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Abstract The South African scale insect Pulvinar-

iella mesembryanthemi was introduced worldwide in

several coastal areas with Mediterranean climate,

probably through infested plants ofCarpobrotus sp. Its

high host specificity and its capacity to produce severe

damages in the invasive Carpobrotus sp. plants makes

this insect a potential biocontrol agent. To test the

efficiency and host range of insects used for biocon-

trol, population genetic studies can help to unravel

cryptic complexes and intraspecific diversity. In this

study we performed a genetic analysis including

native and exotic populations of P. mesembryanthemi,

through Sanger sequencing of mitochondrial (cy-

tochrome c oxidase I, COI) and ribosomal (D2–D3

expansion segments of the large subunit ribosomal

RNA gene 28S) gene fragments. Accidentally, an

endosymbiont was sequenced with one of the pair of

primers used. The exotic populations of the insect did

not show any variability among populations for both

studied genes, which suggest a common origin of all

studied introduced populations. Contrastingly, native

populations showed high variability and seemed to be

a cryptic species complex. Moreover, the Gauteng

populations (from NE South Africa) were phyloge-

netically the closest to the exotic ones, suggesting that

the exotic populations could be original from some-

where near this area. An endosymbiont of P. mesem-

bryanthemi was detected, and the sequenced coxA

gene was similar to that of the Rickettsiaceae family

from the a-Proteobacteria, and close to other insect

endosymbionts. To the best of our knowledge, this was

the first mention of this endosymbiont in P. mesem-

bryanthemi, although a-Proteobacteria endosym-

bionts have been reported for other sap-sucking

insects.

Keywords COI � 28S � Scale insect � Coccidae �
Endosymbiont � Proteobacteria

Introduction

The highly invasive plant Carpobrotus edulis (L.)

N.E. Br. has colonized several temperate coastal

regions around the world (D’Antonio et al. 1993; de la

Peña et al. 2010; Delipetrou 2006), where it causes
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Área de Ecoloxı́a, Departamento de Bioloxı́a Funcional,

Universidade de Santiago de Compostela, R/Lope Gómez
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detrimental effects to other plant (Badalamenti et al.

2016; Jucker et al. 2013) and insect (Orgeas et al.

2007) species, negatively modifies community struc-

ture (Santoro et al. 2012) and can cause long-lasting

changes to soil properties (Badalamenti et al. 2016;

Molinari et al. 2007), delaying ecosystem restoration

even after its removal (Conser and Connor 2009;

Novoa et al. 2013). Currently, hand-removal and

herbicides are the two main methods of control used

(Delipetrou 2006); however, they are costly, time-

consuming and usually ineffective, causing additional

ecosystem damage (Carta et al. 2004; Fagúndez and

Beiras 2007). As such, biological control presents

itself as a potential option for the cost-effective control

of C. edulis across its invaded range, although to date

this has not yet been attempted for this invasive plant

(DiTomaso and Kyser 2013). Biological control of C.

edulis might be particularly effective given that Van

Grunsven et al. (2009) found evidences that C. edulis

is favored in invaded areas that do not have specific

enemies.

The scale insect Pulvinariella mesembryanthemi

(Vallot) (Family: Coccidae, Order: Hemiptera) has

been observed feeding on C. edulis in its native and

invasive ranges and presents itself as a potential

biological control agent because of its high host

specificity (Miller et al. 2005; Miller and Miller 2003)

and its capability of producing severe damages to the

plant (Donaldson et al. 1978; Washburn and Frankie

1985). This insect, as well as its host plant, originates

from South Africa (Washburn and Frankie 1985),

from where it may have been accidentally introduced

in several parts of the world along with infested plants.

Currently, it is present in Southern Europe (Gómez-

Menor Ortega 1954; Kozar et al. 2016; Pellizzari and

Germain 2010; Seljak 2010; Vieira et al. 1983),

Turkey (Cebeci and Selmi 2004), Argentina (Granara

de Willink and Claps 2003), USA (Miller et al. 2005),

New Zealand (Hodgson and Henderson 2000) and

Australia (Collins and Scott 1982).

However, cryptic species complexes (those species

classified as a single species by their morphology;

Darlington 1940) are common in scale insects, but

frequently overlooked by morphological identification

(Andersen et al. 2010a). As a result, genetic studies of

potential biological control agents (not only scale

insects) are highly recommended in order to uncover

cryptic species complexes or intraspecific entities

prior to release or promotion, which cannot be

distinguished with morphological characteristics

(Gaskin et al. 2011; Paterson et al. 2016; Rosen

1986).The presence of cryptic species can affect

control success by having individuals that show

different host specificity or aggressiveness towards

the plant (Rauth et al. 2011) and/or that respond

differently to the climatic conditions (Paterson et al.

2016) present among the released/promoted agents.

