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Androdioecy (the coexistence ofmales and hermaphrodites) is a raremating system forwhich the evolutionary dynamics are poorly

understood. Here, we investigate the cottony cushion scale, Icerya purchasi, one of only three reported cases of androdioecy in

insects. In this species, female-like hermaphrodites have been shown to produce sperm and self-fertilize. However, males are

ocassionally observed as well. In a large genetic analysis, we show for the first time that, although self-fertilization appears to

be the primary mode of reproduction, rare outbreeding events do occur in natural populations, supporting the hypothesis that

hermaphrodites mate with males and hence androdioecy is the mating system of I. purchasi. Thus, this globally invasive pest insect

appears to enjoy the colonization advantages of a selfing organism while also benefitting from periodic reintroduction of genetic

variation through outbreeding with males.

KEY WORDS: Androdioecy, haplodiploidy, mating systems, microsatellite markers, population genetics, scale insects.

Reproductive systems are remarkably variable across life, yet

much of this variation is poorly understood in evolutionary terms.

The forces that favor different modes of reproduction, as well

as those that shape their taxonomic and phylogenetic distribu-

tions remain elusive. The evolutionary and zoological literature

has predominantly focused on the distinction between sexual and

asexual reproduction (Innes et al. 2000; Silvertown 2008; Gibson

et al. 2017). However, much of the variation in reproductive sys-

tems is found among those that reproduce sexually (White 1973;

Charnov et al. 1976; Normark 2003; Bachtrog et al. 2014). For

example, although most animals are gonochoristic (i.e., have sep-

arate sexes) with genetic sex determination, more than 20% of

species deviate from this familiar system (Tree of Sex Consor-

tium 2014).
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One such system is androdioecy, which is characterized by

the coexistence of males and hermaphrodites in the absence of fe-

males. Androdioecy is a rare mating system. To date, it has been

found in only 115 species of animals (Weeks 2012), including

just three species of vertebrate, all of which are fish (Smith 1965;

Taylor et al. 2001). Outside of the animal kingdom, it has also

been found in several plant species (Lloyd 1975; Liston et al.

1990; Pannell 1997; Saumitou-Laprade et al. 2010). Thus, an-

drodioecy appears to have independently evolved several times

in eukaryotes and is often thought of as an advantageous strat-

egy for colonizing new locations: enjoying the benefit of repro-

ductive assurance (i.e., allowing even a single hermaphrodite to

found a new population through self-fertilization) without in-

curring the inbreeding cost of pure selfing as the production of

males permits outcrossing (Weeks 2012). Yet this logical hy-

pothesis has not been formally tested and it remains unclear

how organisms anatomically and cytologically acquire the capac-

ity to produce both gamete types in one sex morph but not the

other.

In plants, androdioecy is considered an intermediate condi-

tion in the evolutionary transition from hermaphroditism to sep-

arate sexes (Charlesworth and Charlesworth 1978). In animals,

however, most transitions appear to go in the opposite direc-

tion (from separate sexes to hermaphroditism then androdioecy,

e.g., barnacles; Høeg 1995). Another difference between plant

and animal androdioecy is that, in animals, hermaphrodites can

either self-fertilize or mate with males but are typically unable

to mate with each other (Weeks et al. 2006). This suggests ei-

ther that the forces shaping the evolution of androdioecy are dif-

ferent in the two kingdoms or that the evolution of outbreed-

ing hermaphrodites is constrained differently by the anatomy of

plants and animals. Indeed, it has been argued that the evolution

of cross-fertile hermaphroditic animals poses a greater evolution-

ary challenge as it would require not only changes to gamete pro-

duction, but also novel rearrangement of the reproductive tract

to allow for bidirectional copulation (Pannell 2002; Weeks et al.

2006, 2009). Moreover, plants often possess multiple, indepen-

dently formed reproductive structures (e.g., flowers), in contrast

to the single-origin reproductive structures of animals. It stands

to reason that, with the evolution of novel reproductive strategies,

plants may rescue some fitness from subfunctional reproductive

organs, whereas in animals, sterility/fertility tends to be a binary

trait. As such, androdioecy in animals may be the more tractable

evolutionary route to outcrossing. The presence and frequency of

males in such systems has been interpreted in terms of selection

for outbreeding opportunity and of conflict between males and

hermaphrodites over mating. Males in androdiecious species can

only pass genes on through mating with hermaphrodites, but if

the cost of selfing is lower than 50%, hermaphrodites pass on

their genes at a higher rate via selfing (Chasnov 2010).

To date, the best-studied androdiecious animal systems are

the nematode worm Caenorhabditis elegans and the shrimp

Eulimnadia texana (Anderson et al. 2010; Chasnov 2010). In

both cases, hermaphrodites appear to have evolved mecha-

nisms to limit mating with males. In C. elegans, hermaphrodites

are physiologically differentiated from females of closely re-

lated dioecious species (Chaudhuri et al. 2015). In E. texana,

hermaphrodites are behaviorally differentiated from females,

spending less time with males when given the choice (Ford and

Weeks 2018). Both of these lines of evidence are suggestive of

evolutionary responses to conflict, but, with effectively only two

observations, it is difficult to say how crucial such changes are

to the evolution and maintenance of androdioecy. To understand

the generalizability of traits involved in the evolution of this rare

mating system requires the identification of more, independently

evolved, androdiecious taxa.

Insects are the most species-rich clade of animals and dis-

play exceptionally variable reproductive systems, including chro-

mosomal sex determination, haplodiploidy, and—very rarely—

hermaphroditism (de la Filia et al. 2015; Blackmon et al. 2017).

The only known cases of hermaphroditism are found in a tribe

of scale insects (plant-feeding insects in the order Hemiptera),

the Iceryini. Hermaphroditism has been recorded in at least three

species within this tribe, with likely multiple evolutionarily inde-

pendent origins (Hughes-Schrader 1925, 1963; Hughes-Schrader

and Monahan 1966; Unruh and Gullan 2008a; Tree of Sex Con-

sortium 2014). Hermaphroditic individuals display a female phe-

notype (scale insects exhibit strong sexual dimorphism with rel-

atively large wingless females and very small winged males, see

Fig. 1a and b) and are almost certainly incapable of mating with

each other. Specifically, hermaphrodites possess a vaginal open-

ing leading to an internal ovitestis (a modified gonad structure

that produces both sperm and eggs) and sperm storage organs

(spermathecae), but lack an intromittent organ with which to

transfer sperm to one another (Johnston 1912; Hughes-Schrader

1925). This suite of sexual traits matches the expectation for an

obligate selfing hermaphroditic animal, but there is some evi-

dence that these species are actually androdiecious.

