional E. fornicatus Cytochrome C Oxidase Subunit 
1 (COI) gene (partial cds; mitochondrial) sequences 
were obtained from NCBI GenBank (https://​www.​
ncbi.​nlm.​nih.​gov/) based on analyses performed by 
O’Donnell et  al. (2015), Stouthamer et  al. (2017), 
Gomez et al. (2018), Paap et al. (2018) and Rugman-
Jones et al. (2020). Table 2 lists these sequences, their 
accession numbers and localities along with GPS 
coordinates. A total of 40 additional sequences were 
added including accession MG642816, the sequence 
from the E. fornicatus individual originating from 
the first report in South Africa (Paap et  al. 2018) 
and corresponding to haplotype H33 (KU727021) as 
described by Stouthamer et al. (2017). 

Statistical analyses

All sequences were aligned using MAFFT (multi-
ple alignment using fast Fourier transform) version 
7.471 (http://​mafft.​cbrc.​jp/​align​ment/​server/) and 
trimmed to an equal length of 458  bp. Sequences 
were collapsed into haplotypes using R (version 
3.6.3) packages ape and pegas (Paradis and Schliep 
2019). Sample completeness was estimated using R 
iNEXT (Hsieh et al. 2016) to plot extrapolated sample 

Table 1   (continued)

Province Location GPS coordi-
nates (in decimal 
degrees (S;E))

Tree species Number of 
individuals from 
various galleries 
in a single infested 
branch

Haplotypes GenBank accession

Western Cape Somerset West: 
Vergelegen

− 34.077373; 
18.891624

Pinus sp. 1 H33

Western Cape Somerset West: 
Vergelegen

− 34.077373; 
18.891624

Acer negundo 3 H33

https://mafft.cbrc.jp/alignment/server/
https://mafft.cbrc.jp/alignment/server/
https://www.gear-genomics.com/teal/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://mafft.cbrc.jp/alignment/server/
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Table 2   Sequences generated from non-South African samples and sequences obtained from GenBank

Country Region Assigned GPS coordinates (in 
decimal degrees, S and W are 
negative)

Haplotypes GenBank Accession

China Guizhou 23.196233; 113.286929 H44 MH276936
China 28.726854; 111.163393 H25 KU727013
China 28.726854; 111.163393 H29 KU727017
China Guizhou, Guiyang 23.196233; 113.286929 H44 OK598064
China Fujian, Fuzhou 25.856025; 119.402126 H54 OK598066
China Hainan, Haikou 19.979365; 110.22285 H51 OK595067
China Hainan, Haikou 19.979365; 110.22285 H52 OK598068
China Guizhou 23.196233; 113.286929 H44 MH276937
China Hong Kong 22.348853; 114.166830 H38 MH276941
China Hong Kong 22.348853; 114.166830 H38 MN266860
Hawaii 19.599681; − 155.412709 H43 KX818247
Israel 13.066336; 108.42431 H33 KM406722
Japan Okinawa 26.756046; 128.248521 H39 KU727027
Japan Okinawa 26.756046; 128.248521 H39 MH276939
South Africa − 29.847288; 31.007526 H33 MG642816
Taiwan 23.723134; 121.105754 H22 KU727010
Taiwan 23.723134; 121.105754 H30 KU727018
Taiwan 23.723134; 121.105754 H36 KU727024
Taiwan 23.723134; 121.105754 H37 KU727025
Taiwan 23.723134; 121.105754 H40 KU727028
Taiwan 23.723134; 121.105754 H41 KU727029
Taiwan 23.723134; 121.105754 H42 KU727030
Thailand Chiang Mai 18.712459; 98.877048 H28 KU727016
Thailand Phetchabun 16.255357; 101.098660 H28 MH276938
Thailand Chiang Mai 18.712459; 98.877048 H46 MH276943
USA Los Angeles County; California 34.087289; − 118.528494 H35 KM406726
USA Los Angeles County; California 34.087289; − 118.528494 H33 JX912724
USA Los Angeles County; California 34.087289; − 118.528494 H35 OK598065
USA Los Angeles County; California 34.087289; − 118.528494 H35 KM406727
USA Los Angeles County; California 34.087289; − 118.528494 H35 KU727023
USA Los Angeles County; California 34.087289; − 118.528494 H35 MH276942
Vietnam 13.066336; 108.42431 H23 KU727011
Vietnam Gai Lai 10.967924; 106.679761 H26 KU727014
Vietnam 13.066336; 108.42431 H27 KU727015
Vietnam 13.066336; 108.42431 H32 KU727020
Vietnam Yen Bai 21.68373; 104.847182 H38 KU727026
Vietnam Phu Yen 13.149835; 109.221556 H24 KU727012
Vietnam Yen Bai 21.68373; 104.847182 H31 KU727019
Vietnam 13.066336; 108.42431 H33 KU727021
Vietnam 13.066336; 108.42431 H34 KU727022
Vietnam Hoan Kiem 21.032153; 105.857712 H45 MH276940
Vietnam Cao Bang 22.643500; 106.244756 H47 MN266858
Vietnam Thua Thien-Hue 16.379175; 107.587390 H48 MN266859
Vietnam Ninh Binh 20.241406; 105.957448 H49 MN266861
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coverage within individuals from native and invasive 
regions based on the number of haplotypes sampled 
per country. Native regions comprised Vietnam, 
China, Thailand, Taiwan, and Japan while invasive 
regions comprised South Africa, California, Israel 
and Hawaii.