This is especially important when using allopatric

populations as biocontrol agents. In the case of P.

mesembryanthemi, the semi-cryptic species Pulv-

inaria delottoi Gill has been cited in California

(Washburn and Frankie 1985) and the UK (Salisbury

et al. 2011). They are almost morphologically iden-

tical, but with different feeding habits and life cycle

duration: P. mesembryanthemi prefers younger leaves

and has two reproductive events per year, while P.

delottoi usually feeds on older leaves and has one

generation per year in Southern California (Washburn

and Frankie 1981, 1985). Their reproduction seems to

be exclusively parthenogenic, being able of producing

up to 2400 hatches per ovisac, with an average

fecundity of 350–800 crawlers per individual and

higher for P. delottoi than for P. mesembryanthemi

(Washburn and Frankie 1985). Although P. mesem-

bryanthemi males have been observed, no sexual

reproduction has been recorded and the presence of

male individuals has been related to a relictic species

feature (Washburn and Frankie 1985).

Genetic studies are also particularly important for

studies of scale insects, as well as other sap-sucking

Hemiptera, as these species have both obligate and

facultative associations with bacterial endosymbionts

(Moran et al. 2008), though for scale insects these are

still beginning to be studied (Gruwell et al. 2007).

Many of these endosymbionts are vertically transmit-

ted (from the mother to the progeny) (Bing et al. 2013;

Li et al. 2011b), making themselves useful for

phylogeny reconstructions (Andersen et al. 2010b)

and insect identification (Mathenge et al. 2015).

Others may be horizontally transmitted, such as the

reproductive manipulator Wolbachia that can also

alter the diversity of the frequency of its host’s

mitochondrial DNA haplotypes in a population (Ma-

thenge et al. 2015). However, it was also reported that

not all endosymbionts affect host phenotype. For

example, according to Hamm et al. (2014),Wolbachia

had not detectable effects on their host. As such,

identifying the presence of microbial symbionts can be
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important both for species and population-level iden-

tifications and for understanding potential reproduc-

tion-disrupting effects for insects considered for

biological control programs (Mathenge et al. 2015).

However, to the extent of our knowledge, no studies

have been conducted to examine the population

structure of P. mesembryanthemi or to examine the

existence of its endosymbionts.

For insects, the mitochondrial gene cytochrome c

oxidase I (COI) is frequently used to compare

interspecific genetic diversity and to discover cryptic

biodiversity (Bekker et al. 2016; Mesquita Fonseca

et al. 2017; Porco et al. 2012). While the ‘‘DNA

barcode region’’ of COI (Herbert et al. 2003) is widely

used for species delimitation and identification (Wang

et al. 2015), recent studies have found that the standard

set of primers used for insect COI sequencing have

failed for some species of scale insects, and some

authors recommend the nuclear large subunit riboso-

mal RNA gene (LSU rRNA, 28S) to be used as a

substitute in this group (Schroer et al. 2008), or a

concatenation of the 28S and COI gene fragments

(Sethusa et al. 2014). Interestingly, for many insect

groups 28S sequences are more conservative than

those of COI (Wang et al. 2015); however, Schroer

et al. (2008) found that 28S could be more variable

than COI in some scale insects.

Therefore, the aim of this study was to analyse both

the intra- and inter- population genetic variability of

the insect P. mesembryanthemi by sequencing frag-

ments of COI and 28S from individuals in its native

and non-native populations with the goal of providing

genetic resources that may be helpful for future studies

of the use of this species as a biocontrol agent for C.

edulis. In addition, we seek to explore the origins of

populations of P. mesembryanthemi that have been

introduced globally, and to examine the presence of

microbial endosymbionts.

Materials and methods

Sample collection and preservation

Samples were taken from 18 populations worldwide

(12 from the Iberian Peninsula, 2 from the Canary

Islands, 1 from New Zealand and 3 from South Africa)

(for collection information, see Fig. 1 and Online

Resource 1) during 2016–2017. The samples were

taken from females preferentially in the 4th instar as

described by Washburn and Frankie (1985). Careful

visual inspection of the samples was done to detect

parasitized individuals, which were discarded. Spec-

imens were preserved in 70% to 96% ethanol and

stored at - 20 �C.

