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ARTICLE INFO ABSTRACT

Keywords: Invasive Cactaceae cause considerable damage to ecosystem function and agricultural practices around the
Cactaceae world. The most successful biological control agents used to combat this group of weeds belong to the genus
Dactylopiidae Dactylopius (Hemiptera: Dactylopiidae), commonly known as ‘cochineal’. Effective control relies on selecting the
DNA barcoding

correct species, or in some cases, the most effective intraspecific lineage, of cochineal for the target cactus
species. Many of the Dactylopius species are so morphologically similar, and in the case of intraspecific lineages,
identical, that numerous misidentifications have been made in the past. These errors have resulted in failed
attempts at the biological control of some cactus species. This study aimed to generate a multi-locus genetic
database to enable the accurate identification of dactylopiids. Genetic characterization was achieved through the
nucleotide sequencing of three gene regions (12S rRNA, 18S rRNA, and COI) and two inter-simple sequence
repeats (ISSR). Nucleotide sequences were very effective for species-level and D. tomentosus lineage-level
identification, but could not distinguish between the two lineages within D. opuntiae commonly used for bio-
logical control of various Opuntia spp. Fragment analysis through the use of ISSRs successfully addressed this
issue. This is the first time that a method has been developed that can distinguish between these two D. opuntiae
lineages. Using the methods developed in this study, biological control practitioners can ensure that the most
effective agent species and lineages are used for each cactus target weed, thus maximizing the level of control.
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1. Introduction

One of the major groups of invasive alien plants (IAP) in both South
Africa and Australia are the Cactaceae (Klein, 2011; Paterson et al.,
2011; Winston et al., 2014). Approximately 400 cactus taxa have been
introduced to South Africa (Kaplan et al., 2017), of which 35 species are
invasive (Novoa et al., 2015). Australia currently has 39 recorded in-
vasive cactus taxa belonging to four genera; and is the most heavily
invaded of all the countries surveyed by Novoa et al., 2015.

The most prominent biological control agents for invasive Opuntia
and Cylindropuntia species are Cactoblastis cactorum Berg (Lepidoptera:
Pyralidae) and four Dactylopius Costa (Hemiptera: Dactylopiidae) spe-
cies; namely D. austrinus De Lotto, D. ceylonicus Green, D. opuntiae
Cockerell, and D. tomentosus Lamarck (Sheehan and Potter, 2017).
Cactoblastis cactorum has been used to control eight invasive cactus
species worldwide, while the various Dactylopius spp. have been used to
control 14 invasive cactus species across the world (Winston et al.,
2014).

The Dactylopiidae family is monogeneric, comprises eleven species,
is indigenous to the Americas, and is predominantly host specific to
Opuntioid cacti (De Lotto, 1974; Campana et al., 2015; Van Dam et al.,
2015). Dactylopius opuntiae and D. tomentosus are two species that are
known to contain distinct genetic groups that display differential host
specificities (Volchansky et al., 1999; Jones et al., 2015; Mathenge
et al., 2015). These intraspecific groups are frequently referred to as
‘biotypes’ in the literature, but in agreement with the criticism raised by
Downie, 2010, the term ‘lineage’ is used here instead. Intraspecific
lineages currently used within D. opuntiae comprise ‘ficus’ and ‘stricta’,
and those within D. tomentosus comprise ‘bigelovii’, ‘californica var.
parkeri’, ‘cholla’, ‘cylindropuntia sp.’, ‘echinocarpa x acanthocarpa’,
and ‘imbricata’ (Paterson et al., 2011; Jones et al., 2016b). It is cur-
rently impossible to distinguish between Dactylopius lineages using
morphological characteristics (Mathenge et al., 2015; Jones et al.,
2016a), raising a need to address this using genetic identification tools.

The taxonomy of the Dactylopiidae is largely understudied, and
until fairly recently, only morphological characters were used to create
phylogenies (Ramirez-Puebla et al., 2010). The history of this insect’s
taxonomy is rooted in misidentifications, which have led to more than
one case of failed biological control efforts in the past (e.g. Brown et al.,
1985; Volchansky et al., 1999). Many of the species are notoriously
difficult to differentiate using morphological traits, even for experts
(Mann, 1969; Pérez-Guerra and Kosztarab, 1992; Gullan and Kosztarab,
1997; Portillo and Vigueras, 2006). Considering the high species di-
versity of the Cactaceae, the probability of there being many more
Dactylopius species and lineages in the native range is very high (Jones
et al., 2016a).

Different Dactylopius species and lineages display different levels of
population growth and impact on different Cactaceae, and so correctly
distinguishing between them is fundamental to selecting the most ef-
fective agents for biological control programmes. This is where the use
of genetic barcoding can be useful. The aim of this study was therefore
to create a comprehensive genetic database to allow for the accurate
identification of the species and intraspecific lineages within the
Dactylopiidae.

2. Materials and methods
2.1. Sourcing of samples

A detailed list of all the samples used in this study appears in Table
S1. Outgroup and additional ingroup sequences were obtained from
GenBank (https://www.ncbi.nlm.nih.gov/genbank/), and are listed in
Table S2.