First of all, true males are observed in natural populations

(the male in Fig. 1b is from one of these hermaphroditic species,

Icerya purchasi), although they are rare (Royer 1975; Hamon and

Fasulo 2005; Kim et al. 2011), with reported frequencies differing

substantially between populations (from 0.01% to 10%). Second,

these rare males can physically mate with the hermaphrodites

(Fig. 1c). However, if males do not contribute genetically to the

next generation, their presence is irrelevant from a reproduc-

tive perspective and the system is, genetically at least, purely

hermaphroditic.

If confirmed, the presence of androdioecy in Iceryini would

be remarkable as it would not simply be the only known
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Figure 1. Icerya purchasi hermaphrodites (with white egg case

and juveniles) are most commonly observed (A) but rare males

have been reported (B) and we have observed matings be-

tween the two sexes under laboratory conditions, with the

hermaphrodite enabling mating by raising their body (C). It is has

previously been unclear whether or not these matings lead to the

fertilization of eggs.

instance of this mating system in insects, but also the first record

of androdioecy having evolved from haplodiploidy (in which fe-

males develop from fertilized eggs and males from unfertilized

eggs; Schrader and Hughes-Schrader 1926). Cytogenetic studies

have shown that, while hermaphrodites are diploid (2n = 4), both

males and the sperm-producing section of the ovitestis within

hermaphrodites are haploid (n = 2, Hughes-Schrader 1925; Kok-

ilamani et al. 2014). It has been suggested that the evolution of

androdioecy in the Iceryini could result from conflict between

males and females over the proportion of eggs that are fertil-

ized, a conflict that is characteristic of haplodiploid species (Nor-

mark 2009; Gardner and Ross 2011). Thus, this system would be

a valuable addition to the understanding of male-hermaphrodite

conflict in androdiecious species.

Setting aside the presence of males for a moment, the phys-

iology of hermaphrodites themselves deserves more scrutiny. At

the cellular level, the presence of an unusual haploid tissue within

the ovitestis of hermaphrodites is poorly understood and unique

to Iceryini. The first study that described this phenomenon pro-

posed that the haploid tissue arises due to the random loss of

one haploid copy of the genome (Hughes-Schrader 1925) from

germ cells destined to produce sperm, like more familiar mecha-

nisms of spermatogenesis (Fig. 2a). However, a later study sug-

gested instead that the haploid tissue originates from supernu-

merary sperm cells transmitted by males during mating (Royer

1975): Cytogenetic observations show that oocytes are pene-

trated by multiple sperm cells, one of which fertilizes the eggs

and gives rise to the diploid hermaphrodite soma, whereas the

other sperm cells persist and divide to apparently give rise to

a haploid male germline (Fig. 2b). By “infecting” females with

sperm cells that form male gametes inside the offspring, males

effectively mate not only with the female, but also with her

daughters, ensuring reproductive fitness for generations to come.

Under this scenario, offspring-producing individuals might bet-

ter be considered chimeras of a genetically female soma and

ovary with male gonadal tissue incorporated, rather than “true”

hermaphrodites. For simplicity’s sake, we will refer to these indi-

viduals as hermaphrodites throughout, as modern genomic infer-

ence has yet to verify the presence of persistent sperm cell lines.

This unique mechanism for generating self-fertilizing individu-

als does merit further consideration though, as a mathematical

model of this infectious sperm lineage hypothesis has suggested

that this could lead to the evolution of androdioecy (Gardner and

Ross 2011). These two possible mechanisms of haploid male

germ-tissue formation in hermaphrodites should be distinguish-

able from each other in a purely selfing system (see expected off-

spring genotypes in Fig. 2a and b). However, if males genetically

contribute to the next generation, the inference is more compli-

cated, so this potential needs to be assessed first (Fig. 2c).
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Figure 2. Hypothesized mating systems for Icerya purchasi. (A)

Sperm is formed within the diploid hermaphrodite by traditional

meiotic processes resulting in all possible genotypes at Mendelian

ratios. (B) A historic outbreeding event with a haploid male re-

sults in the fertilization of an egg nucleus plus the establishment

of a sperm cell lineage that persists over generations. Only two

of three allelic combinations are possible under this scenario. (C)

Rare males matewith hermaphrodites, fertilizing some proportion

of their eggs, resulting in offspring of all possible genotypes with

frequencies depending on the fertilization success rate of males.

Note that in this scenario distinguishing between selfing mecha-

nism (a or b) would be impossible based solely on genotype fre-

quency information.

Here, we focus on one species of hermaphroditic scale insect

in the Iceryini: the cottony cushion scale insect, I. purchasi. This

species is a highly polyphagous pest, feeding on urban ornamen-

tal plants (e.g., Magnolia), agricultural crops such as Ficus and

Citrus (Singh and Kaur 2017; Liu and Shi 2020), and plants of

conservation importance threatened by Icerya’s invasive potential

(e.g., Galapagos endemics, Hoddle et al. 2013). Icerya purchasi

spread from its native range in Australia over a century ago and it

is now globally distributed; climate models predict that chang-

ing environmental conditions will permit further geographic

expansion in the future (Liu and Shi 2020).

Here, we present an investigation into the reproductive biol-

ogy of I. purchasi primarily to test for signatures of outcrossing in

nature, assess the status of the species as purely hermaphroditic

or androdiecious, and secondarily to investigate potential mecha-

nisms of selfing within hermaphrodites. We developed a panel of

polymorphic microsatellite markers for use in a genetic analysis

to estimate outbreeding rates in natural populations of I. purchasi.

