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Abstract
Cochineal is the common name for cactus-feeding scale insects in the Dactylopiidae. 
These ruby-red insects include the domesticated dye insect Dactylopius coccus. 
Dactylopius coccus and congeners have been introduced around the world, some acci-
dentally, to become pests of prickly pear cactus species (Opuntia), and some intention-
ally, for dye production or biological control of pest Opuntia. In the northern Sonoran 
Desert (Tucson, AZ, USA), we studied the enemy complex of D. opuntiae and D. con-
fusus on Opuntia and characterized two cryptic enemies, a coccinellid beetle predator 
and a parasitoid wasp. (1) Hyperaspis sp. The coccinellid predator Hyperaspis trifurcata 
shares a niche with a similar, typically all-black beetle. Morphological data, cross-
ing tests, and phylogenetic results showed the black beetle to be a distinct, unde-
scribed species in the genus Hyperaspis, with a rare spotted phenotype that is similar 
in appearance to H. trifurcata. Crossing tests among black and spotted forms showed 
the spotted morph is inherited as a single-locus dominant allele. (2) Formicencyrtus 
thoreauini. Rearing of this ant-like parasitoid wasp (Encyrtidae) in pure culture of D. 
opuntiae showed it to be a semi-gregarious primary parasitoid of cochineal. To our 
knowledge, this is the first confirmed instance of a cochineal parasitoid. Observations 
of development show early instar larvae keep their posterior end within the egg cho-
rion, attached to an aeroscopic plate with a connection to the cochineal body wall. 
Late instar larvae are eventually surrounded by a membrane, likely of larval origin. 
Wasps then pupate in a dry air-filled chamber within the desiccated scale remains be-
fore chewing out as an adult. Both Hyperaspis sp. and F. thoreauini may have restricted 
distributions. Hyperaspis sp. does not appear to be a member of the cochineal commu-
nity in Mexico or Texas, and scant records suggest F. thoreauini may also be restricted 
to the Southwestern USA.
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1  |  INTRODUC TION

Specialist enemies that attack cochineal are notable because of the 
long history of human fascination with their prey. The iconic bright 
red scale insects, clothed in cottony wax, include 11 species in the 
monogeneric family Dactylopiidae (García Morales et al.,  2016). 
Long before European arrival to the New World, the Aztecs domes-
ticated Dactylopius coccus Costa for its red hemolymph, the source 
of a brilliant red dye (Greenfield,  2006), making this species one 
of only a few domesticated insects, along with the honeybee and 
silk moth. In the early 19th century, over 3 million pounds of dried 
insects were exported from Mexico in a single year (1802), before 
alternative red dyes and overseas production caused the profitabil-
ity of the local industry to decline (Hunter et al., 1912). While the 
prickly pear cactus species in the genus Opuntia and all cochineal 
species are native to the Americas, both host plants and cochineal 
have been widely introduced to warm arid climates around the world 
in the last 200 years, some Dactylopius for cochineal dye production 
(often without regard to species identification) and some Opuntia for 
fodder, fruit production, and erosion control.

Opuntia and cochineal introductions have long spurred conflicts 
of interest since prickly pear is considered a valuable plant in the 
Middle East and North Africa. For example, Opuntia is a forage and 
fruit crop in Morocco and a dry-adapted hedgerow species of cultural 
significance in Israel (Bouharroud et al., 2019; Mendel et al., 2020; 
Paterson et al., 2021; Paterson & Witt, 2022; Spodek et al., 2013). A 
recent invasion of Dactylopius opuntiae (Cockerell) in Israel, Lebanon, 
and Morocco caused significant cactus mortality in plantations and 
landscapes (Bouharroud et al., 2019; Spodek et al., 2013). In Israel, 
a biological control program for D. opuntiae was launched and 
two specialist predators, a coccinellid beetle, Hyperaspis trifurcata 
Schaeffer, and a chamaemyiid fly, Leucopis bellula Williston, were in-
troduced (Mendel et al., 2020). Conversely, prickly pear species are 
invasive plant pests of rangeland in several areas, including Kenya, 
Southern Africa, India, and Australia. In these locations, cochineal 
species have been important classical biological control agents for 
the cactus (Annecke & Moran, 1978; Novoa et al., 2019; Paterson 
et al., 2021; Paterson & Witt, 2022; Witt et al., 2020). In parts of 
Africa, the establishment of introduced predators of cochineal else-
where on the continent poses a potential threat to the management 
of prickly pear (Paterson & Witt, 2022).

The diversity of cochineal and its specialist natural enemies span 
North and South America (Portillo, 2009). In the USA, there are a few 
species in the Southwest, especially in the southern regions of Texas 
through to California (Badii & Flores, 2001). In Tucson, in southern 
Arizona, we studied the shared enemies of two local cochineal spe-
cies, D. opuntiae and Dactylopius confusus (Cockerell). Both species 
have been recorded as native to the study area (Mann, 1969), but are 

generally found on different Opuntia species. Dactylopius confusus is 
most often found on Opuntia engelmanii Salm-Dyck, a native cactus 
to the southwestern USA. However, we found richer communities 
of predators and their parasitoids associated with the higher densi-
ties of D. opuntiae found on a spineless “Burbank hybrid” of Opuntia 
ficus-indica (L.) Mill that is common in suburban plantings in the city 
of Tucson (Anderson & Olsen, 2015). Opuntia ficus-indica is native 
to central Mexico (Griffith, 2004). Among the natural enemies we 
observed, we found broad overlap with several key predator spe-
cialists described in communities throughout Mexico, and Texas. In 
all locations, four major predator species predominate: a coccinellid, 
Hyperapsis trifurcata, an unusual predatory caterpillar, Laetilia coc-
cidivora Comstock, a chamaemyiid fly, Leucopis bellula, and one or 
more brown lacewing species in the genus Sympherobius (Gilreath & 
Smith, 1988; Vanegas-Rico et al., 2010).