We sourced species and lineages of cochineal insects used for bio-
logical control from the collections of the Department of Agriculture
and Fisheries, Queensland, for Australian samples, and from the Centre
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for Biological Control (CBC) Cactus Mass-rearing Facility, Rhodes
University, for South African samples. Other species not held in culture
by either organization were field collected. Species level identifications
that could not be conducted by the authors were confirmed by expert
taxonomist Ian Miller at the South African National Collection of Insects
(ARC-PPRI), where voucher specimens are housed (Table S3). For the
two lineages of Dactylopius opuntiae, the ‘stricta’ and ‘ficus’ lineages,
specimens were collected from cultures housed by the CBC that were
known to be the correct lineage, and from field sites where the correct
lineage was known to occur. The intention was to test whether speci-
mens known to be ‘stricta’ or ‘ficus’ could be separated with this ana-
lysis. The geographic location where the samples were collected from is
therefore less important than the knowledge of the source of each co-
chineal population as either ‘stricta’ or ‘ficus’. ‘Stricta’ lineages were
sourced from the CBC’s ‘stricta’ culture, the Kruger National Park, and
Saudi Arabia, where the ‘stricta’ lineage was released and known to
have established. The ‘ficus’ lineage was collected from field sites in
South Africa where it was known to have established, and in Namibia,
where only the ‘ficus’ lineage has been released, and from the CBC
mass-rearing facility (Table S1).

2.2. Sample preservation and DNA extraction

All specimens were preserved in 95% ethanol and stored at —18 °C.
Insect tissue was digested in Buffer ATL (Qiagen©) and Proteinase K
(Qiagen®©), followed by a standard salt extraction procedure (Bruford
et al.,, 1992). DNA pellets were resuspended in 100 uL AE buffer
(Qiagen®©) and stored at —18 °C.

2.3. Polymerase chain reaction (PCR) and sequencing

PCR protocols were adapted from the methods of Park et al. (2010),
Campana et al. (2015) and Mathenge et al. (2015) (Table S4). The two
COI primer pairs used in the present study (COI-A and COI-B) were
checked to ascertain whether they amplify the same region of the COI
gene by aligning representative sequences derived from each primer to
the whole mitochondrial sequence of Ceroplastes japonicus Green (Coc-
coidea: Coccidae) (Genbank ID: MK847519.1). Although they do am-
plify the same COI region, it was found here that COI-A only worked for
D. confertus De Lotto, D. confusus Cockerell and D. opuntiae; while COI-B
only worked for D. tomentosus, as it was particularly designed by
Mathenge et al., 2015 for this species. Table S5 provides the mixture
reagent concentrations used for sample preparation, which was fol-
lowed by amplification in a Bio-Rad T100 Thermal Cycler™ according
to the protocols given in Table S6. 12S primers had a tendency to
produce double bands for some samples (the target fragment plus a
fragment approximately 1500 bp in size). Touchdown PCR (TD-PCR)
was applied in such cases according to the protocol in Table S7. Am-
plified PCR products were purified, and sequenced in the forward di-
rection in all cases by Macrogen Inc. in the Netherlands.

2.4. Sequence alignment

Chromas v2.6.4 (Technelysium Pty Ltd.) was used to view and trim
(£50-70 bp at the start and end of each sequence) chromatograms.
BioEdit v7.0.5.3 (Hall, 1999) was used to verify base calls against
corresponding chromatograms, and to ensure that sequences were in
the longest open-reading frame. MAFFT v7 (Katoh et al., 2017) was
used to align sequences on the online server (https://mafft.cbrc.jp/
alignment/server/).

2.5. Construction of phylogenetic trees
DAMBE v6 (Xia, 2018) was used to test substitution saturation for

the protein-coding COI sequences, using the tests created by Xia et al.
(2003) and Xia and Lemey (2009), at positions 1, 2, 3, and 1 & 2. The
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COI sequences displayed little saturation at all codon positions
(Iss < Iss.cSym value, with a p-value < 0.05 for all tests), and so addi-
tional codon models were not necessary in the construction of the COIL
phylogeny. jModelTest v2.1.10 (Guindon and Gascuel, 2003; Darriba
et al.,, 2012) was used to select appropriate Bayesian information cri-
terion (BIC) evolutionary models, where the optimal models used were
GTR + G for 12S, TIM2ef + I for 18S, and HKY + G for COIL Bayesian
Inference (BI) and Maximum Likelihood (ML) methods were subse-
quently employed to create single gene trees. Kimura-2-parameter
(K2P) intra-and inter-specific distance values were recorded for all
phylogenies. The congruence of the topologies of the individual gene
trees for the 12S and 18S gene regions were compared using the online
congruency index test ‘Icong’ (http://max2.ese.u-psud.fr/icong/in-
dex.help.html), developed by de Vienne et al., 2007, in order to create a
concatenated phylogeny. MEGA v7 (Kumar et al., 2016) was used to
create a neighbour-joining tree for each gene region, using the default
settings. The pair of topologies were subsequently uploaded to the
Icong server. A significant Icong p-value supported congruency (Icong
=1.72,p =247 X 10~ %), and thus the concatenation of the two gene
regions.

Each gene was partitioned as a whole in order to create a con-
catenated BI and ML phylogeny. The COI region was not included in
this concatenation, because it contained only 49% of the sequences
represented by the 12S and 18S datasets. A test concatenated phylogeny
with all three genes did not show well-resolved clades within D. to-
mentosus.

