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ABSTRACT The armored scale insects Chionaspis pinifoliae (Fitch) and Chionaspis heterophyllae
Cooley (Hemiptera: Diaspididae) overlap broadly in host range and geographic distribution and are
so similar in morphology that they can be distinguished only by a subtle morphological character of
the adult females: the form of the median pygidial lobes. However, this character is quite variable for
both species. We used allozyme electrophoresis and DNA sequencing of a region that included the
mitochondrial genes COI and COII to determine whether two species really exist and, if so, whether
the morphology of the pygidial lobes is a reliable character to use to discriminate between them.
Material for genetic analysis was collected as third instar females from Þve Illinois populations of each
species (as identiÞed by morphology of the pygidial lobes).Chionaspis species were difÞcult to analyze
electrophoretically, but Þxed allelic differences were found at three allozyme loci: malic acid dehy-
drogenase (Mdh), phosphoglucose isomerase (Pgi), and an esterase (Est). The 572-bp (alignment
length) mitochondrial region was invariant within species but differed between the species for both
base substitutions (p-distance � 0.091) and insertion-deletion differences. Estimated divergence time
was at least 3.8 million yr. The consistent absence of heterozygotes at the three allozyme loci and the
large mitochondrial sequence difference conÞrms that the morphology of the pygidial lobes is a
reliable and convenient character for identifying C. pinifoliae and C. heterophyllae and supports the
hypothesis that they are not only separate, but very old species.
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The armored scale insects Chionaspis pinifoliae (Fitch)
and Chionaspis heterophyllae Cooley (Hemiptera: Di-
aspididae) are important pests of conifers throughout
North America (Johnson and Lyon 1988). They are so
similar in morphology that they can be distinguished
only by a subtle morphological character of the adult
females: the form of the median pygidial lobes (Liu et
al. 1989). Mesal margins of the median lobes of C.
pinifoliae are more or less parallel and are narrowly
separated, whereas those of C. heterophyllae are
widely divergent and more broadly separated. How-
ever the morphology of the lobes is quite variable in
both species (Liu et al. 1989).
C. pinifoliae and C. heterophyllae also are very sim-

ilar in their host range and life history, and they over-
lap broadly in geographical distribution, further com-
plicating their identiÞcation (Liu et al. 1989). Both
species feed on needles of Abies, Picea, and Pinus
species and can occur on the same individual host
plants (Shour and Schuder 1987, Kosztarab 1996). C.
pinifoliae is distributed throughout much of North
America and Northern Mexico, whereasC. heterophyl-

lae is conÞned to the eastern and midwestern states,
where it co-occurs with C. pinifoliae (Shour and
Schuder 1987, Kosztarab 1996). Both species are bi-
voltine throughout most of their ranges, and their
crawlers emerge concurrently in spring, but subse-
quent generations become asynchronous because C.
pinifoliae develops more slowly than C. heterophyllae
(Shour 1986).

Morphological and biological similarities between
C. pinifoliae and C. heterophyllae have led to taxo-
nomic confusion in previous publications (Nielsen
and Johnson 1972, 1973; Walstad et al. 1973; Shour
1986; Fondren and McCullough 2005; Miller and Da-
vidson 2005). Such errors may hinder the develop-
ment of effective management strategies. In particu-
lar, the timing of crawler emergence is critical for
managing armored scale insects because the crawler
stage is the most vulnerable to pesticides (Nielsen and
Johnson 1972). Pest managers can more accurately
predict when crawlers will emerge if they have cor-
rectly identiÞed the scale species.

The objective of our study was to use allozymes and
mitochondrial DNA sequences to conÞrm that the
morphology of the median pygidial lobes is a reliable1 Corresponding author, e-mail: hanks@illinois.edu.
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character to use to distinguish between the two spe-
cies. Allozyme electrophoresis has for decades been
used to discriminate between difÞcult species because
it allows rapid search for Þxed allele differences, the
criterion for species status under the biological species
concept (Murphy et al. 1996, Avise 2004). More re-
cently, sequencing of mitochondrial DNA has become
a standard taxonomic method because of the relative
ease of obtaining DNA sequences (Avise 2004).