In Arizona, we found additional cochineal natural enemies that 
were not, to our knowledge, referenced in the ecological literature: 
coccinellid beetles that were different in appearance from H. trifur-
cata, and a parasitoid wasp, Formicencyrtus thoreauini Girault. Here, 
we characterize two coccinellid beetle phenotypes, eventually, both 
confirmed as conspecific morphs of an undescribed Hyperaspis sp., 
with reference to the third common phenotype determined to be 
H. trifurcata. The two uncharacterized morphs included a common 
beetle with entirely black elytra of similar size to H. trifurcata, and a 
rare spotted beetle that appeared in a newly started culture of the 
black beetle (Figure  1). Given the broad ecological overlap of our 
unknown beetle types with H. trifurcata, and the high frequency of 
color polymorphisms in coccinellids, we initially hypothesized that 
the black and spotted beetles were a regional color polymorphism of 
H. trifurcata that had been overlooked. Alternatively, we speculated 
the black beetles could be Hyperaspis simulans Casey. Gordon (1985) 
said of H simulans: “The regularly oval form and nearly black, immac-
ulate appearance characterize H. simulans externally, and enable it to 
be separated from other southwestern species of Hyperaspis.” Some 
specimens labeled as H. simulans in the University of Arizona Insect 
Collection (UAIC) had been collected from cactus with cochineal and 
appeared very similar to the black beetles in our culture. We asked 
the following questions: (1) Are the black and spotted coccinellids 
color polymorphisms of H. trifurcata, or are they one or two separate 
species? (2) If the black and spotted beetles are a single separate 
species, are they two forms of H. simulans? We used morphological 
(male genitalia) data, molecular phylogenetics, and crossing tests to 
establish the relationship among the three beetles, and to reveal that 
the black and spotted beetles are the same species and share mito-
chondrial COI haplotypes, but are neither H. simulans nor H. trifur-
cata, but instead appear to be an undescribed species. In additional 
crosses, we sought to answer one other question: (3) What is the 
inheritance pattern of the rare spotted phenotype?
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Second, we show that an unusual-looking flightless ant-mimic par-
asitoid wasp, Formicencyrtus thoreauini, is a primary parasitoid of D. 
opuntiae. Although the type specimen of F. thoreauini is recorded as 
emerging from Coccus confusus (=Dactylopius confusus) (Girault, 1916) 
and other museum and host records also record this wasp as being 
associated with cochineal, it was unclear whether the scale insects or 
coccinellid beetle larvae were the true hosts. One could easily be mis-
led since beetle larvae often hide within the cochineal wax, perhaps 
to avoid another ant-mimic encyrtid, Homalotylus cockerelli Timberlake, 
that has been shown to be a parasitoid of H. trifurcata (Vanegas-Rico 
et al., 2015). Our initial, incorrect assumption was that F. thoreauini was 
a beetle parasitoid since we could find no unambiguous records in the 
literature of parasitism of cochineal, and common knowledge main-
tains that there are no cochineal parasitoids (e.g., Mendel et al., 2020).

2  |  METHODS

2.1  |  The coccinellid beetle, Hyperaspis sp.

2.1.1  |  Beetle collection and culture

We reared H. trifurcata and the black coccinellid that were later 
shown to be a distinct species in a walk-in rearing room (27°C, 
16L:8D). Healthy, mature pads of spineless O. ficus-indica were 
collected from the field, thoroughly washed and dried, and then 
infested with crawlers of D. opuntiae in plastic, screened boxes 
(381 mm × 254 mm × 89 mm). When the cochineal matured, adult 
beetles were introduced, pupae and adult beetles were harvested 
from the boxes and held in screened plastic (532 ml) cups contain-
ing crumpled laboratory cleaning tissues. The beetles were supplied 
with water and brewer's yeast mixed with honey.

2.1.2  |  Crossing test methods

Experimental beetles were collected and isolated as pupae in 1.2 ml 
vials plugged with cotton and containing a drop of brewer's yeast 
and honey mixture. After emergence, the beetles were sexed (male 
Hyperaspis have white on the face) and paired; crosses to deter-
mine the compatibility of H. trifurcata and the black and spotted 
beetles were performed with single pairs on small pieces of D. 
opuntiae-infested O. ficus-indica in 270 ml cups with screened lids. 
Compatibility was assessed by the presence of larval offspring.