Maximum likelihood (ML) analyses were con-
ducted to determine genealogical relationships among 
sequences using R packages ape and phangorn (Para-
dis and Schliep 2019) based on a distance matrix of 
sequence alignment. A range of substitution mod-
els were tested using the function modelTest and the 
optimum model was selected for constructing the 
final tree. Non-parametric bootstrap analysis was 
conducted with 100 bootstrap samples. The tree was 
unrooted as only E. fornicatus was used in the analy-
sis and a Neighbor Joining tree was constructed.

Sequence divergence between individuals was 
quantified as Kimura two-parameter distances (K2P) 
using R package ape and the dist.dna function. Per-
centage sequence divergence was calculated as the 
percentage of point mutations within the 458 bp COI 
sequences. Tajima’s D uses information on segre-
gating sites (mutation frequency) to detect devia-
tion from neutrality due to population bottleneck 

or expansion, directional selection or introgression 
(Tajima 1989) and was calculated using R packages 
ape and pegas.

Results

A total of 194 E. fornicatus individuals were col-
lected from five provinces and 23 tree species in 
South Africa. Most of these individuals were col-
lected in KwaZulu-Natal (Table 1), where the beetle 
was first detected in the country (Stouthamer et  al. 
2017; Paap et  al. 2018). Tree species Acer pseudo-
platanus, Koelreuteria paniculata, Robinia pseudoa-
cacia, Acalypha glabrata and Indigofera jucunda are 
here reported as reproductive hosts for the first time 
in South Africa. This excludes new species where 
the beetles were collected on the external surface 
and gallery formation or reproduction could not be 
confirmed (Widdringtonia nodiflora, Heteromorpha 
arborescens, Quercus agrifolia and Pinus sp.).

A sample completeness curve (Fig.  1) depicting 
sample coverage per interpolated and extrapolated 
number of sampled individuals from native and inva-
sive ranges showed sufficient sample coverage (> 0.9) 

Fig. 1   Sample complete-
ness curve depicting sample 
coverage per interpolated 
and extrapolated number of 
sampled individuals from 
native and invasive ranges
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for invasive samples collected, mostly, from South 
Africa. Sample coverage for native samples from Asia 
could be improved (> 0.6) however it is not unusually 
low and was limited by the availability of sequences 
on public databases. 