Hermaphrodites are able to self-fertilize and therefore most of

the population should consist of highly homozygous strains un-

der strict selfing. However, if the mating system is androdiecious,

we would also expect to find some heterozygous individuals re-

sulting from recent outbreeding events. We therefore estimated

outbreeding rates by examining the difference between allele and

genotype frequencies in multiple populations collected globally.

We found multiple lines of evidence consistent with androdi-

oecy in wild populations. The inferred genetic contribution of

males to the next generation obfuscated the dynamics of self-

fertilization in hermaphrodites however, and we were unable to

distinguish whether hermaphrodites were genetic chimeras or

true hermaphrodites in the familiar sense.

Methods
SPECIMEN COLLECTION

We initially collected 343 adult and 536 egg samples from 27 lo-

cations in 10 countries on five continents (see Supporting Infor-

mation Table S1). When possible, we collected hermaphrodites

as well as their egg masses. These specimens were stored in indi-

vidual tubes in 99% ethanol at −20°C. We were unable to obtain

male specimens from field populations, either because they are

rare, because the short lifespan of adult males makes them hard

to detect, or both. For each hermaphrodite, we dissected the tip

of the head (<1 mm) to use for the analysis. This avoided the

inclusion of the ovitestis and allowed us to distinguish between a

true heterozygous female or a homozygous female fertilized by

and carrying embryos from a male with a different genotype. For

each mature hermaphrodite that had an egg mass (white waxy

ovisac, Fig. 1a), we also analyzed two embryos (or more if the

parent was found to be heterozygous). However, due to the lim-

ited insight gained from these pedigrees we omit them here; see

Supporting Information for details on parent–offspring analyses.

MICROSATELLITE MARKERS

For the purpose of this study, we designed a set of 12 polymor-

phic microsatellite markers. We identified the markers based on

one lane of 454 (titanium) sequencing data from a pooled sam-

ple of hermaphrodites that came from a laboratory population in
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California. This resulted in 94,553 reads that could be assembled

to 1772 contigs with an average length of 909 base pairs. We

used the software package msatfinder (Thurston and Field 2005)

to detect microsatellite repeats in the sequence data. We selected

only those primers that had a tri-nucleotide repeat and had more

than 10 repeats. This resulted in 40 possible microsatellite loci.

We tested each of these primers under standardized PCR con-

ditions with an annealing temperature of 55°C. Those primers

that amplified were tested for polymorphism on six individuals

(three from a UK and three from a French population). Based on

these tests, we selected 12 polymorphic primers (details of these

primers can be found in Supporting Information Table S2). To

speed up the analysis, we also designed a multiplex method so

that the 12 primers could be analyzed in four PCR 10 µL reac-

tions and three ABI runs (see Supporting Information Table S1).

MICROSATELLITE ANALYSIS

DNA was extracted by using the Qiagen DNAeasy kit (Hilden,

Germany). Microsatellite loci were amplified with the primers

described in Supporting Information Table S2 and repeat length

was assessed via the microsatellite plugin in Geneious R8 (Kearse

et al. 2012). We only counted alleles that were found in at least

two separate individuals. The embryos we analyzed were very

small and so it was not always possible to get enough DNA for a

reliable analysis. To avoid calling erroneous alleles in low-quality

samples, we removed samples in which fewer than two-thirds

of the loci amplified. We repeat-genotyped for 18 samples for

all loci and 154 for a subset of loci (48 at five loci and 106 at

three loci) to estimate overall genotyping error and to confirm

unexpected genotype calls (cases where embryos showed differ-

ent genotypes than the parent).

DATA ANALYSIS

We carried out two sets of analyses based on microsatellite geno-

typing of I. purchasi. In the first, we considered only wild caught

adult hermaphrodites from populations around the world and es-

timated allele frequencies, using the R package polysat (Clark

and Jasieniuk 2011) to calculate FST and create an input for

population structure analyses. For this objective, we considered

only individuals with at least two-thirds of loci amplifying (i.e.,

8 of 12, n = 295 across nine countries) and generated 10 in-

dependent runs of population structure inference from k = 1 to

26 populations (Pritchard et al. 2000). We aggregated runs and

used the webtool CLUMPAK to infer the best k (Kopelman et al.

2015). With these FST estimates, we tested for a relationship be-

tween genetic and geographic distance. We used a Mantel test to

compare matrices of genetic differentiation and physical distance

(Diniz-Filho et al. 2013), as implemented in the R package "ade4"

(Dray and Siberchicot 2020); the resulting p-value for isolation

by distance was the result of 10,000 permutations of the distance

matrices. We used shortest distances (i.e., straight lines, over wa-

ter if necessary) when comparing two locations. For countries

with multiple sampling locations, we averaged the latitudes and

longitudes of sampling locations within the country.

To estimate per-population selfing rate and assess evidence

for androdioecy, we used two approaches. For the first, we used

the R package adegenet (Jombart 2008) to calculate the inbreed-

ing rate (FIS) on individuals with at least two-thirds of loci am-

plifying (the same used for FST analyses). All analyses were car-

ried out in R version 3.6.0 (Team 2019). For individuals with es-

pecially low F-values (<0.4), we directly examined their called

genotypes for evidence of outcrossing between common haplo-

types. Separately, we estimated the selfing rate (s) with the soft-

ware RMES (David et al. 2007).

Results
GLOBAL GENETIC VARIATION

After filtering, we analyzed 295 individuals from nine coun-

tries (details in Supporting Information Fig. S1). On average, we

found 2.67 alleles per locus across 12 microsatellite markers, in-

dicating low levels of variation. For instance, the samples from

Korea did not show any genetic variation, all sharing a single hap-

lotype. Globally, one haplotype dominated our samples with 46%

of all specimens analyzed having the same homozygous diploid

genotype across all 12 markers. The next most common haplo-

type, which differs at a single homozygous locus from the first,

accounts for another 44% of the samples. Consequently, 90% of

our sampled individuals with full genotypes showed no genetic

variation across 11 of 12 microsatellite loci.