The spotted phenotype of Hyperaspis sp. appeared among the 
first progeny of a culture started from black individuals collected in 
the field in Tucson, AZ. Once observed, spotted beetles were seg-
regated into a separate culture. The progeny of these spotted indi-
viduals was isolated as pupae, and only spotted parents were used 
to produce the next generation. For approximately five additional 
generations, both cultures were observed, and any individuals that 
differed from the expected phenotype (e.g., “black” in a “spotted” 
culture or vice versa) were removed. In this way, we strove to in-
crease the homozygosity of color loci prior to performing crosses to 
investigate the genetic basis for color. We investigated color morph 
inheritance with a black X spotted cross, a cross of F1 progeny, and a 
backcross of black males with F1 females. For these crosses, larger-
screened containers (241 × 171 × 63 mm) and pieces of cactus pads 
(at least 80 × 100 mm) were used. Larval offspring were transferred 
to a fresh pad to complete their development when the cactus piece 
rotted. For backcrosses, black males drawn from the colony were 
crossed with isolated virgin F1 females. Most F1 crosses involved 
isolated individuals, but in a few instances, F1 females which had 
not been isolated were used for crosses with siblings. For both the 
F1 × F1 cross and the backcross, results were compiled from single 
pairs and a single cross of five females and five males. Pupae were 

F I G U R E  1 Phenotypic diversity 
of coccinellid beetles on Dactylopius 
opuntiae in southern Arizona, USA. a–c 
show the three beetle phenotypes in life, 
while d–f are higher resolution images 
of specimens shown at the same scale. 
(a and d) Hyperaspis trifurcata. (b and e) 
Hyperaspis sp. (c and f) A rare color morph 
of Hyperaspis sp.

(a) (b) (c)

(d) (e) (f)
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collected from each of the crosses, and the number of each pheno-
type was recorded after adults eclosed. We counted progeny and 
compared progeny numbers to ratio predictions from Mendelian 
genetics.

2.1.3  | Morphological analysis of male genitalia

Specimens from the lab cultures were compared to Hyperaspis in the 
University of Arizona Insect Collection (UAIC) and Gordon (1985) to 
verify species identification.

Based on external morphology, the lab specimens most closely 
matched several series of specimens identified as H. simulans. These 
included a series collected in Tucson (May 1956) “assoc. cochineal 
on cholla cactus,” a series collected in Tucson (1960) associated with 
“cochineal on Christmas cholla,” and a series collected in Phoenix 
(1930) “taken on cochineal on cactus.” None of these series in-
cluded a spotted morph like those found in laboratory cultures 
(Figure 1c,f). However, the detailed H. simulans species description 
of Gordon (1985) did not mention cochineal or cactus, and we won-
dered whether these specimens could have been misidentified.

To further explore species identification, male reproductive 
structures (from lab-cultured specimens) were examined. Specimens 
were cleared in cold 10% KOH, rinsed in water, and then passed 
through progressions of EtOH up to 100% to stop the clearing pro-
cess. Specimens were disarticulated, slide mounted, and examined 
using a compound microscope to view genitalia and other morpho-
logical characters.

2.1.4  | Molecular phylogenetics and 
curation of specimens

DNA extractions of beetles were performed with both non-
destructive (for later curation of the specimen) and destructive 
methods. Extractions were performed on Hyperaspis collected in 
Tucson, AZ, USA, and on laboratory culture specimens, all preserved 
in 95% EtOH or fresh frozen. Those from ethanol were first rinsed 
and soaked in water prior to extraction. Initial non-destructive DNA 
extractions of the beetles involved removing one or two legs, crush-
ing them in a tube with 5 μl of proteinase K (20 mg/ml) and 50 μl of 
5%–10% Chelex in water, followed by overnight incubation at 56°C, 
and a final 8 min incubation at 96°C to inactivate the proteinase K. 
This method often did not yield sufficient DNA for amplification, 
so the abdomens of subsequent specimens were breached and 
the whole insect was incubated overnight in lysis buffer, followed 
by standard extraction methods for the Qiagen DNeasy Blood and 
Tissue kit. Following extraction, the beetles were transferred to 95% 
ethanol for preservation in the UAIC. Additional destructive extrac-
tions were performed using the Qiagen Blood and Tissue Kit.

Hyperaspis sp. COI was amplified with LCO1490 (GGTCAAC​
AAATCATAAAGATATTGG) /HCO2198 (CCTTGGGTGGGTTGTTC​
TT) primers (Folmer et al.,  1994) using a 53°C annealing 

temperature in 30 μl reactions including 2.4  μl of 10 mM dNTPs, 
3 μl of each 5 μM primer, 0.18 μl Taq, and 5 μl DNA. Hyperaspis tri-
furcata COI did not amplify well with those primers but was more 
reliably amplified with the degenerate primers, LCO1490_puc 
(TTTCAACWAATCATAAAGATATTGG)/HCO2198_puc (TAAACTTC​
WGGRTGWCCAAARAATCA) (Talamas et al., 2019).

PCR products were quantified, normalized, and sequenced in 
forward and reverse directions using Sanger sequencing methods at 
Eton Biosciences or the University of Arizona Genetics Core (UAGC) 
using an Applied Biosystems 3730 DNA Analyzer (Thermo Fisher 
Scientific). Chromatograms were assembled into contigs, and initial 
base calls were made using Phred (Green & Ewing, 2002) & Phrap 
(Green, 1999) as implemented by the Chromaseq 1.52 (Maddison 
& Maddison,  2020) module within Mesquite 3.7 (Maddison & 
Maddison, 2021). Final base calls were made through visual inspec-
tion of the contigs. All sequences were submitted to BOLD and 
GenBank (Table 3).