2.5.1. Bayesian inference and maximum likelihood

MrBayes v3.2.6 (Huelsenbeck and Ronquist, 2001) was employed to
create Bayesian phylogenies (random starting trees, four chains (three
hot and one cold), 50 million generations). Trees were sampled every
1000 generations with a burnin of 1250. Tracer v1.7 was used to check
for MCMC convergence, such that the effective sample size (ESS) was
greater than 200 for all parameters (Rambaut et al., 2018).

GARLI v2.01 (Zwickl, 2006) and CONSENSE v3.69 (unrooted,
consensus type Majority Rule (extended) (MRe)) (Felsenstein, 2006)
were employed to create Maximum Likelihood (Felsenstein, 1981)
phylogenies, where 1000 bootstrap repeats were run with two search
repetitions. The CIPRES Science Gateway portal (Miller et al., 2010)
was used to generate all phylogenies, and all were viewed in FigTree
v1.4.3.

2.5.2. Haplotype networks in POPART

POPART v1.7 (Leigh and Bryant, 2015) was used to create 12S and
COI haplotype networks for all the D. opuntiae and D. confusus in each
respective phylogeny (see Figs. S1 and S3, and the sample list in Table
S1) using the TCS network method, with an added ‘traits block’ to color
haplotypes by source and/or geographic location (Clement et al.,
2000). For D. opuntiae, samples were grouped into Uitenhage mass
rearing facility (MRF), the United States of America, Australia, and
‘ficus’ and ‘stricta’ lineages collected in South Africa. D. confusus was
divided into groups from Tucson (Arizona), Four Peaks Mountain (Ar-
izona), Las Cruces (New Mexico), and Laredo (Texas), in the United
States of America. Dactylopius tomentosus haplotypes were not presented
here because the 12S and COI phylogenies sufficiently represented the
different lineages. It was, however, used to report the number of nu-
cleotide differences between lineages of interest in this species. The 18S
gene did not provide enough intraspecific variation, and therefore was
not included.

2.6. Distance-based testing of barcodes

The R ‘spider’ package v1.5.0 (Brown et al., 2012) was used to test
barcodes in R v3.6.1 (R Core Team, 2019) in RStudio v1.2.5033
(RStudio Team, 2015) at both the species and lineage level. This en-
tailed the use of the Threshold Identification (TID), and Best Close
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Match (BCM) methods. The Nearest Neighbor (NN) method was not
considered further because it resulted in an abnormally high number of
false positive identifications due to a nonadjustable distance threshold
of 1%. This is not useful when different genes are being analysed that
display different evolutionary rates. The TID threshold percentage was
optimized to minimize cumulative error (false negatives + false po-
sitives). This was achieved by using the threshold optimization function
in the package to test a range of threshold values from 0.0001% to 2.5%
in increments of 0.005%. Pairwise distances were calculated in the R
‘ape’ package v5.3 (Paradis et al., 2004), using the dna.dist function and
K80 substitution model. The genetic barcoding gap was calculated and
plotted by calculating the largest intraspecific and the smallest inter-
specific genetic distance for each sequence (Meier et al., 2006), using
the spider package. Scoring the accuracy of genetic barcodes followed
the criteria presented by Birch et al., 2017 and in the R spider doc-
umentation (Brown et al., 2012).

2.7. Inter-simple sequence repeats (ISSRs)

2.7.1. PCR protocol, data capturing and data processing

Universal ISSR primers 809 (5-AGA GAG AGA GAG AGA GC -3)
and 826 (5’-ACA CAC ACA CAC ACA CC — 3’) from Primer set # 9 of the
University of British Columbia Nucleic Acid Protein Service Unit were
used (Abbot, 2001). These were labelled with 5’6-FAM™ fluorescent
dye. PCRs were run in 20 uL reactions, consisting of 10 uL iTaq™,
1.5 uM primer and 1 uL DNA template (50-150 ng/uL). The PCR
protocol was adapted from that of Saha et al. (2011) and Silva et al.
(2013), and carried out as per Table S8. The presence of bands/peaks
was validated by replicating each sample once in a different PCR ma-
chine (Taylor et al., 2011; Sutton et al., 2017). As a preliminary vali-
dation step, 5 uL PCR product was run on a 1.5% agarose gel at 6 V/cm
for 3 h and viewed on a BioRad-Geldoc™ molecular imager system.
DNA fragment analysis was performed using capillary electrophoresis
(Applied Biosystems Inc., 3130 genetic analyser, GS500LIZ size stan-
dard) at the Central Analytical Facilities (CAF) division in Stellenbosch,
South Africa.

2.7.2. ISSR data processing and analysis

Genemarker® v2.7.4 (SoftGenetics®) was used to read in and ana-
lyze all electropherograms, and generate binary data. RawGeno v2.0
(Arrigo et al., 2012) was subsequently used to further process this
binary data such that the maximum and minimum bin widths were set
to 1 and 0.5 base pairs (bp), respectively, scoring ranged from 100 to
500 bp, and a low relative fluorescent units (RFU) of 100 was applied,
as recommended by AppliedBiosystems (2014) for data produced by
3130 Series instruments. Microsoft Excel® was used to organise the
resulting binary matrix into replicate pairs, and prepare it for input into
the BinMat v0.1.2 R package (van Steenderen, 2020) for replicate
consolidation. This entailed that a ‘1’ scored in one replicate, and a ‘0’
scored at the same locus in the second replicate yielded a ‘?’. A ‘1’ or a
‘0’ in both replicates yielded a ‘1’ and a ‘0’, respectively.