Materials and Methods

We collected scale insects from pine trees that were
scattered in urban habitats of the cities of Champaign
and Urbana, IL (Champaign County), and used the
pygidial lobe character to assign populations to either
C. pinifoliae or C. heterophyllae. We selected Þve of
these populations per scale species for this study (Phil-
pott 2007), and each population apparently comprises
a single species based on pygidial morphology. Pop-
ulations that were identiÞed as C. pinifoliae were on
Pinus mugo Turra (N � 2 trees), Pinus sylvestris L.
(N� 2), and Pinus nigra Arnold (N� 1), whereas all
populations that were identiÞed as C. heterophyllae
were on P. mugo. Nearest neighbor distances among
study trees were 2.1 � 1.1 km (mean � SD).

We collected �50 third-instar female scale insects
from each population during summer 2007. The in-
sects were collected from the most heavily infested
parts of conifers by collecting entire needles and re-
moving the bodies from beneath their tests under a
dissecting microscope. We placed the insects individ-
ually into microcentrifuge tubes (catalog no. 5-408-

120, Thermo Fisher ScientiÞc, Waltham, MA) and
stored them in a �80�C freezer. We later removed the
pygidiumofeach scaleandslide-mounted itbyplacing
it in a drop of mineral oil, covering it with a glass
coverslip, and applying clear Þngernail polish around
the edges to seal the coverslip. The remainder of each
scale insect then was transferred to a well of an eight-
well sample plate (all electrophoresis equipment from
Helena Laboratories, Beaumont, TX). We assigned a
species name (C.pinifoliaeorC.heterophyllae) to each
scale insect individual by using the pygidial lobe char-
acter (Liu et al. 1989; Fig. 1).

Enzyme electrophoresis of individual scale insects
used the cellulose acetate method of Herbert and
Beaton (1989) because it allows analysis of very small
insects. For each run, we assigned four individuals of
one presumed species from one population to the Þrst
four wells of the sample well plate, and four individ-
uals of the other species from one population to the
remaining wells. This process was repeated until 48
individuals had been assayed per population. Insects
in the wells were homogenized with the bulb of an
insect pin. The homogenate was stamped onto cellu-
lose acetate plates (Titan III, Helena Laboratories) at
two positions with an applicator (model Super Z,
eight-sample applicator, Helena Laboratories) several
times to transfer sufÞcient homogenate. Runs were per-
formed for 20 min with an ice pack on top of the
apparatus. We screened nine loci: phosphoglucose
isomerase (Pgi,EC 5.3.1.9), malic acid dehydrogenase
(Mdh, EC 1.1.1.37), alcohol dehydrogenase (EC
1.1.1.1), isocitrate dehydrogenase (EC 1.1.1.42),
phosphoglycerate mutase (EC 5.4.2.1), glycerol-3-

Fig. 1. Representative pygidia of adult female scale insects identiÞed by morphology of the median lobes (enclosed in
black boxes). (A)C. pinifoliae (mesal margins of median lobes � parallel, space between lobes narrow). (B)C. heterophyllae
(mesal margins of median lobes divergent, space between lobes broader). MagniÞcation, 40�.
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phosphate dehydrogenase (EC 1.1.99.5), lactate
dehydrogenase (EC 1.1.2.3), glucose-6-phosphate
dehydrogenase (EC 1.1.1.49), and a presumed a
carboxylic esterase (Est,EC 3.1.1.1; e.g., Mouchès et
al. 1986). Plates were imaged with a digital camera.

Wecalculated the relativemobilityofeachbandper
insect species by dividing the average mobility for C.
heterophyllae by that for C. pinifoliae and then aver-
aged the relative mobilities of the bands for each allele
across all populations. Alleles were named by their
average relative mobilities.

We extracted genomic DNA from a single scale of
each population (for a total of 10 scales, Þve per species)
by using DNeasy blood & tissue kits (QIAGEN, Valen-
cia, CA). Primers c1-J-2753ywr (Provencher et al.
2005) and c2-N-3662 (Simon et al. 1994) were used to
amplify and sequence initial fragments of the mi-
tochondrial genes COI and COII. Fragments pro-
duced by these primers ampliÞed inconsistently, but
from them we designed the more speciÞc primers
C3 (5�CATTAGGATCAATAATAACAAT3�) and
C4 (5�CATGAATGAATTACATCTATAG3�) that
very consistently produced strong polymerase chain
reaction (PCR) ampliÞcations.