For the phylogenetic analysis, all publicly available sequences 
of the 5′ regions of cytochrome c oxidase subunit I (COI-5P) for 
Hyperaspis, and its sister group Diomus (Seago et al., 2011), were 
downloaded from the Barcode of Life Database (BOLD) on October 
5, 2021. Sequences were aligned in MAFFT 7.49 (Katoh, 2013) as or-
chestrated by Mesquite 3.70 (Maddison & Maddison, 2021). Codon 
positions were inferred by minimizing the number of stop codons in 
the alignment while using the “Invertebrate Mitochondrial” genetic 
code. The matrix was trimmed to include only the 5′ region of COI. 
After trimming, sequences that were at least 500 base pairs long 
and the sequences obtained specifically for this study were included 
in the phylogenetic analysis (Table 3). The final matrix was trimmed 
to remove incomplete terminal codons and was initially partitioned 
by codon position. Best partition schemes and substitution models 
(-TESTMERGE), tree topology, and bootstrap support values (1000 
ultrafast bootstrap replicates) were performed under maximum like-
lihood (ML) in IQTREE v2.1.2 (Nguyen et al., 2015) on the CIPRES 
Science Gateway (Miller et al., 2010). Best partition schemes and 
substitution models were selected based on the lowest Bayesian in-
formation criterion (BIC) values.

2.2  |  The parasitoid wasp, F. thoreauini

2.2.1  | Wasp collection and culture

To distinguish between the hypotheses that F. thoreauini developed 
as a parasitoid of Hyperaspis or cochineal, field collected wasps were 
added to boxes with D. opuntiae alone as well as to boxes with D. 
opuntiae and H. trifurcata larvae of mixed ages. Some observations 
of oviposition were made, followed by dissections at various inter-
vals after oviposition. For dissections, cochineal was removed from 
Opuntia pads, the wax around the insect was removed as much as 
possible, and the insect was transferred to a drop of saline solu-
tion on a microscope slide. The cochineal was dissected with fine-
tip forceps and mounted minuten pins. Images were taken with an 
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Olympus Digital Camera mounted on either a dissecting microscope 
or a compound microscope.

3  |  RESULTS AND DISCUSSION

3.1  |  Distinguishing the three coccinellid 
phenotypes

In crossing tests among beetles with the characteristic striped H. 
trifurcata phenotype and black and spotted phenotypes, black or 
spotted beetles paired with H. trifurcata produced no larval progeny 
(Table 1). This result indicates that black and spotted phenotypes are 
not H. trifurcata color morphs but are distinct species. Further, black 
and spotted beetles were interfertile (Table 1), suggesting they are 
color morphs of a single species.

After study and consultation with an expert in this group, 
the shape of the male genitalia indicated that the black and spot-
ted morph beetles were not H. simulans (N. Vandenberg, USDA 
Systematics Entomology Laboratory, personal communication), or 
did the genitalia and general appearance match any other described 
species in the Gordon (1985) monograph, but appear to be a mem-
ber of the conclusa group of the genus Hyperaspis, known from 
Argentina, Chile, Bolivia, and French Guiana (N. Vandenberg, per-
sonal communication).

3.2  |  Hyperaspis sp.

In the current study, Hyperaspis sp. immature stages differed from 
H. trifurcata after the egg stage. Eggs of both species were similar 
(Figure 2), and interestingly, scanning electronic micrographs showed 
that the egg surface is coated with a layer of spheres or droplets, 
each about 1 μm in diameter. This layer was absent in mature ovar-
ian eggs dissected from females, suggesting it was added during 
oviposition. A transmission electron micrograph cross-section of 
several spheres shows them to be homogenous and not membrane 
bound, perhaps suggesting they are applied as droplets of a fluid 

(Figure 2d). The function of this layer is unclear, but one possibility is 
that the substance could help the egg adhere to the cochineal wax, 
or perhaps contribute to anti-predator chemical disguise or defense. 
Beetle eggs are generally laid within the cochineal wax, and observa-
tions in the laboratory suggest the newly hatched larvae, which have 
been observed feeding on crawlers of the cochineal near the ma-
ture female, may remain hidden within the wax of a single individual 
or cluster of cochineal for several days, before eventually moving 
to another individual or cluster. Larval movements can sometimes 
be discerned by trails of bright red fecal droplets left on the cactus 
surface.

Larvae and pupae of the two species differ in appearance. H. 
trifurcata larvae are dark maroon and have two pairs of black dor-
sal spots near the head (Figure 3a), while Hyperaspis sp. larvae are 
a brighter shade of red-orange and are missing the dorsal spots 
(Figure 3b). Both species of beetle pupate within the split papery 
remnants of their last larval exuvium (Figure 3c,d), stuck to the cac-
tus pad by a red fecal plug. Hyperaspis trifurcata pupae are also a 
deeper color than Hyperaspis sp. pupae (Figure 3c,d). Adults of both 
species eclose within the pupal sheath and often remain motionless 
there for a few days before venturing out. Adults of both species 
vary in size, and while there is overlap, Hyperaspis sp. is, on average, 
smaller (Figure 1).

The molecular phylogeny of COI sequences confirms the results 
of crossing tests and morphological analysis (Figure 4), confirming 
the value of molecular barcoding for uncovering cryptic diversity 
(Bickford et al., 2007). Hyperaspis sp. consists of two closely related 
haplotypes, and black and spotted forms were found in both clades. 
Although H. trifurcata and Hyperaspis sp. appear embedded in one 
clade of Hyperaspis, they are not one another's closest relatives 
(Figure 4).

It is puzzling that two Hyperaspis species of similar size appear 
to occupy the same niche on southern Arizona cochineal, in appar-
ent conflict with the competitive exclusion principle (Gause, 1934; 
Hardin, 1960). It is not uncommon to see both beetles on the same 
cactus or to even find them next to one another or clustered in 
the same crevices. We cannot say whether either species occupies 
additional habitats or attacks alternative prey. However, at least 
Hyperaspis trifurcata was confirmed to be a specialist prior to being 
introduced to Israel for biological control (Mendel et al., 2020). More 
likely, spatial and/or temporal niche partitioning could explain the 
two beetles' persistence (Amarasekare, 2003). Cactus and cochineal 
are patchily distributed in both urban and desert landscapes, and our 
observations suggest that not all predators and parasitoids are found 
in all patches with cochineal. We have casually observed cochineal 
undergoing large fluctuations in abundance in a patch over time, re-
duced by predation and precipitation, and perhaps promoted by dry 
weather, predator parasitism, and ant protection. As one possible 
means of coexistence, if one beetle species prevails in interspecific 
competition within patches, the other could persist by greater dis-
persal, a type of spatial niche partitioning (Amarasekare, 2003).