DNA extraction, amplification and sequencing

DNA was extracted from whole individuals with the

E.Z.N.A. � Tissue DNA kit (Omega bio-tek) and the

mitochondrial locus COI and the ribosomal gene 28S

were amplified as follows. For COI, initially the

primers LepF and LepR (Hajibabaei et al. 2006) were

used; however, a search of the resulting sequences

with BLAST in NCBI (http://www.ncbi.nih.gov/

BLAST/) showed that the obtained COI sequence

(633 bp) belonged to the a-Proteobacteria secondary

endosymbiont of the aphid Sitobian miscanthi

(HQ645970; Li et al. 2011a, b). We then utilized the

primer-pair of PcoF1 and LepR and the protocol pre-

sented in Park et al. (2010) and the resulting sequences

(679 bp) were confirmed to be insect COI based on

BLAST searches. For 28S, the D2 and D3 expansion

segments of the nuclear large subunit ribosomal RNA

gene (LSU rRNA, 28S) (fragment of 820 bp) were

amplified with the pair of primers s3660/A335 and the

protocol presented in Schroer et al. (2008). PCRs were

performed in a total volume of 20 lL comprising

2.5 lL (5.0 lL when amplifying the endosymbionts)

of nucleic acid solution (10–35 ng/lL) and 17.5 lL of

mix (4 lL of 5 9 Buffer, 25 mM MgCl2, 2.5 mM

dNTPs, 8 pmol of each primer and 0.8 U of GoTaq

DNA Polimerase) on a Biorad thermocycler and PCR

products were visualized on 0.5% agarose gel, before

being purified with SureClean Kit and sent to Genewiz

Inc. sequencing.

The COI fragment of P. mesembryanthemi was

sequenced for one individual of each location, except

for the South African populations where 8 (for SA2

and SA3) or 7 (for SA1) individuals were sequenced.

For the 28S fragment of P. mesembryanthemi, one

individual of the populations NZL, AST, SA1, SA3,

SA2 (see Online Resource 1) were sequenced. The

coxA fragment of the endosymbiont was sequenced

for one individual of the populations AST, NAR, TEN,

CCS, AUS and SA1 (see Online Resource 1). How-

ever, the SA2 population could not be included for the

endosymbiont analysis, as a parasitoid of the insect
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was sequenced instead. When that sequence was

searched in the BLAST tool of the NCBI (https://blast.

ncbi.nlm.nih.gov/), a match of 84% similarity with

two genera of the Chalcidoidea parasitic wasps (En-

carsia sp. and Encyrtidae sp.) was found. The identi-

fication of a Chalcidoidea wasp in one of our P.

mesembryanthemi populations is not surprising, as it is

quite common to recover DNA from this parasitoid

from scale insect studies (Gwiazdowski and Normark

2014).

Phylogenetic analysis

Sequences of the insect and its endosymbiont obtained

from BOLD System (www.boldsystem.org) were

included in the analysis (see Online Resource 1 for

accession numbers). The COI sequences of P.

mesembryanthemi from Chile which are available in

the NCBI (accession numbers: KY085884-

KY085888, KY085331-KY085334) were not inclu-

ded in the analysis as they seemed to be misidentified –

the plants from which they were sampled do not match

its suitable host plants (and neither those of P. delottoi)

(Washburn and Frankie 1985) and their similarity with

other COI sequences of P. mesembryanthemi obtained

in this study and from the BOLD System are quite low

(16–18% uncorrected p-distances).

After checking sequences identity with the BLAST

tool from the NCBI website, forward and reverse

sequences were assembled and edited with

Sequencher 4.0.5 (Sequencher�) and then aligned

with ClustalW Multiple Aligment function

Fig. 1 Origin of populations of Pulvinariella mesembryan-

themi used in this study. SPAIN: 1—Santander (STD), 2—

Asturias (AST), 3—Oleiros (MER), 4—A Coruña (CNH), 5—

Punta Nariga (NAR), 6—Sálvora island (SAL), 7—Cádiz

(CAD), 8—Tenerife island (TEN), 9—La Palma island (LPA).

PORTUGAL: 10—Lisboa (LTE), 11—Cascais (CCS), 12—

Estoril (EST), 13—Costa de Caparica (CAP). NEW ZEAL-

AND: 14—North New Brighton (NZL). AUSTRALIA: 15—

New South Wales (AUS). SOUTH AFRICA: 16,18,19—

Gauteng (SA1, SA3, SAP), 17—Eastern Cape (SA2)
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(Thompson et al. 1994) through BioEdit v.7.0.5.2

(Hall 1999). For the analysis, only unique haplotypes

were included.

Analyses were done with the COI and 28S gene

fragments of P. mesembryanthemi both individually

and concatenated [using Concatenator v 1.0.1. (Pina-

Martins and Paulo 2008) to combine the sequences].

For the endosymbiont, analyses were only done with

the coxA gene fragment. The most suitable models of

DNA substitutions to the data for each dataset were

found with jModelTest 2.1.10 (Darriba et al. 2012;

Guindon and Gascuel 2003). Those models were then

used to infer the phylogenetic trees by Maximum

Likelihood (ML) with PhyML 3.0 (Guindon et al.

2010), and by Bayesian Inference (BI) with MrBayes

3.2 (Huelsenbeck and Ronquist 2001). For the BI

analysis with the concatenated dataset we used for

each partition (COI, 28S gene fragments) the best-fit

model corresponding to the COI or 28S data, respec-

tively. Phylogenetic trees were also inferred by

Maximum Parsimony (MP) with PAUP* 4.0a152 (L.