PCR was performed in 100 �l with Þnal concentra-
tions of 1� PCR buffer, 1.5 mM MgCl2, 100 �M dNTPs,
400 nM of each primer, 1 U of Taq Polymerase (In-
vitrogen, Carlsbad, CA), and 1 �l of template. The
reaction was heated at 94�C for 2 min, followed by 40
cycles of 1 min at 94�C (denaturation), 1 min at 39�C
(annealing), and 1 min at 76�C (extension). For se-
quencing, we concentrated the product to 40 ng/�l
and used 1 �l in a second reaction with a BigDye
terminator kit (Applied Biosystems, Foster City, CA)
performed at 96�C for 1 min and 40 cycles of 30 s at
96�C, 30 s at 41�C, and 4 min at 60�C. Product from the
BigDye reaction was sequenced with an automatic
DNA sequencer (3730xl DNA analyzer, Applied
Biosystems). Sequences have been submitted to
GenBank/European Molecular Biology Laboratory
(accession number for P. pinifoliae, FJ498792; for P.
heterophyllae, FJ498791).

We aligned sequences using ClustalW (Thompson
et al. 1994) and conÞned our data to 574 bp (aligned
length) that sequenced clearly across all 10 samples.
Estimation of divergence times from DNA sequence
data has been controversial, but the consensus is that

at least an approximate molecular clock does exist
(Arbogast et al. 2002). We used the widely cited clock
calibration for insect mitochondria of Brower (1994)
because it is based on several parts of the mitochon-
drial genome (no direct calibration of the COI-COII
intergenic spacer for insects is available). We used
both uncorrected p-distance and an HKY-gamma cor-
rection for multiple substitutions suggested by a re-
cent study (Meraner et al. 2008) that included another
noncoding mitochondrial segment, the control region.

Results and Discussion

Chionaspis proved to be difÞcult material for en-
zyme electrophoresis; only three of the nine tested
loci produced strong, clear bands in at least some
individuals, and many insects had to be eliminated
from the data. These resolution problems may have
been because of enzyme inhibition by precursors in
the wax glands. However, for the loci that did produce
satisfactory bands, the results were unambiguous: the
two presumed species were completely Þxed for dif-
ferent alleles (Table 1). Staining by the cathodally
migratingMdhwas the most consistent, so that it could
serve as a molecular marker for identifying these spe-
cies in future studies, for example, in crawlers. The
results for the DNA analysis are also unambiguous: the
two species show no intraspeciÞc variation but show
multiple Þxed differences between the species. In the
572 bp of aligned sequence there were 51 base differ-
ences and 2 indel differences (Fig. 2). This corre-
sponds to an uncorrected divergence of 0.091 base
differences per base (p-distance) or 0.113 bases per
base when corrected for multiple substitutions (MKY-
gamma distance). Even accepting the irregularities in
themolecularclock, this implies that theseareveryold
species, with a divergence date of 3.8 million yr ob-
tained from applying the Brower (1994) calibration to
uncorrected p-distance.

Our experiment unambiguously supports the hy-
potheses that 1) C. pinifoliae and C. heterophyllae are
good species and 2) that the morphological character
that has been used to distinguish between (the form
of the median pygidial lobe) is reliable. Agreement
between the allozyme and DNA sequence results and
the morphology was complete, with no exceptions.
These Þndings conÞrm that entomologists can make

Table 1. Allele frequencies for two species of Chionaspis that were identified using morphology of the median pygidial lobe

Site Chionaspis species N Mdh90 Mdh100 N Pgi80 Pgi100 N Est100 Est110

1 Pinifoliae 44 0 1 0 4 1 1
2 Pinifoliae 48 0 1 0 0
3 Pinifoliae 43 0 1 20 0 1 0
4 Pinifoliae 36 0 1 0 0
5 Pinifoliae 27 0 1 8 0 1 18 1 0
6 Heterophyllae 47 1 0 0 0
7 Heterophyllae 44 1 0 0 4 0 1
8 Heterophyllae 35 1 0 0 0
9 Heterophyllae 44 1 0 20 1 0 0
10 Heterophyllae 27 1 0 8 1 0 20 0 1

Specimens were collected from individual trees at Þve different study sites per scale insect species.
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simple slide mounts of the pygidia of scale insect
specimens and assign them to C. pinifoliae or C. het-
erophyllae with a high probability of accuracy.
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