At least two other species of Hyperaspis have been observed to 
feed on cochineal in the USA: Hyperaspis cruenta LeConte (Hunter 

TA B L E  1 Species limits crosses among “black,” “spotted,” and 
H. trifurcata adults. Adults were paired singly or in groups of five 
females and four to five males in arenas with a portion of a O. 
ficus-indica pad infested with D. opuntiae. Data presented are the 
number of crosses in which larvae were produced/total number 
of crosses performed. No progeny was produced from crosses 
between H. trifurcata and either “black” or “spotted” phenotypes, 
but “spotted” and “black” were interfertile. As part of the current 
study, “black” and “spotted” phenotypes were identified as color 
morphs of Hyperaspis sp.

Phenotype H. trifurcata ♀♀ “Black” ♀♀ “Spotted” ♀♀

H. trifurcata ♂♂ 5/6 0/6 0/3

“Black” ♂♂ 0/5 7/7 12/12

“Spotted” ♂♂ 0/3 4/4 16/16
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et al.,  1912) and Hyperaspis significans Casey (Dobzhansky,  1941). 
Several other species of Hyperaspis have been shown to feed on 
Dactylopius opuntiae in Northern Africa and the Middle East, where 

cochineal are not native, but whether these opportunistic preda-
tors are able to reproduce on cochineal has not been determined 
(Bouharroud et al., 2019).

F I G U R E  2 Electron micrographs 
of eggs of H. trifurcata; Hyperaspis sp. 
eggs are similar. (a) Scanning electron 
micrograph (SEM) of the entire 
H. trifurcata egg. (b and c) Higher 
magnification SEM shows a dense 
covering of small spheres on the egg 
surface. (d) Transmission electron 
micrography of egg chorion with 
egg interior at the bottom shows the 
homogenous nature of the external 
spheres. The function of this droplet-like 
deposit is unknown.

F I G U R E  3 Hyperaspis trifurcata larva 
(a) and Hyperaspis sp. larva (b) and pupa 
(c) and pupa (d). All images are oriented 
with the head down. The beetles pupate 
within the split exuvium of the last larval 
instar, and the exuvium and the pupa are 
anchored to the cactus pad by a dried 
fecal plug that can be seen at the top of 
(d). The two species' immature stages 
differ in characteristic color.
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Crossing tests designed to investigate the genetic basis of the 
spotted color morph of Hyperaspis sp. conformed well to the predic-
tions for a single-locus, autosomal-dominant trait (Table 2). All the 
progeny of the parental cross were spotted, approximately three-
fourths of the progeny of the F1 cross were spotted, and half of 
the progeny of the backcross between F1 females and black males 
were spotted. Coccinellid color polymorphisms have been investi-
gated in a few common species after pioneering work in Harmonia 
axyridis (Pallas) by Dobzhansky (Dobzhansky, 1924). Generally, the 
color pattern is determined by a few genes (Ando & Niimi, 2019; 
Majerus,  1994, 2016). Where a single-locus inheritance pattern is 
found, the gene could be a transcription factor, or a “supergene,” 

a cluster of genes that are tightly linked, in some cases by inver-
sions, and inherited as if a single locus (Thompson & Jiggins, 2014). 
Similarly, the inheritance of color variants of Hyperaspis significans, 
one with marginal spots and a less common all-black variant, was 
hypothesized to be due to a single gene, since no intermediate phe-
notypes were observed (Dobzhansky, 1941).

Although not sister taxa, the adult Hyperaspis sp. bearing spots 
were similar in appearance to some color variants seen in H. tri-
furcata, with less pronounced stripes of cream-colored pigment 
than in typical H. trifurcata (Figure 1). Indeed, we believed one of 
our wild-caught specimens to be a spotted morph of Hyperaspis 
sp. until sequencing of CO1 demonstrated it to be H. trifurcata, 

F I G U R E  4 Maximum-likelihood tree of Hyperaspis species based on COI. Branch length is shown proportional to relative divergence, as 
estimated by IQ-TREE; scale bar indicates 0.04 units. Bootstrap support values of 100 are indicated by the gray dots on the nodes, values 
between 50 and 99 are below branches. Outgroups are not shown. The two species of Hyperaspis found in association with cochineal in this 
study are in red font and are indicated with the cactus icon to their right. Both clades of Hyperaspis sp. contain the black and the spotted 
morphs.
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underscoring the value of sequencing for species delineation. It 
is clear that the rare spotted color morph pattern is a variation 
on a basic Hyperaspis pattern as hypothesized by Dobhzansky 
(Dobzhansky, 1941). This ground plan includes five potential spots 
which can be present or absent and may fuse or vary in shape 
and exact location according to the species (Dobzhansky,  1941). 
Hyperaspis trifurcata most often has all five spots merged into a 
continuous vitta or stripe extending down from the discal spot, 
curving around the margin of the elytra (Figure 1), and ending at 
the basal spot, but some individuals have the basal or discal spots 
isolated, reduced, or missing. There are common elements in the 
color pattern within the clade containing both Hyperaspis sp. and 
H. trifurcata, all of which have some cream color on their elytra 
or pronotum. Hyperaspis postica LeConte, for example, has a large 
apical spot at the posterior tip of the elytra where both spotted 
Hyperaspis sp. and H. trifurcata have color, and H. undulata (Say) 
has a lateral stripe, as do H. trifurcata and spotted Hyperaspis sp. 
Hyperaspis undulata also has prominent discal spots on the elytra 
in the area where the H. trifurcata stripe resumes after interruption 
near the elytron center. All four (H. trifurcata, H. undulata, H. pos-
tica, and spotted and black male Hyperaspis sp.) have a stripe on the 
outer edge of the pronotum.