Swofford 2002). MP analysis were performed with a

heuristic search with TBR (tree bisection reconnec-

tion) branch swapping of 100 random sequence

addition starting trees, and branch support was

obtained from 1000 pseudo-replicates of nonparamet-

ric bootstrap. ML analysis were performed with SPR

(sub-tree pruning and re-grafting) branch swapping of

10 random starting trees, and branch support was

obtained from 1000 bootstrap pseudo-replicates. For

the BI, posterior probabilities were estimated by a

Metropolis-coupled Markov chain Monte Carlo sam-

pling algorithm, and 2,000,000 generations were

sampled every 1500 generations. Stationarity of the

likelihood scores with the generation time was

checked with TRACER v1.6 (Rambaut et al. 2018).

Nine other Coccidae species and one Diaspididae

species were used as outgroups in the P. mesembryan-

themi trees (see Online Resource 2 for accession

numbers). For the endosymbionts trees, five other

species (five of them Proteobacteria, one Heterokon-

tophyla and another Ochrophyta) were used (see

Online Resource 3 for accession numbers).

Pairwise divergences were calculated through the

most suitable model for each dataset (as found with

jModelTest) and the Kimura two-parameter (K2P)

model with PAUP*. The K2P distances were included

for comparison with other studies. Descriptive param-

eters such as haplotype and nucleotide diversity were

calculated with DNASP 5.10 (Librado and Rozas

2009).

Results

Pulvinariella mesembryanthemi populations: COI

gene

The obtained sequences had an average GC compo-

sition of 25% (Table 1). No gaps were found in the

COI fragments. Haplotype diversity for the COI gene

was high in the native area (Hd = 0.757), where 5

different haplotypes were found, most likely corre-

sponding to different species, whilst only one haplo-

type was found in the introduced area (EXT) (Fig. 2;

Online Resource 4). In the native area, there were 129

polymorphic sites, all of them parsimony informative;

and 141 mutations (Online Resource 4). The only

native population where intra-population variability

was found (of the three native populations in which

7–8 samples were studied) was SA1, with two

haplotypes (SA1.1, SA1.2).

Table 1 Parameters of the nucleotide substitution models used

for each dataset [from data of P. mesembryanthemi and the

included outgroups (see Online Resources 1, 2) and from data

of P. mesembryanthemi’s endosymbiont and the included out-

groups (Symb.) (see Online Resources 1, 3)]

Dataset P. mesembryanthemi Symb.

COI 28S COI ? 28S CoxA

Model TrN ? I?C HKY ? C GTR ? I?C GTR ? C

C 0.5050 0.3550 0.4530 0.6190

I 0.4680 0.0000 0.1760 0.0000

freq. A 0.4196 0.1537 0.2632 0.2511

freq. C 0.1445 0.2853 0.2188 0.1551

freq. G 0.0371 0.3400 0.2129 0.1908

ti/tv – 1.9721 – –

A-C 1.0000 – 0.9538 1.9082

A-G 25.4553 – 3.9748 4.0862

A-T 1.0000 – 4.2129 3.9314

C-G 1.0000 – 2.8473 1.8657

C-T 48.9725 – 14.4075 5.6215

Key: shape parameter of the gamma distribution (C),
proportion of invariable sites (I), base frequencies,

transition/transversion ratio (ti/tv) and substitution rates
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The distances calculations showed that the sole

exotic haplotype found for P. mesembryanthemi was

most similar to two South African populations from

Pretoria (SAP, SA3), having a 3 and 5% of TrN model

and K2P distances from them for this gene fragment

(Tables 1, 2). The most divergent South African

populations from the exotic ones were also from

Pretoria (SA1.1, SA1.2), and had a 12–15% of TrN

distance (15% K2P distance) (Table 2). The South

African population from Eastern Cape Province (SA2)

had an intermediate TrN distance of 11% (13% K2P

distance) (Table 2). Also, the Pretoria populations

SA1 and SA3 had a 14–15% genetic TrN distance

(17% K2P distance), slightly higher to the distance

between the Pretorian SA1 and the one from Eastern

Cape Province SA2 (10% TrN and 12–13% K2P

distances) (Table 2). The highest similarities between

P. mesembryanthemi haplotypes corresponded to the

pairs of haplotypes SA3 - SAP (TrN and K2P distance

of 0.1 and 0.2%) and SA1.1–SA1.2 (TrN and K2P

distance of 0.2–0.3%) (Table 2).