SplitsTree4 v4.15.1 (Huson and Bryant, 2006) was used to generate
NeighborNet trees from this consolidated data, applying the Jaccard’s
distance index. The NeighborNet method was chosen because Huson
and Bryant (2006) suggested that it produces highly resolved networks.
The Jaccard’s distance index was applied because it does not consider
the shared absence of bands as being biologically meaningful.

2.7.3. ISSR error rates

Two genotyping error rates were calculated, namely the ‘Euclidean’
(EE) and ‘Jaccard’ (JE) errors, as suggested by Bonin et al. (2004),
Pompanon et al. (2005) and Holland et al. (2008). In the formulae
below, f refers to the frequencies of the shared absence (00), shared
presence (11), and ambiguities (01 and 10) of peaks in replicate sample
pairs.
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Fig. 1. Bayesian Inference (BI) and Maximum Likelihood (ML) phylogenies for the COI gene region, showing the BI topology. Posterior probabilities are above, and
bootstrap values are below the branches. ML values are shown as a percentage of a thousand bootstrap replications. The scale bar (0.06) represents estimated
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2.8. Identification application via an R GUI interface

2.8.1. DactyID

The R Shiny library (RStudio, 2019) was used to create an online
server enabling the identification of a query nucleotide sequence using
the data collected in this study. The application (‘DactyID’) is available
at https://clarkevansteenderen.shinyapps.io/Dactylopius_ID_version_1/
, or alternatively via GitHub on the user’s local machine. The applica-
tion can be accessed locally via GitHub by typing.

> runGitHub(“DactyID”, “CJMvS”). into the R console. A help file
accompanies the program.

3. Results
3.1. Phylogenies

3.1.1. 128

Sequence lengths were approximately 413 bp, with mean nucleotide
base frequencies of A (44.57 + 2.47%), C (12.79 + 1.74%), T
(38.11 + 2.42%), and G (4.54 = 2.08%). The Bayesian Inference (BI)
and Maximum Likelihood (ML) phylogenies provided well supported
clades for all the Dactylopius species included in the analysis, and for
three of the six lineages within D. tomentosus (Fig. S1). The ‘echinocarpa
x acanthocarpa’, ‘bigelovii’, and ‘cylindropuntia sp.” lineages grouped
together as one clade. There were only two nucleotide differences be-
tween ‘bigelovii’ and ‘echinocarpa x acanthocarpa’, and one nucleotide
difference between the latter and ‘cylindropuntia sp.’. The D. opuntiae
‘ficus’ and ‘stricta’ lineages did not show any separation (Fig. S1). The
haplotype network for D. opuntiae shown in Fig. S1 illustrates this lack
of unique haplotypic groups, with only seven segregating sites com-
pared to 16 in the D. confusus network. Although with a range of only
one to six nucleotide differences between haplotypes, the D. confusus
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network indicates the existence of unique genetic groups across sites
within the native range in the USA. Further investigation may reveal
cryptic species within this complex. The D. confertus samples did not
successfully amplify using this marker. The D. ceylonicus clade showed a
well-supported split between the South African and Australian samples.
Apart from the outgroup, the greatest within-group K2P distances
were D. tomentosus ‘cholla’ (0.068) and D. ceylonicus (0.05), followed by
D. confusus (0.015) and D. opuntiae (0.0005) (Table S9). Excluding the
outgroup, the average between-group K2P distance was 0.30 + 0.14.

3.1.2. 188

Sequence lengths were approximately 570 bp, with mean nucleotide
base frequencies of A (25.02 + 0.60%), C (24.17 + 0.61%), T
(22.95 + 0.74%), and G (27.85% =+ 0.40). The BI and ML phylogenies
showed well-supported clades for all species, except for Dactylopius
austrinus and D. ceylonicus, which grouped into one clade (Fig. S2).
Within group K2P distances for the ingroups were all zero apart from
the D. austrinus and D. ceylonicus group (0.006), and D. tomentosus
(0.001) (Table S9). Excluding the outgroup, the average between-group
K2P distance was 0.03 + 0.02. This marker showed the D. tomentosus
‘cholla’ lineage forming a separate clade, and the ‘echinocarpa x
acanthocarpa’ and ‘bigelovii’ grouping together, but the marker did not
distinguish between the other three lineages (namely ‘imbricata’, ‘ca-
lifornica var. parkeri’, and ‘cylindropuntia sp.’). It also did not show any
intraspecific variation within the D. opuntiae clade.

3.1.3. COI

Sequence lengths were approximately 603 bp, with mean nucleotide
base frequencies of A (36.33 + 1.61%), C (19.64 + 1.66%), T
(37.55 + 1.19%), and G (6.49 + 0.55%).

Corroborating the 12S BI and ML phylogeny (Fig. 1 and S1), there is
support for the ‘echinocarpa x acanthocarpa’, ‘bigelovii’, and ‘cylin-
dropuntia sp.’ lineages forming one clade (Fig. 1 and S3). ‘Bigelovii’
samples differed from ‘echinocarpa x acanthocarpa’ by only one nu-
cleotide (and thus did not separate into separate clades), and ‘cylin-
dropuntia sp.” samples differed from ‘bigelovii’ and ‘echinocarpa x
acanthocarpa’ by 4, and 5 nucleotides, respectively (Fig. S3). As in the
12S haplotype network, D. opuntiae did not group into ‘ficus’ and
‘stricta’ haplotypes, and the D. confusus network again showed unique
haplotypes for the different sites in the native range in the USA (with a
larger range of nucleotide differences than 12S, ranging from 1 to 10
nucleotides) (Fig. S3).