While genetic constraints on color forms in this clade are likely, 
we cannot rule out the possibility that beetles converge on similar 
phenotypes for Müllerian mimicry as well since Hyperaspis species 
have chemical defenses that are likely to make them distasteful. 
Eisner et al.  (1994) showed that the carmine in the cochineal prey 
of H. trifurcata was acquired by the beetle and was distasteful to 
ants. The Old World scale predator Hyperaspis campestris (Herbst) 
was found to produce “hyperaspine,” a novel bitter alkaloid, adding 
to a list of defensive alkaloids identified in many other coccinellids 
(Lebrun et al., 2001).

3.3  |  The parasitoid wasp, F. thoreauini

While we initially hypothesized that F. thoreauini (Figure 5) was a para-
sitoid of Hyperaspis immatures, we found no support for this hypoth-
esis, and instead our results indicate that F. thoreauini is a parasitoid 
of D. opuntiae. We observed females ovipositing into wax containing 
cochineal (Figure 6), and dissections of cochineal in pure culture of F. 
thoreauini and D. opuntiae showed eggs and larvae of various stages. 
Additionally, we successfully reared two consecutive generations of F. 
thoreauini from a pure culture of D. opuntiae in the laboratory. Between 

TA B L E  2 Exploration of the inheritance pattern of the spotted phenotype in Hyperaspis sp. Before performing the crosses listed here, the 
black and spotted phenotype beetles were reared in separate cultures for five generations, isolating the pupae and removing the alternative 
phenotype each generation to try and ensure homozygous parents. “Expected” ratios are those predicted if “spotted” is a single-locus 
autosomal-dominant trait.

Cross-type
Total spotted 
progeny

Total black 
progeny Ratio spotted: black Expected ratios

Parental black × spotted (n = 5) 75 0 100: 0 100: 0

F1 × F1 (n = 11) 95 30 76: 24 75: 25

Backcross (F1 × black) (n = 8) 64 55 53.8: 46.2 50: 50

F I G U R E  5 Formicencyrtus thoreauini 
(Encyrtidae), (a) female and (b) male. 
Our results indicated that this wasp is a 
primary parasitoid of Dactylopius opuntiae, 
a cochineal insect.

(a) (b)

F I G U R E  6 Formicencyrtus thoreauini female ovipositing through 
the wax covering over a Dactylopius opuntiae cochineal. Because 
the coccinellid beetle eggs and larvae typically hide within the 
cochineal wax, the host of this wasp was not initially clear. First 
instar cochineal (“crawlers”) are visible in and around the wax, as 
are drops of accumulated honeydew excreted by the cochineal at 
the bottom of the image.
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one and four wasps emerged from the mummies that resulted. From 
these results, we can categorize F. thoreauini as a semi-gregarious 
wasp, with clutches of one to four or five, and a primary parasitoid of 
at least D. opuntiae. The type specimen was recorded as being from 
Coccus confusus (=D. confusus) (Girault, 1916). Further, when we pre-
sented F. thoreauini with both D. opuntiae and Hyperaspis larvae, no 
beetles became parasitized. In contrast, field collections of infested 
cactus pads regularly yielded mummified Hyperaspis larvae from which 
emerged the gregarious beetle parasitoid Homalotylus cockerelli.

Prinsloo  (1997) provides an excellent review of various types 
of encyrtid parasitoid development within soft scales which, along 
with a detailed description of the development of Encyrtus saliens 
Prinsloo & Annecke provided by Wright (1986), we used to help ex-
plain F. thoreauini development. Dissections of F. thoreauini females 
showed the ovarian eggs to be dumbbell shaped, with a neck sepa-
rating two bulbs. This extended chorion envelope is known to allow 
the egg to pass through the ovipositor more easily, after which the 
contents flow into the posterior end, the location of the embryo 
(Figure 7a; Prinsloo, 1997). Formicencyrtus thoreauini eggs were of 
the banded type, in which sculpturing of the neck between the bulbs 
forms an aeroscopic plate. The aeroscopic plate allows gas exchange 

between the outside of the host, where the collapsed anterior end 
of the egg forms a tab penetrating the host integument and the em-
bryo. In this type of development, the first instar larva remains at-
tached to the aeroscopic plate and thus the host integument, with its 
posterior end enclosed within the egg chorion. Prinsloo (1997) de-
scribes this type of development as metapneustic (with one or two 
pairs of caudal spiracles present in early instar larvae). Wright (1986) 
demonstrated attachment of the larva to the aeroscopic plate via 
caudal tracheal extensions well into the fifth instar of Encyrtus sa-
liens. While we could not detect egg tabs on the outside of the highly 
corrugated and wax-covered cuticle of cochineal, we did observe 
the site of attachment on the interior of the cochineal cuticle in dis-
sected specimens and were able to confirm a connection between 
the aeroscopic plate and the cuticle. We also saw evidence of at least 
two larval exuviae remaining attached after pupation and/or emer-
gence of the wasps.