Sequence alignment of all individuals produced 
an alignment of 458  bp of the COI gene region. 
COI sequences of most individuals from South 
Africa matched the H33 haplotype as described by 
Stouthamer et  al. (2017) for Euwallacea fornica-
tus and the sequence generated by Paap et al. (2018) 
(GenBank Accession: KU727021 and MG642816 
respectively) with 100% sequence similarity. The 
exception was twelve individuals from four loca-
tions and four tree species in KwaZulu Natal and the 
Western Cape, South Africa (Table  1). These sam-
ples showed three different point mutations when 
compared to the sequence from Paap et  al. (2018) 
(MG642816). The first two mutations substitute cyto-
sine for thymine and the third substituting thymine for 
cytosine.

Haplotype analyses of the dataset produced 30 dis-
tinct haplotypes (Tables  1, 2). Samples from South 
Africa were divided into two distinct haplogroups 
(Fig.  2). Haplotype 33 was assigned to South Afri-
can individuals that matched the H33 haplotype 
sequence as generated by Stouthamer et  al. (2017) 
and the sequence described from KwaZulu Natal by 
Paap et  al. (2018) (GenBank Accession: KU727021 
and MG642816 respectively).South African indi-
viduals that did not match the H33 haplotype were 
assigned to haplotype 38 (Stouthamer et  al. 2017; 
GenBank Accession: KU727026) (Table  1). Haplo-
type 33 is also found in California, Israel and Viet-
nam, likely originating from the latter (Fig. 2). Haplo-
type 38 is also found in Vietnam, Yen Bai and China, 
Hong Kong (Fig.  2). In addition to haplotype H33, 
California also contained a unique, invasive haplo-
type (H35). Another unique, invasive haplotype was 
identified from Hawaii (H43). The greatest haplotype 
diversity was found in Vietnam (thirteen haplotypes), 
followed by China (eight haplotypes).

Phylogenetic relationships among individuals 
were examined using maximum likelihood (ML) 
analysis. The best substitution model selected was 
the GTR + G + I which represented the base frequen-
cies of the dataset (AT rich) best and had the lowest 
Akaike information criterion (AIC) and Bayesian 
information criterion (BIC) values (2455.829 and 

2711.695 respectively compared to 2734.582 and 
2949.18 respectively for the Jukes and Cantor model 
(Jukes and Cantor 1969)) with a log likelihood of 
− 1165.914. The 30 haplotypes clustered into three 
main clades (Fig.  2). Haplotypes from South Africa 
clustered into two unique haplogroups within the 
largest clade.

Genetic differentiation

Sequence divergence between haplotypes was quan-
tified as Kimura two-parameter distances (K2P) 
(Supplementary Table  1). K2P values of 0 indicate 
no sequence divergence between haplotypes while 
greater divergence is indicated by numbers closer to 
1. South African individuals corresponding to hap-
lotype 33 show low sequence divergence from South 
African samples corresponding to haplotype 38 
(0,006608026). This agrees with the maximum like-
lihood analysis depicted in Fig. 2 though despite the 
low sequence divergence, these two haplotypes are 
placed in differing haplogroups (Fig.  2). Percentage 
sequence divergence (Supplementary Table 1) shows 
the number of mutations (sequence differences from 
MG642816) within the 458  bp COI sequences as a 
percentage. The highest percentage (7.74%), or great-
est difference from MG642816, is seen for haplotype 
51 followed by 52 and 22. This agrees with the ML 
analysis which places these sequences as a separate 
clade (Fig.  2). In the current study, Tajima’s D was 
negative (− 0.76; p value normal 0.44). This would 
suggest recent directional selection or population 
growth within the E. fornicatus species after a recent 
bottleneck event (Avtzis et al. 2019).