The highest within-group K2P distance for the ingroup was for D.
confusus (0.017), followed by D. opuntiae (0.014) and D. confertus
(0.008) (Table S11). Excluding the outgroup, the average between-
group K2P distance was 0.22 + 0.1. The COI region also did not show
enough genetic variation to separate the ‘ficus’ and ‘stricta’ lineages, or
to distinguish between different intraspecific populations.

3.1.4. Concatenation of the 12S and 18S gene regions

The 12S and 18S data sets were concatenated due to a significant
Icong value (Icong = 1.72,p = 2.47x10~ %), indicating that the gene
tree topologies were significantly congruent. All the Dactylopius species,
and half of the D. tomentosus lineages formed separate clades. The D.
tomentosus ‘bigelovii’, ‘cylindropuntia sp.’, and ‘echinocarpa x acan-
thocarapa’ lineages grouped together, and the D. opuntiae ‘ficus’ and
‘stricta’ lineages did not separate (Figs. 2 and S4). Since none of the
gene phylogenies (12S, 18S, COI, or concatenated 12S and 18S) could
differentiate between the D. opuntiae ‘ficus’ and ‘stricta’ lineages, ISSR
analyses were used to gain higher resolution results for this species.

3.2. Identification accuracy
3.2.1. 128

At the species level, and at the optimal genetic distance threshold of
1%, identification accuracy (IA) was 100% for both barcode tests (BCM
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and TID) (Table 1). At the lineage level, D. tomentosus had an IA of
100% (BCM) and 82.4% (TID) at a distance threshold of 1%. The TID
result increased to 100% at a lower optimal threshold value of 0.2%.
Dactylopius opuntiae only had an IA of 15.22% (with ambiguities at
82.61% and incorrect IDs at 2.17%) for the BCM test and a zero IA
(100% ambiguities) for the TID test at a threshold of 1%. At a decreased
threshold of 0.2%, the TID only increased to a 13.04% IA, with ami-
biguities at 80.43% (incorrect and no IDs at 2.17% and 4.35%, re-
spectively). The range of threshold genetic distance values for the D.
opuntiae lineages all showed a high occurrence of false negatives. Bar-
code gaps at the species level and for D. tomentosus lineages were all
positive (i.e., interspecific > intraspecific variation), while the lineages
within D. opuntiae were all negative (i.e., interspecific < intraspecific
variation). Of the D. tomentosus lineages, the ‘cylindropuntia sp.” and
‘echinocarpa x acanthocarpa’ lineages had the smallest barcode gaps.

3.2.2. 18S

At the species level, and at the default genetic threshold of 1%, IA
was 94.59% (5.41% ambiguity) for the BCM test, but only 29.73%
(70.27% ambiguities) for the TID test (Table 1). At a lower threshold of
0.2%, the IA for both the BCM and TID tests were 94.59%, with am-
biguities of 5.41%. At the lineage level, at a threshold of 0.1%, D. to-
mentosus had an IA of 22.22% (77.78% ambiguities) for both the BCM
and TID tests. The BCM tests did not produce output for the in-
traspecific lineages of D. opuntiae, as they were indistinguishable. The
TID tests for this lineage produced 100% ambiguous results at both the
1% and 0.1% thresholds. The range of genetic threshold distance values
for the lineages within D. tomentosus and D. opuntiae all showed a high
number of false negatives. Barcode gaps at the species level were all
positive, except for D. austrinus and D. ceylonicus sequences, which had
negative barcode gaps (as illustrated in the phylogenetic tree in Fig.
S2). The largest positive barcode gaps at the species level were for D.
tomentosus. Barcode gaps for D. opuntiae and D. tomentosus at the lineage
level were all zero (i.e., the intra-and interspecific variation in these
groups were equal); except for D. tomentosus ‘cholla’ sequences, which
had positive barcode gaps.

3.2.3. CcOI

Identification accuracy at the species level at a 1% threshold was
100% for both the BCM and TID tests (Table 1). At the lineage level, at a
1% threshold, D. opuntiae had an IA of 61.54% (32.69% ambiguities
and 5.77% incorrect) for the BCM test, and an IA of 46.15% (51.92%
ambiguities and 1.92% incorrect) for the TID test. The BCM test results
remained the same at a lower optimal threshold of 0.8%, but the TID IA
rose to 59.62% (38.46% ambiguities and 1.92% incorrect). At the
lineage level for D. tomentosus, when ‘bigelovii’, ‘cylindropuntia sp.’,
and ‘echinocarpa x acanthocarpa’ were treated as separate lineages, IA
was 96.3% (3.7% ambiguities) for the BCM test, and 59.26% (37.04%
ambiguities and 3.7% no ID) for the TID test (Table 1). At a lower
threshold value of 0.2%, the BCM decreased to an IA of 88.89%
(11.11% ambiguities), and the TID rose to 70.37% (18.52% ambiguities
and 11.11% no ID). When ‘bigelovii’, ‘cylindropuntia sp.’, and ‘echi-
nocarpa x acanthocarpa’ were treated as one group, at a threshold of
3.3%, the IA for both the BCM and TID tests was 100%. Barcode gaps
were positive for all sequences at the species level, but negative for all
D. opuntiae sequences at the lineage level. Barcode gaps for D. to-
mentosus lineages were all positive except for three ‘bigelovii’ se-
quences.