Later instar encyrtid larvae may produce a membrane within 
which they continue development, and which becomes connected 
to host tracheae that permit gas exchange with the late/final instar 
larva and pupa within the membrane (Prinsloo, 1997; Wright, 1986). 
In F. thoreauini, a loose membrane was visible surrounding later 

F I G U R E  7 Stages of Formicencyrtus thoreauini. (a) Eggs dissected from Dactylopius opuntiae, attached to host tissue at the posterior end. 
Arrow points to the dark gray aeroscopic plate. (b) Early instar larvae, attached in the tail region to host tissue. (c) Later instar larva, enclosed 
in a loose membrane. (d) Pupa dissected from desiccated cochineal mummy following removal of external wax. The pupa was found in a 
smooth-walled, gas-filled chamber within the desiccated cochineal remains. (e) Holes in the cochineal made by eclosing F. thoreauini (arrows) 
are often obscured by wax.
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TA B L E  3 Taxon sampling table and accession numbers for sequences generated specifically for this study. For Hyperaspis sp., we note 
specimen color morph and clade membership as depicted in Figure 4.

Species UAIC Accession GenBank Accession BOLD Accession Color Morph Clade

Hyperaspis trifurcata UAIC1128850 OM415718 UAIC1643-21

Hyperaspis trifurcata UAIC1128851 OM415749 UAIC1644-21

Hyperaspis trifurcata UAIC1128852 OM415723 UAIC1645-21

Hyperaspis trifurcata UAIC1128853 OM415763 UAIC1646-21

Hyperaspis trifurcata UAIC1128854 OM415763 UAIC1647-21

Hyperaspis trifurcata UAIC1128855 OM415716 UAIC1648-21

Hyperaspis trifurcata UAIC1128856 OM415753 UAIC1649-21

Hyperaspis trifurcata UAIC1128857 OM415761 UAIC1650-21

Hyperaspis trifurcata UAIC1128858 OM415768 UAIC1651-21

Hyperaspis trifurcata UAIC1128859 OM415757 UAIC1652-21

Hyperaspis trifurcata UAIC1128860 OM415726 UAIC1653-21

Hyperaspis trifurcata UAIC1128861 OM415748 UAIC1654-21

Hyperaspis trifurcata UAIC1128862 OM415727 UAIC1655-21

Hyperaspis trifurcata UAIC1128863 OM415713 UAIC1656-21

Hyperaspis trifurcata UAIC1128864 OM415725 UAIC1657-21

Hyperaspis trifurcata UAIC1128865 OM415730 UAIC1658-21

Hyperaspis trifurcata UAIC1128866 OM415744 UAIC1659-21

Hyperaspis trifurcata UAIC1128910 OM415729 UAIC1702-21

Hyperaspis trifurcata No voucher OM328100

Hyperaspis sp. UAIC1128870 OM415769 UAIC1663-21 Black A

Hyperaspis sp. UAIC1128877 OM415755 UAIC1670-21 Black A

Hyperaspis sp. UAIC1128879 OM415720 UAIC1671-21 Black A

Hyperaspis sp. UAIC1128885 OM415721 UAIC1677-21 Black A

Hyperaspis sp. No voucher OM328098 Black A

Hyperaspis sp. No voucher OM328101 Spotted A

Hyperaspis sp. No voucher OM328102 Spotted A

Hyperaspis sp. UAIC1128867 OM415731 UAIC1660-21 Black B

Hyperaspis sp. UAIC1128868 OM415767 UAIC1661-21 Black B

Hyperaspis sp. UAIC1128869 OM415756 UAIC1662-21 Black B

Hyperaspis sp. UAIC1128871 OM415739 UAIC1664-21 Black B

Hyperaspis sp. UAIC1128872 OM415762 UAIC1665-21 Black B

Hyperaspis sp. UAIC1128873 OM415747 UAIC1666-21 Black B

Hyperaspis sp. UAIC1128874 OM415741 UAIC1667-21 Black B

Hyperaspis sp. UAIC1128875 OM415765 UAIC1668-21 Black B

Hyperaspis sp. UAIC1128876 OM415760 UAIC1669-21 Black B

Hyperaspis sp. UAIC1128880 OM415719 UAIC1672-21 Black B

Hyperaspis sp. UAIC1128881 OM415715 UAIC1673-21 Black B

Hyperaspis sp. UAIC1128882 OM415740 UAIC1674-21 Black B

Hyperaspis sp. UAIC1128883 OM415737 UAIC1675-21 Black B

Hyperaspis sp. UAIC1128884 OM415766 UAIC1676-21 Black B

Hyperaspis sp. UAIC1128886 OM415745 UAIC1678-21 Black B

Hyperaspis sp. UAIC1128887 OM415736 UAIC1679-21 Black B

Hyperaspis sp. UAIC1128888 OM415732 UAIC1680-21 Black B

Hyperaspis sp. UAIC1128889 OM415764 UAIC1681-21 Black B

Hyperaspis sp. UAIC1128890 OM415714 UAIC1682-21 Black B

Hyperaspis sp. UAIC1128891 OM415743 UAIC1683-21 Black B
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instars (Figure 7c), although we cannot be sure of the membrane 
source, or of host tracheal attachment. Further, each larva appears 
to pupate in a dry, gas-filled compartment within the cochineal host, 
likely the remnants of the membrane segregating larva and host he-
molymph (Figure 7d). This adaptation allows a single wasp to suc-
cessfully complete its development in a mature cochineal, which 
is not entirely consumed by the larva before pupation (Figure 7d). 
When multiple F. thoreauini develop in the same host, each wasp 
pupates within its own membrane and the entire cochineal is con-
sumed. Smaller-  or variable-sized adults have been noted when 
three or more wasps emerged from a single host. Eclosing adults 
then chew out of the cochineal mummy, leaving often inconspicuous 
holes in the cochineal wax (Figure 7e). In our laboratory, F. thoreau-
ini development was relatively slow, about 25 days to adulthood at 
27°C, but they may develop more quickly in the warmer tempera-
tures of their desert habitat.