Population structure analyses indicated the existence of two

distinct populations based on the biggest change in likelihood be-

tween sequential k values. This level of division separates het-

erozygous individuals and those carrying rare alleles from the

two most common haplotypes (Fig. 3, top). At k = 3 divisions,

the three clusters reflect the pattern described above, with one in-

ferred population for each of the two dominant haplotypes and

a third for the rarer haplotypes (Fig. 3, middle). Some individ-

uals from the relatively more diverse populations of Australia

and France appear as distinct clusters at k = 4 (Fig. 3, bot-

tom), but beyond level of subdivision no new nonadmixed clus-

ters are formed. Globally, genetic differentiation between coun-

tries is variable, and ranges from 0.02 to 0.92, driven mainly

by which of the two most common haplotypes is fixed locally,

with no evidence for increased isolation by distance (P = 0.31).

The relationships between populations can be seen more easily

in Supporting Information Table S4, in which we have calculated

FST for each pair of countries.
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Figure 3. Map of sampledwild individuals and inferred population structure. Sample sizes can be found in Supporting Information Figure

S1. Top: Structure plot for the most likely number of populations (k = 2). Purple individuals are homozygous for either of two common

haplotypes (∼90% of individuals). Blue individuals have some heterozygous loci and/or rare alleles. There is no geographic signal of

differentiation. Middle: Plot for three inferred populations. Here, the two most common homozygous haplotypes (which differ only at

one locus) are split into two clusters (purple and gold), with more heterozygous individuals in blue. Bottom: Plot for four populations,

here again the dominant haplotypes are purple and gold, but two countries with greater diversity are separated into new clusters:

Australia (red) and France (blue). Apparently admixed individuals (bars showing multiple colors in composition) are those with greater

than average heterozygosity, as expected of recent outbreeding events. The most extreme of these are explored in Figure 4 and Table 1.

OUTBREEDING RATE

Evidence for outbreeding (i.e., androdioecy) was assessed in

two ways. Fiirst, we estimated per-population inbreeding rates

(Fig. 4) based on differences between observed and expected het-

erozygosity. These analyses suggest that selfing is pervasive, but

not complete. The global mean FIS is 0.70 and 90% of individuals

have FIS > 0.5. However, roughly 7% of individuals show quite

low FIS values (<0.2), as expected if rare males create occasional

outbreeding events.

We further investigated these low FIS individuals and found

that they were more heterozygous than expected by chance.

Because many DNA samples were depleted in initial genotyping,

we could not repeat genotyping of these samples. Thus, rather

than assuming genotypes were correct, we assessed heterozygous

individuals as derived from binomial sampling probabilities of

genotypes, to see if heterozygous loci occurred more frequently

than expected under random genotyping error (see Supporting

Information Fig. S2). These heterozygous individuals did indeed

carry significantly more heterozygous loci than expected from

genotyping error. Moreover, the alleles at these heterozygous loci

were a combination of the two homozygous genotypes found in

the nearby populations. In other words, putatively outbred indi-

viduals appeared to be the result of recent matings between

locally common homozygotes. We have presented the
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Figure 4. Inferred inbreeding coefficient (FIS) for individuals across nine populations. Here,we included only individuals forwhich at least

two-thirds of loci (eight of 12) amplified. Each population shows a mean FIS above 0.5 but many (e.g., the United Kingdom and France)

also contain a minority of individuals showing relatively little evidence for inbreeding. Note that owing to a lack of clear population

structuring, we pooled sampling locations within countries (namely, California in the United States, France, and Turkey).

five individuals for which this evidence is strongest in

Table 1.

This line of inference almost certainly underestimated the

rate of outbreeding, as mating events between individuals with

shared genotypes at our 12 loci will go undetected. To leverage

our whole genotyping dataset, we also estimated the selfing rate

(s) via the software RMES. Many populations were discarded

due to lack of variation, precluding per-population estimates, but

we obtained a global selfing rate of 0.85 (95% confidence inter-

val: 0.84, 0.92). These rare inferred outbreeding events provide

further indirect evidence that outcrossing, presumably involving

males based on the reproductive anatomy of hermaphrodites, oc-

curs in the wild.

Discussion
Three species of scale insects in the tribe Iceryini have been

identified as hermaphroditic based on the cytology of their

gonads: Icerya purchasi (Hughes-Schrader 1925; Royer 1975),

Gigantococcus bimaculatus (previously known as Icerya bimac-

ulata, Hughes-Schrader 1963), and Crypticerya zeteki (previ-

ously known as Icerya zeteki; Unruh and Gullan 2008b; Hughes-

Schrader and Monahan 1966). Another two species, Auloicerya

acaciae (Gullan 1986) and Icerya aegyptiaca (Gavrilov 2007 lists

as parthenogenic; but see Kokilamani et al. 2014), have also been

claimed to be hermaphroditic, though with limited or contradic-

tory evidence. In each of these species, the precise reproductive

system remains unclear. Under pure selfing, hermaphrodites can

self-fertilize their eggs with their own sperm for an indefinite

number of generations, rapidly exhausting genetic variation and

leading to high levels of homozygosity and predictable genotype

frequencies in offspring. However, the observations of occasional

males raise the possibility that some portion of offspring is the

result of outbreeding events between hermaphrodites and these

males.

Here, we use a genetic analysis to examine the reproduc-

tive system of I. purchasi in detail. Based on genotypes at 12

microsatellite loci, we estimate both the selfing rate (s = 0.82)

and the inbreeding coefficient (mean FIS = 0.70) are substan-

tial but not 100%, indicating some outcrossing occurs in nature.

Moreover, there is considerable variation within populations in

the inbreeding rate, as would be expected if some sampled in-

dividuals are derived from more recent outbreeding events than

others.

In principle, this pattern could also arise from completely

selfing populations if some other mechanism generates and
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maintains heterozygosity. First, it is worth considering that, with-

out a better understanding of the genomic features of I. purchasi,

it is possible that at least some of our markers are subject to

selective rather than neutral forces. If some of our microsatel-

lites are linked to recessive lethal variants, then we might expect

variation to be maintained at low levels via selection against ho-

mozygotes at these loci (Kimura et al. 1963). However, we have

no reason to think our markers should be effectively nonneutral,

and moreover, given the substantial amount of selfing, homozy-

gous genotypes should frequently arise and genetic load should

be effectively purged by selection in a few generations (Fox et al.