3.3. ISSR fragment analysis

Dactylopius opuntiae ‘stricta’ and ‘ficus’ lineages formed separate
groups (Fig. 3). ISSR primer statistics are shown in Table 2. At the
species level, at an optimal threshold of 60%, all barcode tests (BCM
and TID) had a 100% IA (Table 3). At the lineage level, at an optimal
threshold of 45%, D. tomentosus had an IA of 100% for both the BCM
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Fig. 2. Concatenated gene phylogenies for the 12S and 18S gene regions using Bayesian Inference (BI) and Maximum Likelihood (ML) methods, showing the BI
topology. Bayesian posterior probability values are above, and ML bootstrap values are below the branches. ML values are shown as a percentage of a thousand
bootstrap replications. The scale bar (0.03) represents estimated substitutions per site.

and TID tests (Table 3). At the same 45% threshold, D. opuntiae had an
TIA of 81.82% (no ID of 18.18%) for both the BCM and TID tests.

4. Discussion
4.1. DNA barcoding

For DNA barcoding to be useful it should be repeatable, relatively
inexpensive, quick, and accurate. In this study, we sequenced three
different gene regions and used two ISSRs to identify the different taxa
and lineages of cochineal used as biocontrol agents. It is not necessary
to use all of these regions and techniques to identify the different agent
species or lineages used for biological control, and so in most cases,
only one region or ISSR could be used to accurately identify the agent.

The 12S marker is recommended as the most efficient for
Dactylopius species-level identification, and for the identification of the
‘cholla’, ‘californica var. parkeri’, and ‘imbricata’ lineages within the D.
tomentosus species. The 12S rRNA primers successfully amplified the
target region of five of the six Dactylopius species used in this project
(only D. confertus was unsuccessful), and had the highest mean be-
tween-group K2P distance. The marker is not, however, useful for dis-
tinguishing between D. opuntiae ‘ficus’ and ‘stricta’ lineages, due to the

presence of negative barcode gaps (i.e. intraspecific variation > inter-
specific variation) at that higher-resolution taxonomic level. The 12S
marker, in combination with a variety of other informative mitochon-
drial genes (such as 16S rRNA and cytochrome B), may also help in
future to determine the dates at which lineages of cochineals have been
separated by means of molecular clock dating. The two D. ceylonicus
lineages from Australia and South Africa, for example, showed a well-
supported separation. These lineages are from the same stock, and they
are known to have been isolated for 105 years (Winston et al., 2014),
which could be used to estimate how long other cochineal lineages have
been isolated. The 18S rRNA marker could accurately distinguish be-
tween all Dactylopius species, except for D. austrinus and D. ceylonicus,
which grouped into one clade and were the only two species with ne-
gative barcode gaps. Of the D. tomentosus lineages, only ‘cholla’, and
‘echinocarpa x acanthocarpa’ and ‘bigelovii’ formed separate clades,
while ‘imbricata’, ‘californica var. parkeri’, and ‘cylindropuntia sp.’
were unresolved. In the study by Campana et al., 2015, no intraspecific
variation was found within the seven 18S sequences obtained from D.
coccus populations. The findings of the current project corroborate with
those of Campana et al., 2015, namely that this marker is uninformative
for identification beyond the species level. It can, however, be used for
the inference of phylogenetic relationships between species,
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Table 1
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Results of the Best Close Match (BCM) and Threshold ID (TID) barcode testing algorithms for the 12S, 18S, and COI gene regions. Values for BCM and TID are shown
at the default 1% and at the optimum threshold value. Results are shown at the species and lineage level. In the COI section, D. tomentosus (G) indicates a test
conducted where the ‘bigelovii’, ‘cylindropuntia sp.’, and ‘echinocarpa x acanthocarpa’ sequences were grouped as one lineage.

BCM Proportion of BCM Proportion of TID (1%) Proportion of TID (optimum Proportion of
(1%) Samples (%) (optimum %) Samples (%) Samples (%) %) Samples (%)
128 1% threshold 1% threshold
Species level Correct 147 100 147 100 147 100 147 100
Lineage level D. opuntiae 0.2% 0.2%
threshold threshold
Correct 7 15.22 6 13.04 0 0 6 13.04
Incorrect 1 217 1 217 0 0 1 217
Ambiguous 38 82.61 37 80.43 46 100 37 80.43
No ID 0 0 2 4.35 0 0 2 4.35
D. tomentosus 1% threshold 0.2%
threshold
Correct 34 100 34 100 28 82.4 34 100
Incorrect 0 0 0 0 0 0 0 0
Ambiguous 0 0 0 0 6 17.6 0 0
18S 0.2% 0.2%
threshold threshold
Species level Correct 140 94.59 140 94.59 44 29.73 140 94.59
Ambiguous 8 5.41 8 5.41 104 70.27 8 5.41
Lineage level D. opuntiae 0.1%
threshold
Correct BCM test error due to identical sequences shared across test groups. 0 0 0 0
Incorrect 0 0 0 0
Ambiguous 35 100 35 100
No ID 0 0 0 0
D. tomentosus 0.1% 0.1%
threshold threshold
Correct 8 22.22 8 22.22 0 0 8 22.22
Incorrect 0 0 0 0 0 0 0 0
Ambiguous 28 77.78 28 77.78 36 100 28 77.78
(¢0)} 1% threshold 1% threshold
Species level Correct 83 100 83 100 83 100 83 100
Lineage level D. opuntiae 0.8% 0.8%
threshold threshold
Correct 32 61.54 32 64.54 24 46.15 31 59.62
Incorrect 3 5.77 3 5.77 1 1.92 1 1.92
Ambiguous 17 32.69 17 32.69 27 51.92 20 38.46
D. tomentosus 0.2% 0.2%
threshold threshold
Correct 26 96.3 24 88.89 16 59.26 19 70.37
Incorrect 0 0 0 0 0 0 0 0
Ambiguous 0 0 0 0 10 37.04 5 18.52
No ID 1 3.7 3 11.11 1 3.7 3 11.11
D. tomentosus 3.3% 3.3%
(] threshold threshold
Correct 26 96.3 27 100 26 96.3 27 100
Incorrect 0 0 0 0 0 0 0 0
Ambiguous 0 0 0 0 0 0 0 0
No ID 1 3.7 0 0 1 3.7 0 0