While the host of F. thoreauini was revealed by the current 
study, several questions remain about this species. What is the 
function of the highly modified wings which appear as spikes on 
the thorax of the adults? It is tempting to imagine that they may 
excrete compounds, perhaps for ant appeasement. In informal 
observations in the laboratory, ants added to the rearing box did 
not appear to bother these wasps as they did beetles, but it is un-
clear whether natural behavior was being observed in the highly 
artificial conditions of the laboratory. Second, how do these mi-
cropterous wasps travel between patches of cochineal on cactus, 
surrounded as they are by inhospitable hot and dry desert soils? In 
our observations and laboratory cultures, both males and females 

are micropterous. Fully winged individuals collected in California 
were provisionally assigned to this species but have yet to be con-
firmed and likely represent another species (Zuparko,  2015; R. 
Zuparko, Essig Museum of Entomology, University of California, 
Berkeley, personal communication). If F. thoreauini are entirely 
micropterous, we do not easily understand the dispersal of this 
species. While we have observed these wasps to be excellent 
jumpers, jumping would seem to be of limited value to travel 
between patches. If they are phoretic, it is not clear what larger 
animal would serve as a dependable source of transmission to 
another patch of habitat, although jumping might be valuable for 
jumping on or off a larger animal.

Because some cochineal species are exotic pests in areas where 
exotic Opuntia species have economic value, a parasitoid of D. opun-
tiae may be of interest for ecologists considering biological control 
of cochineal, especially if F. thoreauini has a more limited host range 
than do many of the cochineal predators. Formicencyrtus thoreauini 
might be an effective biological control agent in the absence of com-
peting predators. There are aspects of the biology of F. thoreauini 
that might limit this species as a biological control agent, however. 
This wasp has slow host-handling and oviposition rates, and a long 
development time. It is also flightless and unlikely to spread rapidly, 
usually a disadvantage in a natural enemy. However, this species' lim-
ited mobility may make it a better candidate for biological control in 
local areas, given the geographic conflicts of interest in cochineal 
biological control.

To conclude, we found two uncharacterized natural enemies of 
D. opuntiae, a common and conspicuous insect in the neighborhoods 

Species UAIC Accession GenBank Accession BOLD Accession Color Morph Clade

Hyperaspis sp. UAIC1128892 OM415728 UAIC1684-21 Black B

Hyperaspis sp. UAIC1128893 OM415717 UAIC1685-21 Black B

Hyperaspis sp. No voucher OM328097 Black B

Hyperaspis sp. No voucher OM328099 Black B

Hyperaspis sp. UAIC1128894 OM415712 UAIC1686-21 Spotted B

Hyperaspis sp. UAIC1128895 OM415746 UAIC1687-21 Spotted B

Hyperaspis sp. UAIC1128896 OM415752 UAIC1688-21 Spotted B

Hyperaspis sp. UAIC1128897 OM415722 UAIC1689-21 Spotted B

Hyperaspis sp. UAIC1128898 OM415724 UAIC1690-21 Spotted B

Hyperaspis sp. UAIC1128899 OM415734 UAIC1691-21 Spotted B

Hyperaspis sp. UAIC1128900 OM415751 UAIC1692-21 Spotted B

Hyperaspis sp. UAIC1128901 OM415758 UAIC1693-21 Spotted B

Hyperaspis sp. UAIC1128902 OM415754 UAIC1694-21 Spotted B

Hyperaspis sp. UAIC1128903 OM415759 UAIC1695-21 Spotted B

Hyperaspis sp. UAIC1128904 OM415742 UAIC1696-21 Spotted B

Hyperaspis sp. UAIC1128905 OM415733 UAIC1697-21 Spotted B

Hyperaspis sp. UAIC1128906 OM415738 UAIC1698-21 Spotted B

Hyperaspis sp. UAIC1128907 OM415770 UAIC1699-21 Spotted B

Hyperaspis sp. UAIC1128908 OM415750 UAIC1700-21 Spotted B

Hyperaspis sp. UAIC1128909 OM415735 UAIC1701-21 Spotted B

TA B L E  3 (Continued)
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of Tucson, AZ, USA, to be hiding in plain sight, within a short walk of 
the University of Arizona, and within a human community of many 
active naturalists. These findings underscore that discovery awaits 
an engaged observer even in apparently well-studied communities. 
The geographic range of Hyperaspis sp. is still to be determined. 
Formicencyrtus thoreauini was described from specimens collected 
in New Mexico (Girault, 1916) and is found in Arizona and possi-
bly California (Zuparko, 2015). Neither is described in publications 
characterizing the communities in Texas (Gilreath & Smith, 1988) nor 
central Mexico (Vanegas-Rico et al., 2010). How these two commu-
nity members interact with other natural enemies, cochineal-tending 
ants, and the many parasitoids and hyperparasitoids in the cochineal 
community await further exploration.
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