2008), as has been seen with inbreeding in other insects (Haikola

et al. 2001; Mongue et al. 2016). Second, consider that the ob-

served heterozygosity may not be due to the maintenance of al-

leles, but de novo mutation. Microsatellite repeats are known to

be more variable than point mutations, with mutation rate esti-

mates as high as 10−3 per gamete per generation (Brinkmann

et al. 1998; Schlötterer et al. 1998). But even this high rate of mu-

tation would not be enough to generate the number of heterozy-

gous loci we observe in a small sample of I. purchasi. Consider-

ing the pedigree data in the Supporting Information, roughly 13%

of offspring loci were heterozygous at sites apparently homozy-

gous in their hermaphroditic parent. Some of these are likely er-

roneous, but if even one in 13 is correct, and not a result of out-

breeding, it would require a de novo mutation rate an order of

magnitude higher than reported in other species. Moreover, there

is some evidence that microsatellites generally evolve faster in

species with monocentric chromosomes (Jonika et al. 2020), and

mutation rate is positively related to genome-wide heterozygos-

ity (Amos 2016). Given that I. purchasi is a holocentric species

(Melters et al. 2012) with very low heterozygosity, the expec-

tation is that microsatellites should evolve slower than average.

Finally, the same patterns of heterozygosity could be observed

without males if hermaphrodites occasionally mate with each

other; however, hermaphrodites do not possess any sort of intro-

mittent organ with which to transfer sperm (Johnston 1912) and

appear to be largely sessile at maturity. Thus, although our obser-

vations are consistent with each of the above scenarios, they all

strain credulity.

A much more plausible explanation is the reintroduc-

tion of heterozygosity into lineages via outcrossing between

hermaphrodites and males, in other words, androdioecy. Our

genotyping data point to evidence of these matings in the wild.

First, individuals vary in inbreeding coefficient and, crucially,

lower FIS values appear to be crosses of two locally common

haplotypes. And, while less compelling, one family from sup-

plemental pedigree analyses showed a tri-allelic locus between

parent and offspring, which could only result from outbreeding

or genotyping error. Moreover, we observed males mating with

hermaphrodites in our laboratory population. This combination

of genetic and behavioral evidence makes a strong case for an-

drodioecy.

Apart from obtaining evidence consistent with androdioecy,

we also attempted to use our genotypic data to distinguish mech-

anisms of selfing. Unfortunately though, due to the low global di-

versity there were very few heterozygous parents, and even fewer

for which sufficient eggs were available for genotyping. In the

end, we were only able to consider a single family from which

we obtained genotypes for the parent and 10 of their eggs. The

presence of all three genotypic combinations in the offspring ar-

gues against a chimeric system of pure selfing with a persistent

sperm lineage, which would generate only two of the three geno-

types. Considering genotype frequencies at heterozygous loci, we

would expect a Mendelian ratio of homozygotes and heterozy-

gotes if sperm are created by the random meiotic elimination of

one of the two alleles during spermatogenesis. On the contrary, all

nine heterozygous loci deviate from this expected ratio. It is likely

that some of the loci are in linkage disequilibrium with each other

due to a high selfing rate and the low chromosome number in I.

purchasi; in other words, much of the genome is physically linked

and the decay of heterozygosity from selfing will create longer

distance association between alleles. Therefore, we did not for-

mally test for significant differences at each locus. Moreover, the

possible genetic contribution by a male to the offspring makes

distinguishing between mechanisms of selfing very difficult be-

cause the progeny may be a mix of outcrossed and self-fertilized

embryos. Therefore, our results are inconclusive and controlled

laboratory observation of these insects will be required to con-

firm how hermaphrodites self-fertilize.

POPULATION STRUCTURE OF ICERYA PURCHASI

As predicted for a species with a substantial selfing rate, I. pur-

chasi populations are highly homozygous, with 90% of sam-

ples having an identical diploid genotype at 11 of 12 markers.

This homogeneity corroborates the narrative of global expansion

through repeated, (presumably) accidental introductions by hu-

mans into new areas. No significant relationship between genetic

and geographic distance is detectable. For example, South Africa

and South Korea have nearly identical genotypes (FST = 0.01),

whereas South Korea and Spain (FST = 0.87) have the highest

divergence of any pair of populations, being essentially fixed for

two different haplotypes. And more generally, although genetic

differentiation does not vary predictably with physical distance,

the presence of identical haplotypes around the world might sug-

gest that these populations share a common origin (i.e., derived

populations all arose from the same ancestral population rather

than secondary spread from introduced populations). But these

inferences are based on a small number of markers; a much larger

sample of loci (e.g., from whole-genome SNP data) could reveal

population variability and differentiation not detected here.
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Finally, I. purchasi is thought to be Australian in origin

(Prasad 1989) and, consequently, one might expect genetic di-

versity to be highest there. Speaking to this, there are at least 10

private alleles not seen in any other population from this initial

sample. Needless to say, it is difficult to accurately assess this

pattern with a mere 12 loci from seven individuals. As above, a

larger set of genetic markers and increased sampling across this

native range will be needed to fully resolve the population vari-

ability and differentiation.

ANDRODIOECY IN ECOLOGICAL CONTEXT

Although the present genetic markers do not permit us to resolve

the colonization history of this pest insect, it is clearly globally

distributed and androdioecy likely contributed to its colonizing

success following accidental introduction into new areas by hu-

mans (most likely through trade in live plants). Its ability to self-

fertilize allows a single hermaphrodite to establish a new colony

on its own, whereas occasional outbreeding can maintain varia-

tion on which selection can act, allowing it to adapt to new eco-

logical conditions faster than clonal reproduction would allow.

This system, although physiologically distinct from that of

(fellow hemipteran) aphids, bears striking ecological similar-

ity to their parthenogenesis with occasional sexual reproduction

(Blackman 1980). In each system, a single individual has the abil-

ity to found a new population: either through selfing in I. purchasi

or through the parthenogenetic production of daughters in aphids.

Likewise, both systems retain a capacity for sexual reproduction

via mating with rare males. Scale insects and aphids share a sim-

ilar phytophagous lifestyle, so it is worth considering that selec-

tive pressures to exploit the geographic and phylogenetic range of

host plants have produced complimentary reproductive dynamics

in these herbivores. Understanding these systems is thus impor-

tant not only for evolutionary theory, but also for the development

of management strategies for these crop pests.