Regarding the topology of the trees for the P.

mesembryanthemi samples, it was quite similar for all

methods (Fig. 2, Online Resource 5, Online Resource

6). All the haplotypes were grouped in a clade with a

high support from BI posterior probabilities, but with

low support from ML and MP bootstrap values

(Fig. 2). A clade formed by the exotic populations

and the Pretorian populations SA3 and SAP was

highly supported by both bootstrap values and by the

BI posterior probability (Fig. 2). The three trees

grouped the haplotypes SA1.1 and SA1.2 with SA2,

although with a low bootstrap value (Fig. 2).

Pulvinariella mesembryanthemi populations: 28S

gene

An average GC composition of 61% was found in the

sequences (Online Resource 4). The 28S sequenced

region did not show variability between exotic pop-

ulation, but it distinguished two genotypes in the South

African populations (SA1, SA2) which were different

from the exotic one (Fig. 3; Online Resource 4). There

were 18 polymorphic sites, only two of them parsi-

mony informative (Online Resource 2). Native pop-

ulations had a haplotype diversity of 0.67 and 16

mutations (Online Resource 4). From the analysed

sequences of P. mesembryanthemi only one South

Fig. 2 Maximum likelihood tree based on COI data of scale

insects. Samples from Pulvinariella mesembryanthemi have

been marked in bold and the name of the haplotype is presented

(see Online resource 1). The tree was rooted with Aspidiotus

nerii. On the right side of the figure, the families of the scale

insects are indicated. The numbers next to the nodes represent,

in this order, the bootstrap support values (C 50%) of maximum

likelihood and maximum parsimony. Numbers within paren-

thesis represent the Bayesian posterior probability (C 0.5). See

Online resource 2 for NCBI codes
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African population (SA2) showed indels (Online

Resource 4).

From the distances calculations, the most similar

populations to the exotics were the South African ones

from Pretoria (SA1, SA3; with 0.2% HKY model and

K2P distances), whilst the most different one was the

South African population from Eastern Cape Province

(2.2% distance with both methods) (Tables 1, 2). The

distance between the Pretorian genotype (SA1) and

SA2 was of 2.0% (with both methods) (Table 2).

Trees estimated by Maximum Likelihood (Fig. 3),

Maximum Parsimony (Online Resource 7) and

Bayesian Inference (Online Resource 8) included a

monophyletic assemblage for the P. mesembryan-

themi haplotypes, which was highly supported by

bootstrap and posterior probability (Fig. 3). The P.

mesembryanthemi exotic genotype (EXT) was nested

with the native haplotype SA1 in the MP and BI trees,

although with low support (Online Resource 7, Online

Resource 8). However, the ML tree nested the two

native haplotypes (SA1, SA2) with a low support

(Fig. 3).

Pulvinariella mesembryanthemi populations:

COI ? 28S genes

The South African population SA3 from Pretoria was

the native populations that showed a lower genetic

distance to the exotic ones, and therefore the most

similar one (Table 2).

As in the 28S trees, P. mesembryanthemi was

recovered as a clade with a strong support of all

methods (Fig. 4). The topology for the P. mesem-

bryanthemi haplotypes varied between methods

(Fig. 4, Online Resource 9, Online Resource 10).

Independent of the method, there was a high support

for a clade with the exotic haplotype (EXT) and one of

the Pretorian haplotypes (SA3) (Fig. 4). There was a

high support of ML bootstrap value and BI posterior

probability for a clade between these two haplotypes

(EXT, SA3) and the other Pretorian haplotype (SA1)

(Fig. 4). However, the MP tree nested SA1 and SA2

haplotypes with a very low support (\ 50%) (Online

Resource 9).

Endosymbiont: coxA gene

The amplification of the coxA region of this endosym-

biont did not showed any variability between exotic

and native populations, except for the Australian

population, which slightly differed from the others due

to one single mutation.

The two endosymbiont’s haplotypes that were

found only differed a 0.3% model corrected distance

(Tables 1, 3). This P. mesembryanthemi endosym-

biont was related the most to S. mischanthi endosym-

biont (6% GTR distance), and then to Wolbachia sp.

and Orientia tsutsugamushi (Table 3).

The two haplotypes of P. mesembryanthemi

endosymbiont were grouped with a high support of

the three tested methods (Fig. 5, Online Resource 11,

Online Resource 12). The three Hemiptera endosym-

biont haplotypes (two from P. mesembryanthemi and

one from S. miscanthi) were nested with a high support

of both bootstrap values and posterior probability

(Fig. 5). The maximum likelihood tree was the only

one to group the Hemiptera endosymbionts with

Wolbachia sp. (an Arthropoda endosymbiont),

although with a very low support (53%) (Fig. 5).