particularly when supplementing a concatenated genetic data set.

COI-A primers could distinguish between D. confertus, D. opuntiae,
and D. confusus with a 100% IA. A 1% genetic distance threshold was
found to be to be optimal for assessing identification accuracy at the
species level, which is consistent with the barcoding literature (Hebert
et al., 2003; Hebert et al., 2003). It is not, however, able to distinguish
between D. opuntiae lineages. The ‘rosea’ lineage appeared as an out-
group to the D. tomentosus clade, which might relate to its failure to
establish on any Cylindropuntia host plants in Australia (Jones et al.,
2015).

The COI results corroborate the 12S and 18S phylogenies, with the
D. tomentosus ‘echinocarpa x acanthocarpa’, ‘bigelovii’, and ‘cylin-
dropuntia sp.” lineages clustered tightly together. This could be due to
geography, as these three lineages were collected in Arizona in the
United States of America between 2012 and 2015 (Jones et al., 2016a).

The ‘rosea’, ‘cholla’, and ‘californica var. parkeri’ lineages were col-
lected in Mexico, and the ‘imbricata’ lineage was originally collected in
Texas, USA (Winston et al., 2014).

The D. opuntiae ISSR data presented here showed clear differences
between the ‘ficus’ and ‘stricta’ lineages that the traditional DNA gene
regions failed to reveal. Due to the different kind of data that ISSR
analyses produce, the distance threshold required to create taxonomic
group designations was much higher than that of nucleotide sequence
data (60% compared to the standard 1%). This is because the latter is
much more data-rich compared to binary information, such as that
produced by ISSR analyses.

ISSR analysis using the methods described in this work offers a new
and valuable tool to biological control efforts, as it allows practitioners
to distinguish between these otherwise morphologically identical
lineages. The D. tomentosus lineages included in the ISSR analyses



C.J.M. van Steenderen, et al.

Biological Control 152 (2021) 104426

o e
’ ~~

- ~

/’ - e \\\ b
,/ CBC mass-rearing facility, ~~ l;b
0.1 . N
I/’ and Kruger National Park .
/ 'stricta’ Y
/ N
/ %
! VS154_Hof \,
" KP_BCC_S2 N
1 VS152_Hof \
] VS146_Klein KP P3 S2 \
I R P2 5 =o \
a \
‘ \
! \
—————m—— —— \
- V5150
/’ KP_P1_S1 .
/ KP_BCC_S1 \
F4 VS149_Klein KP_BCC_S4 !
! /vsoss_uoe !
] |
| Saudi Arabian /
| VS108_V VS112 =Fricial y
] VS107_V jc2.1 stricta /
! AR2 /
\ 12)C3_| v
\ Ah4 HI | 4
\ Ha_| 4
\ -
\\ ‘~~_____,/’
\ _—
\ .
\\ S~o
H ~,
N South African ~
1 . N
AN 'ficus' CBC mass \
\ T rearing facility |
AN vsoosofi | ‘ficus ]
AN /
o\ /
6& AN s/
N, /
‘(9, Ry Namibian et
\\\ lﬁcusl ’,//
~ -
\\\\ ,a’,

Fig. 3. SplitsTree graphical output (NeighborNet method, applying Jaccard’s index to calculate the distance matrix) for Dactylopius opuntiae individuals using two
ISSRs (ISSR 809 and ISSR 826). The scale bar (0.1) represents the number of substitutions per site.

(‘imbricata’, ‘cholla’, and ‘californica var. parkeri’) showed a 100% IA
at a distance threshold of 45%, although using the 12S rRNA marker to
identify these is less labour intensive. Although a 82% hit rate is high
for the identification of D. opuntiae lineages, there are a multitude of
other ISSR primers that may offer lower error rates and amplify a larger
number of fragments. It would be worth using capillary electrophoresis
to test the TCT(GA), ISSR primer reported by Silva et al., 2013 as
producing the highest percentage of polymorphic loci, and to test the
RAPD primers used in their study.