Finally, it is worth considering our initial findings with

I. purchasi in the context of other androdiecious species. The

relatively high rate of selfing is surprising compared to those

of androdiecious plant systems (e.g., 0.08–0.35; Fritsch and

Rieseberg 1992) but perfectly in line with the two most stud-

ied androdiecious animals. In the clam shrimp, E. texana, out-

crossing seems to be much less common than selfing (with an

estimated selfing rate of 0.80–0.98; Hollenbeck et al. 2002). In C.

elegans, selfing rates also range from roughly 0.78–0.99, depend-

ing on the population and methodology in question (reviewed in

Anderson et al. 2010). Thus, three independently evolved sys-

tems have converged on similar outcrossing rates. These sim-

ilarities could be the result of basic differences in animal and

plant biology: hermaphroditic plants tend to be cross-fertile,

whereas hermaphroditic animals are not (Weeks et al. 2006), but

the high selfing rate may also be partly attributable to parallel

adaptations in animal systems. In both E. texana and C. ele-

gans, hermaphrodites have evolved traits to discourage outcross-

ing (Chaudhuri et al. 2015; Ford and Weeks 2018). It remains un-

clear if I. purchasi has behaviorally or physiologically changed

to avoid outcrossing, but it is an obvious line of further research.

Conclusions
Here, we have presented evidence, both at the population and

pedigree scale, that I. purchasi is most likely an androdiecious

insect. Self-fertilization of hermaphrodites appears to be the most

common mode of reproduction, leading to low levels of genetic

variation at (putatively) neutral markers. Yet physical observa-

tion and genetic data reveal that males occasionally mate with

hermaphrodites and wild hermaphrodites occasionally outcross,

thus preventing a complete loss of genetic variation. This mixed

system defies clear predictions for the presence and frequencies

of genotypes in offspring, thus it remains an open question with

what cytogenetic mechanism hermaphrodites self-fertilize. Nev-

ertheless, this corroborating evidence of androdioecy lays the

groundwork to investigate how males are produced and why they

vary substantially in frequency between populations, how this

rare and unusual system of reproduction compares to other an-

drodiecious animals, and the implications for managing this in-

vasive pest.

AUTHOR CONTRIBUTIONS
AJM conceived of and carried out analysis, wrote the manuscript, and co-
ordinated input from all other authors. SM and OC carried out the geno-
typing. AT, DSK, and MSH collected most of the samples, enabling the
worldwide scope of the analysis. AG and BBN offered expertise in both
the design of the experiment and the write up of results. LR conceived of
the project, designed primers, coordinated sample collection and geno-
typing, and provided in-depth feedback for the manuscript. All authors
reviewed and edited the manuscript.

ACKNOWLEDGMENTS
The authors would like to thank David Haig and Stuart West for initial
discussions, Lorenzo Santorelli, Enric Frago, and Aniek Ivens for help
and advice in the laboratory, and members of the Ross lab for further
discussion and comments. In addition, the authors thank Alicia Woods
for creating and permitting use of the drawings of Icerya purchasi in
Figure 2 and Enric Frago for the photograph in Figure 1c. Thanks to
the Penny Gullan and Lyn Cook for contribution of samples and advice
to this project. Finally, thanks to the reviewers and editors whose com-
ments and critiques improved this manuscript. This work was supported
by a number of fellowships, namely a University Research Fellowship
from Royal Society of London (to AG) and a Junior Research Fellow-
ship from Balliol College, Oxford to AG. Funding came from Indepen-
dent Research Fellowships from Natural Environment Research Council
(grant no. NE/K009524/1 to AG and NE/K009516/1 to LR), a Consol-
idator Grant from European Research Council (grant no. 771387 to AG),
a European Research Countil Starting Grant (PGErepro to LR), and a
Royal Society Newton fellowship (to LR).

10 EVOLUTION 2021



A. J. MONGUE ET AL.

CONFLICT OF INTEREST
The authors declare no conflict of interest

DATA ARCHIVING
All data and analysis scripts can be found at the following git

repo: https://github.com/RossLab/Icerya_purchasi/. Information

on primer sequences can be found in the Supporting Information

Materials.

LITERATURE CITED
Amos, W. 2016. Heterozygosity increases microsatellite mutation rate. Biol.

Lett. 12:20150929.
Anderson, J. L., L. T. Morran, and P. C. Phillips. 2010. Outcrossing and

the maintenance of males within C. elegans populations. J. Hered.
101:S62–S74.

Bachtrog, D., J. E. Mank, C. L. Peichel, M. Kirkpatrick, S. P. Otto, T.-L.
Ashman, M. W. Hahn, J. Kitano, I. Mayrose, and R. Ming. 2014. Sex
determination: why so many ways of doing it? PLoS Biol. 12:e1001899.

Blackman, R. L. 1980. Chromosomes and parthenogenesis in aphids.
Symposia of the Royal Entomological Society of London 10:133–143.

Blackmon, H., L. Ross, and D. Bachtrog. 2017. Sex determination, sex chro-
mosomes, and karyotype evolution in insects. J. Hered. 108:78–93.

Brinkmann, B., M. Klintschar, F. Neuhuber, J. Hühne, and B. Rolf. 1998.
Mutation rate in human microsatellites: influence of the structure and
length of the tandem repeat. Am. J. Hum. Genet. 62:1408–1415.

Charlesworth, B., and D. Charlesworth. 1978. A model for the evolution of
dioecy and gynodioecy. Am. Nat. 112:975–997.

Charnov, E. L., J. J. Bull, and J. M. Smith. 1976. Why be an hermaphrodite?
Nature 263:125–126.

Chasnov, J. 2010. The evolution from females to hermaphrodites results in
a sexual conflict over mating in androdioecious nematode worms and
clam shrimp. J. Evol. Biol. 23:539–556.

Chaudhuri, J., N. Bose, S. Tandonnet, S. Adams, G. Zuco, V. Kache, M.
Parihar, S. H. Von Reuss, F. C. Schroeder, and A. Pires-daSilva. 2015.
Mating dynamics in a nematode with three sexes and its evolutionary
implications. Sci. Rep. 5:17676.