Table 2 Pairwise distances for the COI and 28S data of P.

mesembryanthemi (see Online Resource 1)

Gene

fragment: COI

SA1.1 SA1.2 SA3 SAP SA2 EXT

SA1.1 – 0.003 0.17 0.17 0.13 0.15

SA1.2 0.002 – 0.17 0.17 0.12 0.15

SA3 0.14 0.15 – 0.002 0.16 0.05

SAP 0.15 0.15 0.001 – 0.16 0.05

SA2 0.10 0.10 0.14 0.15 – 0.13

EXT 0.12 0.13 0.03 0.03 0.11 –

Gene fragment: 28S SA1 SA3 SA2 EXT

SA1 – 0.000 0.02 0.002

SA3 0.000 – 0.02 0.002

SA2 0.02 0.02 – 0.02

EXT 0.002 0.002 0.02 –

Gene fragments: COI ? 28S SA1 SA3 SA2 EXT

SA1 – 0.07 0.07 0.07

SA3 0.09 – 0.08 0.02

SA2 0.08 0.10 – 0.07

EXT 0.08 0.03 0.09 –

Corrected distances calculated with the best-suited model for

each dataset (see Table 1) are shown below the matrix

diagonal, and Kimura 2-parameter (K2P) distances are shown

above diagonal
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Fig. 3 Maximum likelihood tree based on 28S data of scale

insects. Samples from Pulvinariella mesembryanthemi have

been marked in bold and the name of the haplotype is presented

(see Online resource 1). The tree was rooted with Aspidiotus

nerii. On the right side of the figure, the families of the scale

insects are indicated. The numbers next to the nodes represent,

in this order, the bootstrap support values (C 50%) of maximum

likelihood and maximum parsimony. Numbers within paren-

thesis represent the Bayesian posterior probability (C 0.5). See

Online resource 2 for NCBI codes

Fig. 4 Maximum likelihood tree based on the concatenation of

COI and 28S data of scale insects. Samples from Pulvinariella

mesembryanthemi have beenmarked in bold and the name of the

haplotype is presented (see Online resource 1). The tree was

rooted with Aspidiotus nerii. On the right side of the figure, the

families of the scale insects are indicated. The numbers next to

the nodes represent, in this order, the bootstrap support values

(C 50%) of maximum likelihood and maximum parsimony.

Numbers within parenthesis represent the Bayesian posterior

probability (C 0.5). See Online resource 2 for NCBI codes
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Table 3 Pairwise distances for the coxA data of P. mesembryanthemi’s endosymbiont and the included outgroups (see Online

Resources 1,3)

KS LD W OT SMLS S_PME.1 S_PME.2

Kuckuckia spinosa KS – 0.22 0.38 0.46 0.46 0.43 0.43

Lagenidium deciduum LD 0.33 – 0.35 0.35 0.38 0.32 0.32

Wolbachia sp. W 0.68 0.60 – 0.32 0.42 0.30 0.30

Orientia tsutsugamushi OT 0.99 0.65 0.50 – 0.29 0.30 0.30

Sitobion miscanthi endosymbiont SMLS 0.88 0.70 0.89 0.45 – 0.06 0.06

Pulvinariella mesembryanthemi endosymbiont S_PME.1 0.77 0.49 0.45 0.46 0.06 – 0.003

Pulvinariella mesembryanthemi endosymbiont S_PME.2 0.77 0.49 0.45 0.47 0.06 0.003 –

Distances within P. mesembryanthemi samples are marked in bold. Corrected distances calculated with the best-suited model for each

dataset (see Table 1) are shown below the matrix diagonal and Kimura 2-parameter (K2P) distances are shown above diagonal

Fig. 5 Maximum likelihood tree based on coxA data of the

Pulvinariella mesembryanthemi endosymbiont and its closest

taxa. Samples from the P. mesembryanthemi endosymbiont

have been marked in bold and the name of the haplotype is

presented (see Online resource 1). The tree was rooted with

Kuckuckia spinosa. On the left side of the figure, the class and

phylum of the taxa are indicated, whereas in the right side the

host species and their order and class are showed. The numbers

next to the nodes represent, in this order, the bootstrap support

values (C 50%) of maximum likelihood and maximum parsi-

mony. Numbers within parenthesis represent the Bayesian

posterior probability (C 0.5). See Online resource 3 for NCBI

codes
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With all methods, all the endosymbionts included in

the analysis were grouped with a very high support

(Fig. 5).

Discussion

Pulvinariella mesembryanthemi populations

Pairwise distances between the studied populations

were quite high in some cases, suggesting that P.

mesembryanthemi is a cryptic species complex.

Amouroux et al. (2017) delimited the intra-specific

K2P distance for the COI 50 gene fragment to 0–2%

and for the 28S gene fragment to 0–0.6% for Coccidae.