Of the two ISSR primers used here, ISSR 826 had an average Jaccard
error rate 5% greater than ISSR 809, and tended to be less informative
for some population groups compared to the latter primer. ISSR 809 is
therefore recommended as the better of the two primers for identifi-
cation of the D. opuntiae lineages. On the whole, ISSR analyses are more
time-consuming and labor-intensive than traditional DNA barcoding
methods, so for all lineages except the two D. opuntiae lineages, the use
of either the 12S or COI region would be preferable.

Table 2

4.2. Practical applications for cactus biological control using cochineal
insects

The barcoding methods used in this study provide a wide range of
practical applications for the identification of the Dactylopiidae; par-
ticularly for countries such as South Africa and Australia that are the
most reliant on biological control to reduce cactus invasions. The
identification techniques provided here make it possible to identify
field-collected specimens, and to plan releases of the most effective
agent onto the correct target weed. It could also help to explain dif-
ferences in agent performance; agents might have been moved, or even
dispersed onto, a less preferred host. Additionally, these techniques
could be used to confirm whether or not a newly-released lineage has
established in the field, where it may co-occur with a previously-re-
leased lineage that is not causing significant impact.

Intra-specific lineages within the Dactylopiidae are known to hy-
bridise. This directly affects the host specificity of hybrid populations,

Summary of the number of loci, the average number of bands obtained, standard deviations, the maximum and minimum number of peaks yielded, and the Euclidean
and Jaccard error rates for ISSR primers 809 and 826. Values were obtained after conservative filtering parameters had been applied to the data in RawGeno, and are

representative of all the individuals for each primer’s data set.

Primer No. loci Avg. peaks + sd Max. peaks Min. peaks Avg. Euclidean error rate + sd (Bonin et al., Avg. Jaccard error rate + sd (Holland et al.,
2004) 2008)

ISSR 809 384 36.58 + 15.75 88 5 0.08 + 0.03 0.48 + 0.14

ISSR 826 366 32.09 + 18.93 87 4 0.09 + 0.03 0.53 + 0.17
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Table 3
Barcode testing results for the Best Close Match (BCM) and Threshold ID (TID)
tests, at the species and lineage level.

BCM % of TID % of
samples samples
Species level 60% 60%
threshold threshold
Correct 124 100 124 100
No ID 0 0 0 0
Lineage level D. tomentosus 45% 45%
threshold threshold
Correct 10 100 10 100
Incorrect 0 0 0 0
Ambiguous 0 0 0 0
D. opuntiae 45% 45%
threshold threshold
Correct 36 81.82 36 81.82
Incorrect 0 0 0 0
Ambiguous 0 0 0 0
No ID 8 18.18 8 18.18

and possibly their virulence. The work done by Hoffmann et al., 2002
and Mathenge et al., 2010 on lineages of D. opuntiae and D. tomentosus,
respectively, are good examples of this. Hybrid performance has im-
portant implications in the planning of agent releases; as lineages that
produce less damaging hybrid offspring should be kept apart in the field
and restricted to the correct target weed species. The dynamics of the
hybridisation between other Dactylopius lineages are still unknown.
Fragment analysis methods, such as ISSRs, could be a useful identifi-
cation tool in such future studies.

Countries such as South Africa and Australia are eager to source and
test new agents for controlling target Cactaceae, and these techniques
could help in the identification of new species, cryptic species, and
lineages used in future biological control programmes. Both Paterson
et al., 2011 and Jones et al., 2016a highlight the need for multiple
Dactylopius lineages to control a range of species. The Dactylopiidae are
notoriously difficult to identify, and taxonomists can sometimes mis-
identify specimens due to problems with this family’s taxonomy and
identification keys. DNA and molecular data offers an independent line
of evidence for identification, and also provides phylogenetic in-
formation about the relationships between species and lineages, and
their geographical distributions.

Dactylopius opuntiae is considered a useful biological control agent,
but it can also be considered a pest on O. ficus-indica crops. Therefore, it
is important to be able to distinguish between the D. opuntiae ‘stricta’
and ‘ficus’ cochineal lineages, because although they are the same
species, the ‘stricta’ cochineal is only a biocontrol agent and will not
feed on O. ficus-indica (Githure et al., 1999), while the ‘ficus’ lineage
could be a biocontrol agent for several Opuntia species or a pest, be-
cause it feeds on O. ficus-indica. In other words, the ’ficus’ cochineal
lineage could be considered an effective biological control agent in
areas where cacti are problematic, and an agricultural pest where they
are grown as Crops.

Having genetic tools to distinguish between what is a potential pest,
and what is a beneficial biological control agent could be very useful.
Especially since the reputation of the biological control of weeds as a
safe practice is at stake. With the exception of the ‘ficus’ lineage, all
cochineal species and lineages used for biological control will not feed
on the O. ficus-indica crop, but without being able to identify the dif-
ferent species and lineages of cochineal, false claims of unpredicted
non-target impacts from cochineals used as biological control agents
could arise.

5. Conclusion

The taxonomic history of the Dactylopiidae is riddled with

Biological Control 152 (2021) 104426

misidentifications, and so a genetic approach is a much-needed addition
to the identification toolkit of the Dactylopiidae. This can assist in de-
tecting new species, cryptic species, and lineages. The control of in-
vasive Cactaceae is one of the most successful biological control in-
itiatives in South Africa and Australia, and stands to gain substantially
from the streamlined and accurate identification process presented
here. Most importantly, this can ensure that the correct and most da-
maging cochineal is used on the correct target weed, thus maximising
the level of control that is obtained.
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