Discussion

In this study we show that E. fornicatus is genetically 
diverse in its native regions, as expected, and that the 
South African invasive populations are genetically 
more homogenous. As with other studies we confirm 
that most invasive populations and haplotypes origi-
nate from Vietnam (Stouthamer et  al. 2017). This 
included one of the two haplotypes from California 
(H33), two from South Africa (H33, H38) and one 
from Israel (H33). The newly identified haplotype in 
South African haplotype, H38, is also found in China, 
Hong Kong and Vietnam, Yen-Bai making its exact 
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origin, unclear. Two additional invasive haplotypes, 
one from California (H35) (O’Donnell et  al. 2015; 

Stouthamer et al. 2017) and one from Hawaii (H43) 
(Rugman-Jones et al. 2020) are not represented in any 

Fig. 2   Neighbor Joining, unrooted phylogenetic tree based 
on Maximum Likelihood analysis under the GTR + G + I sub-
stitution model. Nodes are named by Haplotype number (H); 
GenBank accession number; Country of origin for accession 

(abbreviations as follows: Vi: Vietnam; Ch: China; Ha: Hawaii; 
Th: Thailand; Ta: Taiwan; Ja: Japan; So: South Africa; US: 
California; Is: Israel)
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of the sequences available on GenBank and there-
fore have no clear origin as yet. However, sequence 
divergence is smallest between H35 and H33, which 
originates from Vietnam. And in the case of H43, 
sequence divergence is smallest between this hap-
lotype and H27 from Vietnam and H28, H46 from 
Thailand.

The ease with which these invasive taxa can move 
around the globe and establish in non-native environ-
ments is likely due to their cryptic habits and ecolo-
gies, wide host ranges and specialised haplodiploid 
breeding systems (van Rooyen et al. 2021). The hap-
lodiploid mating system in particular can promote 
establishment of new populations as these can be ini-
tiated from extremely low population numbers. It is 
therefore not surprising that all invasive populations 
of PSHB seem to have restricted genetic diversity. 
Despite this, they have spread over large areas and 
genetic variability does not seem to be a critical factor 
in their success (Peer and Taborsky 2005; Andersen 
et al. 2012).

In South Africa, PSHB has spread from KwaZulu-
Natal to most major provinces in only a few years 
(Stouthamer et al. 2017; Paap et al. 2018). The exact 
date of entry into South Africa and the number of 
invasion events cannot be confirmed, however first 
accounts date back to 2012 (Stouthamer et al. 2017). 
The invasion is therefore relatively recent and the low 
genetic variability that was observed within the coun-
try is expected under the assumption that the invasion 
originated from a small initial population(s).

Here we identified the two PSHB haplotypes pre-
sent in South Africa, for the first time. Haplotype 33 
is much more common and widespread than haplo-
type 38 and the latter may represent a second, more 
recent colonization event. Alternatively, the more 
widespread haplotype (H33) may be more success-
ful as an invader if both haplotypes had been intro-
duced simultaneously. Haplotype 33 is also observed 
in California and Israel, supporting its claim as a 
very successful invader in comparison to haplotypes 
35, 38 and 43 that have all only been found in sin-
gle locations (California, South Africa and Hawaii 
respectively).

The presence of haplotype 33 across three con-
tinents could be attributed to invasive bridgehead 
effects. Euwallacea fornicatus was detected in Cali-
fornia for the first time in 2003 with initial damage 
in Long Beach observed in 2010. However, it did not 

become a serious concern until 2012 (Eskalen et  al. 
2012). In India, severe damage to avocado caused by 
E. fornicatus has been known since 2005 (Mendel 
2012). Research of native specimens of E. fornica-
tus haplotype 33 is needed to determine whether this 
invasive success can be attributed to the environment 
it occupies in Vietnam (e.g. surrounding an inter-
national port) or whether the haplotype holds some 
genetic superiority.