Only the haplotype pairs SA3-SAP and SA1.1-SA1.2

(for COI) and SA1-EXT (for 28S) lay within these

intervals. Amouroux et al. (2017) also found a gap

region (from 2.0 to 12.5% K2P distance) for their

Coccidae samples between the intra-specific and inter-

specific distances. However, in our COI samples the

K2P distance between the exotic haplotype and SA3 or

SAP is of 5%. The K2P distances between SA1 or SA2

and the rest of haplotypes would lie in the inter-

specific interval found by Amouroux et al. (2017) for

the 50 COI region. Distances between SA2 and SA1 or
EXT would also lie within the inter-specific interval

found in Amouroux et al. (2017) for the 28S gene

fragment. Another study on Coccidae found a wider

intra-specific interval (0–4.2% K2P distance for COI

and 0–1.25% for 28S), but a much narrower gap

(4.2–4.6% for COI) between intra-specific and inter-

specific distances (Wang et al. 2015). The intra-

specific and inter-specific intervals of the COI barcode

region are usually well separated (Hebert et al. 2003),

but in some cases they can overlap (Davison et al.

2009).

The exotic populations of P. mesembryanthemi

included in the analysis did not show any variability

between populations for the two sequenced gene

fragments, even when comparing populations from

Europe and Oceania. The absence of genetic variabil-

ity for the studied genes suggest that there was one

single genotypic and geographic origin from South

Africa of the different exotic populations of the insect,

from where it expanded to the different areas, and that

they did not diverged since then. However, these

results could also be due to a lack of resolution of the

selected loci to determine if differentiation between

the exotic populations has occurred.

This lack of genetic variability in the introduced

range has also been seen in studies of other scale

insects (Schroer et al. 2008). Also, if we take into

account that P. mesembryanthemi has only partheno-

genetic reproduction (Nur 1963; Pesson 1941), even a

single female might have been the origin of the exotic

populations. As this insect has very high host speci-

ficity (Washburn and Frankie 1985), it is probable that

the same Carpobrotus sp. plants that hosted the

original insect population were dispersed to the

different exotic localities included in this study.

Another possibility is that Carpobrotus sp. plants

were exported multiple times from the same source

location. Either way, loci with higher resolution will

be necessary to confirm that all exotic populations

come from a unique one in the native area. In addition,

the parthenogenetic reproduction together with the

fairly recent introduction outside the native range [the

first records we found of the insect in Europe and

Oceania are from the 1980s (Collins and Scott 1982;

Vieira et al. 1983)] might have contributed to the

genetic homogeneity of the species in the introduced

area.

The origin of the exotic populations of P. mesem-

bryanthemi seems to be near Pretoria, since the native

SA3 was the most similar to them. However, a wider

sampling in South Africa would be necessary to

determine the precise origin of the introduced insects.

Apparently, none of the native populations we

included in this study was the origin of the exotic

ones, and maybe none of them was the same species as

the exotic, given that the genetic distances between

them were quite high for the COI gene fragment

([ 5% K2P distance). However, a finer scale analysis

and morphological analysis would be needed to

determine if the EXT populations and their closer

native populations SA3 and SAP are indeed different

species.

Contrarily to what happened with P. mesembryan-

themi exotic populations, native populations showed

between samples variability and even, for one of the

populations, slightly different haplotypes within it.

This high variability between native populations (most

of them showed[ 10%K2P distance for the COI gene

fragment) indicates that they are a cryptic species

complex. This could also explain why a slightly higher

genetic distance was found between SA1 and SA3
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populations (both from Pretoria and separated by

approximately 12 km) than between SA1 and SA2

populations (separated roughly 900 km) for the COI

gene fragment.

As much higher genetic diversity was found in

native areas compared to exotic areas of the insect,

optimization experiments for the use of P. mesem-

bryanthemi as a biocontrol agent should test native

populations: that is, where most of the genetic

diversity can be found, and consequently, more

chances of finding differences on host range, climate

adaptability or capability of damaging the plant would

be found.

Endosymbiont

Symbiosis of Hemiptera insects with a-Proteobacteria
have been documented for several other species (Bing

et al. 2013; Brady et al. 2014; Li et al. 2011b;

Mathenge et al. 2015). In this study, the presence of an

a-Proteobacteria endosymbiont in P. mesembryan-

themi was confirmed by the sequences obtained with

the pair of primers LepF/LepR. The closest specimen

found in the NCBI database was the endosymbiont

SMLS (Sytobian miscanthi L type symbiont), which is

as a-Proteobacteria from the Rickettsiaceae family (Li

et al. 2011a, b). They were very closely related, with a

similarity for the coxA fragment of 95%. SMLS was

found to give some fitness advantages (Li et al. 2016)

and to be widely present in the populations of its host

insect (Li et al. 2011b), which belongs to the

Hemiptera order as P. mesembryanthemi. In our study,

endosymbiont genetic material was amplified from all

the populations we tried (5 of them exotic and 2

native), with the exception of the SA2 population

(although this could be related to a low specificity of

the primers or of the extraction technique, as a

parasitoid was sequenced in its place).