Clark, L. V., and M. Jasieniuk. 2011. POLYSAT: an R package for polyploid
microsatellite analysis. Mol. Ecol. Resour. 11:562–566.

David, P., B. Pujol, F. Viard, V. Castella, and J. Goudet. 2007. Reliable self-
ing rate estimates from imperfect population genetic data. Mol. Ecol.
16:2474–2487.

de la Filia, A. G., S. A. Bain, and L. Ross. 2015. Haplodiploidy and the re-
productive ecology of Arthropods. Curr. Opin. Insect Sci. 9:36–43.

Diniz-Filho, J. A. F., T. N. Soares, J. S. Lima, R. Dobrovolski, V. L. Landeiro,
M. P. de C. Telles, T. F. Rangel, and L. M. Bini. 2013. Mantel test in
population genetics. Genet. Mol. Biol. 36:475–485.

Dray, S., and M. A. Siberchicot. 2020. Package ‘ade4.’.
Ford, R. E., and S. C. Weeks. 2018. Intersexual conflict in androdioecious

clam shrimp: do androdioecious hermaphrodites evolve to avoid mating
with males? Ethology 124:357–364.

Fox, C. W., K. L. Scheibly, and D. H. Reed. 2008. Experimental evolution of
the genetic load and its implications for the genetic basis of inbreeding
depression. Evolution 62:2236–2249.

Fritsch, P., and L. H. Rieseberg. 1992. High outcrossing rates maintain male
and hermaphrodite individuals in populations of the flowering plant
Datisca glomerata. Nature 359:633–636.

Gardner, A., and L. Ross. 2011. The evolution of hermaphroditism by an
infectious male-derived cell lineage: an inclusive-fitness analysis. Am.
Nat. 178:191–201.

Gavrilov, I. A. 2007. A catalog of chromosome numbers and genetic systems
of scale insects (Homoptera: Coccinea) of the world. Israel J. Entomol.
37:1–45.

Gibson, A. K., L. F. Delph, and C. M. Lively. 2017. The two-fold cost of sex:
experimental evidence from a natural system. Evol. Lett. 1:6–15.

Gullan, P. 1986. The biology of Auloicerya acaciae Morrison and Morrison—
An Australian Iceryne Margarodid. Bollettino del laboratorio di ento-
mologia agraria «Filippo Silvestri» 43:155–160.

Haikola, S., W. Fortelius, R. B. O’Hara, M. Kuussaari, N. Wahlberg, I. J.
Saccheri, M. C. Singer, and I. Hanski. 2001. Inbreeding depression and
the maintenance of genetic load in Melitaea cinxia metapopulations.
Conserv. Genet. 2:325–335.

Hamon, A., and T. Fasulo. 2005. Cottony cushion scale. Icerya purchasi
Maskell.DPI Entomology. Circular 352, University of Florida.

Hoddle, M. S., C. C. Ramírez, C. D. Hoddle, J. Loayza, M. P. Lincango,
R. G. Van Driesche, and C. E. Causton. 2013. Post release evaluation
of Rodolia cardinalis (Coleoptera: Coccinellidae) for control of Icerya
purchasi (Hemiptera: Monophlebidae) in the Galapagos Islands. Biol.
Control 67:262–274.

Høeg, J. T. 1995. Sex and the single cirripede: a phylogenetic perspective. Pp.
195–206 in F.R. Schram and J.T. Høeg, eds. New frontiers in Barnacle
evolution. Crustacean Issues. Vol. 10. AA Balkema, Rotterdam.

Hollenbeck, V. G., S. C. Weeks, W. R. Gould, and N. Zucker. 2002. Main-
tenance of androdioecy in the freshwater shrimp Eulimnadia texana:
sexual encounter rates and outcrossing success. Behav. Ecol. 13:561–
570.

Hughes-Schrader, S. 1925. Cytology of hermaphroditism in Icerya purchasi

(Coccidae). Z. Zellforsch. Mikrosk. Anat. 2:264–290.
——— 1963. Hermaphroditism in an African coccid, with notes on

other margarodids (Coccoidea—Homoptera). J. Morphol. 113:173–
184.

Hughes-Schrader, S., and D. F. Monahan. 1966. Hermaphroditism in Icerya

zeteki Cockerell, and the mechanism of gonial reduction in iceryine coc-
cids (Coccoidea: Margarodidae Morrison). Chromosoma 20:15–31.

Innes, D. J., C. J. Fox, and G. L. Winsor. 2000. Avoiding the cost of males in
obligately asexual Daphnia pulex (Leydig). Proc. R. Soc. Lond. B: Biol.

Sci. 267:991–997.
Johnston, C. E. 1912. The internal anatomy of Icerya purchasi. Ann. Entomol.

Soc. Am. 5:383–388.
Jombart, T. 2008. adegenet: a R package for the multivariate analysis of ge-

netic markers. Bioinformatics 24:1403–1405.
Jonika, M., J. Lo, and H. Blackmon. 2020. Mode and tempo of microsatel-

lite evolution across 300 million years of insect evolution. Genes 11:
945.

Kearse, M., R. Moir, A. Wilson, S. Stones-Havas, M. Cheung, S. Sturrock,
S. Buxton, A. Cooper, S. Markowitz, and C. Duran. 2012. Geneious
basic: an integrated and extendable desktop software platform for the
organization and analysis of sequence data. Bioinformatics 28:1647–
1649.

Kim, D. H., J. Y. Yang, Y. S. Jang, K. S. Choi, H. N. Hyun, and D.-S. Kim.
2011. Stage-specific population dynamics of cottony cushion scale,
Icerya purchasi (Hemiptera: Monophlebidae), in citrus orchards in Jeju,
Korea. J. Asia-Pacific Entomol. 14:305–309.

Kimura, M., T. Maruyama, and J. F. Crow. 1963. The mutation load in small
populations. Genetics 48:1303.

Kokilamani, A., S. Ramakrishna, G. Venu, and G. Venkatachalaiah. 2014.
Karyotypic studies in Margarodid Coccoid, Icerya aegyptiaca (Hempit-
era: Coccoidea). J. Cytol. Genet. 15:15–21.