Stouthamer et al. (2017), divided the E. fornicatus 
clade in two. In their study, one branch is depicted 
by a single haplogroup (H22) diverging with a K2P 
value of 0.079 and a p-distance (pairwise distances 
per site) of 0.074 from the other samples forming the 
second clade. This is reflected in the current study 
where haplogroup 22 from Taiwan together with hap-
logroups 51 and 52 (originating from China, Hainan, 
Haikou and not represented in the Stouthamer et  al. 
2017 study) diverge from most of the samples with 
a K2P value of ± 0.08 and a percentage sequence 
divergence of 7.64% (Fig. 2; Supplementary Table 1). 
In this study, H26 appears as a separate clade under 
ML analysis (Fig.  2), diverging from the remaining 
haplotypes with a K2P value of ± 0.02 and a percent-
age sequence divergence of 1.97% (Supplementary 
Table  1). This is similar to the within-clade values 
Stouthamer et  al. (2017) reported for E. fornicatus 
and is therefore likely not a separate clade. Haplotype 
44 also shows strong divergence from the remaining 
haplogroups (Fig. 2) with a K2P value of ± 0.08 and 
percentage sequence divergence of 4.8% (Supple-
mentary Table 1). The K2P value for haplotype 44 is 
like that of the two separate E. fornicatus clades as 
presented by Stouthamer et al. (2017) and it therefore 
more likely that haplotype 44, could be considered a 
separate clade. An argument could be made that these 
separate clades represent cryptic species as men-
tioned by Stouthamer et  al. (2017). However, based 
only on COI sequence data such conclusions cannot 
be drawn as in the Xyleborini, high intraspecific diver-
gence has been reported in the COI gene (Dole et al. 
2010; Andersen et  al. 2012; Jordal & Kambestad, 
2014) though nuclear divergence at the 28S Riboso-
mal gene is low. Gauthier (2010), similarly, uses both 
mitochondrial (COI gene) and nuclear (microsatellite) 
markers to show the delineation of a species complex. 
Whole-genome applications such as genome-wide 
Single Nucleotide Polymorphism (SNP) markers 
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would provide the clearest insight as to the state of 
cryptic species (Marchán et al. 2020).

Tajima’s D detects selective neutrality of the 
observed nucleotide polymorphisms (Tajima 1989). 
In the current study, Tajima’s D was calculated at 
− 0.76 (p value normal 0.44). This would imply that 
the population is not selectively neutral (D ≈ 0) and 
the negative value suggests recent directional selec-
tion or population growth after a recent bottleneck 
with an abundance of rare alleles within E. fornica-
tus. Even though, the p value in this instance is not 
significant (p > 0.02) and this parameter would be 
better investigated in genome-wide SNP studies 
where genetic signatures of selection can be investi-
gated, this result does provide impetus for such stud-
ies in E. fornicatus. 

In conclusion, this study provides evidence for 
novel haplotypes of E. fornicatus in South Africa 
and internationally. The most abundant E. fornicatus 
haplotype present in South Africa, originated from 
Vietnam. This haplotype (H33) is also invasive in 
California and Israel. However, the native popula-
tions in Vietnam are extremely genetically diverse 
and severely under sampled. Inferences on popula-
tion of origin should therefore be interpreted with 
caution. The origin of the newly reported haplotype 
in South Africa, is less clear as this haplotype (H38) 
is found in Vietnam and China. In South Africa is it 
only found in two coastal provinces, KwaZulu-Natal 
and the Western Cape and it can be assumed that this 
represents a second introduction, likely after 2012 
when the first specimen, corresponding to haplotype 
33 (Stouthamer et al. 2017), was collected as part of 
the Barcode of Life Project (BOLD: ETKC270-13). 
This raises concern for further introductions of more 
haplotypes of E. fornicatus or other Scolytinae beetles 
into South Africa with unknown potential for agricul-
tural, urban and environmental damage. For this rea-
son, increased efforts to monitor points of entry into 
the country for living Scolytinae  is urgently needed.
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