The sequenced endosymbionts of the exotic popu-

lations were identical for the chosen gene fragment to

the native ones, with the exception of one exotic

population that had a small difference. The variability

of the endosymbiont was therefore much more

reduced than the variability found for P. mesembryan-

themi. These results are in accordance to the low

genetic diversity between populations that Li et al.

(2011b) also found for SMLS, and which they related

to a recent and frequent intraspecific transfer. The a-
Proteobacteria endosymbionts found in Hemiptera

insects are closely related to Rickettsiaceae bacteria

(Bing et al. 2013; Brady et al. 2014; Mathenge et al.

2015). For instance, Li et al. (2011a) found a very

close relationship between SMLS and the Rickettsi-

aceae bacteria Orientia tsutsugamushi (94% of sim-

ilarity for the 16S sequence, although probably from

different genera), whilst in our case the similarity

between our endosymbiont and a coxA sequence from

O. tsutsugamushi (GBBAC698-15) was of 75%.

Conclusions

Ours results, which distinguish only one haplotype for

all the exotic P. mesembryanhtemi populations in both

genes, suggest a common origin of all of them, which

seems not to be any of the native ones sampled for this

study. Most of the genetic diversity found for this

insect resided in its native range, South Africa,

suggesting that P. mesembryanthemi is a cryptic

species complex. Therefore, when targeting the insect

P. mesembryanthemi as a biological control of the

invasive C. edulis, studies on the optimization of the

control should preferentially compare different South

African populations, where more variability would be

found.

In addition, this study recovered a-Proteobacteria
sequences from the insect samples, which were very

close to those of other Hemiptera endosymbionts. To

the extent of our knowledge, this was the first mention

of an endosymbiont in P. mesembryanthemi. The

analysed sequences of this P. mesembryanthemi

endosymbiont were almost identical, even when

comparing exotic and native populations.
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İstanbul Üniversitesi Orman Fakültesi Dergisi 54:207–228

Collins L, Scott J (1982) Interaction of ants, predators and the

scale insect, Pulvinariella mesembryanthemi, on Carpo-

brotus edulis, an exotic plant naturalized in Western Aus-

tralia. Aust Ent Mag 8:73–78

Conser C, Connor E (2009) Assessing the residual effects of

Carpobrotus edulis invasion, implications for restoration.

Biol Invasions 11:349–358. https://doi.org/10.1007/

s10530-008-9252-z

Cook LG, Rowell DM (2007) Genetic diversity, host-specificity

and unusual phylogeography of a cryptic, host-associated

species complex of gall-inducing scale insects. Ecol

Entomol 32:506–515. https://doi.org/10.1111/j.1365-

2311.2007.00893.x

D’Antonio CM, Odion DC, Tyler CM (1993) Invasion of

Maritime Chaparral by the Introduced Succulent Carpo-

brotus edulis. Oecologia 95:14–21

Darlington CD (1940) Taxonomic systems and genetic systems.

In: Huxley J (ed) The new systematics. Clarendon Press,

Oxford, pp 137–160

Darriba D, Taboada GL, Doallo R, Posada D (2012) jModelTest

2: more models, new heuristics and parallel computing. Nat

Meth 9:772–772. http://www.nature.com/nmeth/journal/

v9/n8/abs/nmeth.2109.html#supplementary-information

Davison A, Blackie RL, Scothern GP (2009) DNA barcoding of

stylommatophoran land snails: a test of existing sequences.

Mol Ecol Resour 9:1092–1101. https://doi.org/10.1111/j.

1755-0998.2009.02559.x

de la Peña E, de Clercq N, Bonte D, Roiloa S, Rodrı́guez-

Echeverrı́a S, Freitas H (2010) Plant-soil feedback as a

mechanism of invasion by Carpobrotus edulis. Biol Inva-

sions 12:3637–3648. https://doi.org/10.1007/s10530-010-

9756-1

Delipetrou P (2006) Carpobrotus edulis. http://www.europe-

aliens.org/pdf/Carpobrotus_edulis.pdf. Accessed 21/11/

2016 2016

DiTomaso JM, Kyser GB (2013) Iceplant (Hottentot fig). In:

Weed control in natural areas in the western United States.

University of California Weed Reseach and Information

Center

Donaldson DR, Moore WS, Koehler CS, Joos JL (1978) Scales

threaten iceplant in Bay Area. Calif Agric 32:4–7

Fagúndez J, Beiras MB (2007) Plantas invasoras de Galicia:

bioloxı́a, distribución e métodos de control. Dirección

Xeral de Conservación da Natureza, Santiago de

Compostela

Gaskin JF et al (2011) Applying molecular-based approaches to

classical biological control of weeds. Biol Control

58:1–21. https://doi.org/10.1016/j.biocontrol.2011.03.015
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