EVOLUTION 2021 11

https://github.com/RossLab/Icerya_purchasi/


A. J. MONGUE ET AL.

Kopelman, N. M., J. Mayzel, M. Jakobsson, N. A. Rosenberg, and I. Mayrose.
2015. Clumpak: a program for identifying clustering modes and
packaging population structure inferences across K. Mol. Ecol. Resour.
15:1179–1191.

Liston, A., L. H. Rieseberg, and T. S. Elias. 1990. Functional androdioecy in
the flowering plant Datisca glomerata. Nature 343:641–642.

Liu, Y., and J. Shi. 2020. Predicting the potential global geographical dis-
tribution of two Icerya species under climate change. Forests 11:
684.

Lloyd, D. 1975. The maintenance of gynodioecy and androdioecy in an-
giosperms. Genetica 45:325–339.

Melters, D. P., L. V. Paliulis, I. F. Korf, and S. W. Chan. 2012. Holocentric
chromosomes: convergent evolution, meiotic adaptations, and genomic
analysis. Chromosome Res. 20:579–593.

Mongue, A. J., M. V. Tsai, M. L. Wayne, and J. C. de Roode. 2016. Inbreeding
depression in monarch butterflies. J. Insect Conserv. 20:477–483.

Normark, B. B. 2003. The evolution of alternative genetic systems in insects.
Annu. Rev. Entomol. 48:397–423.

——— 2009. Unusual gametic and genetic systems. Pp. 507–538.Sperm bi-
ology: an evolutionary perspective. Academic Press, Amsterdam.

Pannell, J. 1997. Widespread functional androdioecy in Mercurialis annua L.
(Euphorbiaceae). Biol. J. Linn. Soc. 61:95–116.

Pannell, J. R. 2002. The evolution and maintenance of androdioecy. Annu.
Rev. Ecol. Syst. 33:397–425.

Prasad, Y. K. 1989. The role of natural enemies in controlling Icerya purchasi
in South Australia. Entomophaga 34:391–395.

Pritchard, J. K., M. Stephens, and P. Donnelly. 2000. Inference of population
structure using multilocus genotype data. Genetics 155:945–959.

Royer, M. 1975. Hermaphroditism in insects. Studies on Icerya purchasi. Pp.
135–145 Intersexuality in the animal kingdom. New York City, USA:
Springer.

Saumitou-Laprade, P., P. Vernet, C. Vassiliadis, Y. Hoareau, G. de Magny, B.
Dommée, and J. Lepart. 2010. A self-incompatibility system explains
high male frequencies in an androdioecious plant. Science 327:1648–
1650.

Schlötterer, C., R. Ritter, B. Harr, and G. Brem. 1998. High mutation rate of a
long microsatellite allele in Drosophila melanogaster provides evidence
for allele-specific mutation rates. Mol. Biol. Evol. 15:1269–1274.

Schrader, F., and S. Hughes-Schrader. 1926. Haploidy in Icerya purchasi.
Zeitschrift für wissenschaftliche Zoologie 128:182–200.

Silvertown, J. 2008. The evolutionary maintenance of sexual reproduction:
evidence from the ecological distribution of asexual reproduction in
clonal plants. Int. J. Plant Sci. 169:157–168.

Singh, S., and G. Kaur. 2017. Biodiversity of insect and mite pests infesting
fig in the Indian Punjab. Acta Horticulturae 1173:257–261.

Smith, C. L. 1965. The patterns of sexuality and the classification of serranid
fishes. American Museum novitates; no. 2207. American Museum of
Natural History, New York, NY.

Taylor, D. S., M. T. Fisher, and B. J. Turner. 2001. Homozygosity and het-
erozygosity in three populations of Rivulus marmoratus. Environ. Biol.
Fish. 61:455–459.

Team, R. C. 2019. R: a language and environment for statistical computing.
R Foundation for Statistical Computing.

Thurston, M., and D. Field. 2005. Msatfinder: detection and characterisation
of microsatellites. http://www.genomics.ceh.ac.uk/msatfinder/.

Tree of Sex Consortium. 2014. Tree of Sex: A database of sexual systems.
Scientific Data 1.

Unruh, C., and P. Gullan. 2008a. Molecular data reveal convergent re-
productive strategies in iceryine scale insects (Hemiptera: Coccoidea:
Monophlebidae), allowing the re-interpretation of morphology and a re-
vised generic classification. Syst. Entomol. 33:8–50.

Unruh, C. M., and P. J. Gullan. 2008b. Identification guide to species in
the scale insect tribe Iceryini (Coccoidea: Monophlebidae). Zootaxa
1803:1–106.

Weeks, S. C. 2012. The role of androdioecy and gynodioecy in mediating evo-
lutionary transitions between dioecy and hermaphroditism in the Ani-
malia. Evolution 66:3670–3686.

Weeks, S. C., C. Benvenuto, and S. K. Reed. 2006. When males and
hermaphrodites coexist: a review of androdioecy in animals. Integr
Comp. Biol. 46:449–464.

Weeks, S., E. Chapman, D. Rogers, D. Senyo, and W. Hoeh. 2009. Evo-
lutionary transitions among dioecy, androdioecy and hermaphroditism
in limnadiid clam shrimp (Branchiopoda: Spinicaudata). J. Evol. Biol.
22:1781–1799.

White, M. J. D. 1973. Animal cytology and evolution. Cambridge Univ. Press,
Cambridge, UK.

Associate Editor: T. Giraud
Handling Editor: M. Zelditch

Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Table S1. Additional collecting information for samples, denoting country, location, and population code used in data files.
Table S2. Icerya purchasi microsatellite primer information for the markers used in this study.
Table S3. Allelic richness of loci examined in this study. Note that in spite of high levels of homozygosity, all loci included in analyses showed some
variation globally.
Table S4. Global pairwise FST for each population included in the population structure analysis (i.e., those with more than one individual with genotypes
at eight or more of the 12 markers used here).
Table S5. Investigation of offspring genotypes from a wild-caught hermaphrodites.
Figure S1. Sample sizes for each location used in genotypic analyses. Locations match the maps accompanying the structure plots in Figure 3.
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