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Abstract

The mealybugs form the second largest family group within the scale insects (Hemiptera: Coccomorpha), with about 2,300 species in
almost 300 genera, and is currently considered to include two families, Pseudococcidae and Rhizoecidae. D.A. Downie & P.J. Gullan
undertook the first molecular phylogenetic study of the group, and recognised three major clades which more or less equated to the
Pseudococcinae, Phenacoccinae and Rhizoecinae. More recently, N.B Hardy and co-workers did a similar large study with more taxa, and
included a morphological data matrix based on the adult female, adult males and first-instar nymphs; their results were broadly similar
to those of Downie & Gullan except they found that the Rhizoecinae were included within the Phenacoccinae. Since this latter study, the
Rhizoecinae has been recognized as a separate family, Rhizoecidae, and is used as an outgroup in this study. Both previous studies used
mainly Nearctic, Tropical and Australian species in their analysis but, in the present study, we use only species collected in the Palaearctic
and, in addition to a molecular study, add a data matrix based on the morphology of the adult female. We (1) review the phylogeny of
mealybugs, focusing on Palaearctic taxa; (2) improve our understanding of mealybug molecular phylogeny based on Palaearctic mealybug
taxa; (3) add morphological characters not previously included in systematic analyses; and (4) identify morphological characters that
diagnose apparently monophyletic subgroups within the Pseudococcidae. The overall congruence between gene trees provides strong
support for the subfamilies Pseudococcinae and Phenacoccinae, and for the tribes Planococcini, Trabutinini and Pseudococcini. Our results
also strongly suggest that, as currently understood, the genera Phenacoccus (in Phenacoccinae) and Trionymus and Pseudococcus (in
Pseudococcinae) are non-monophyletic. These results are discussed and compared with earlier studies.
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1. Introduction

Along with the infraorders Aphidomorpha (aphids),
Psyllomorpha (plant lice) and Aleyrodomorpha (white-
flies), the Coccomorpha (scale insects) are members of
the Sternorrhyncha (Hemiptera). The scale insects are
more diverse in terms of major evolutionary lineages
(families), species richness, genetic systems (such as
male haploidy, hermaphroditism, facultative and obligate
parthenogenesis) and morphology than any of the other

sternorrhynchan groups (Hobgson & Harpy 2013). The
adult females are sap-sucking and paedomorphic (resem-
bling nymphs), perhaps due to neoteny, and the males
display complete metamorphosis (GuLLAN & KOSZTARAB
1997; GuLLAN & MARTIN 2009). Individual scale insects
are small to minute, typically less than 5 mm long, and
are cryptic in habit, often resembling parts of their host
plant. Their common name derives from the appearance
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of the insects themselves and also from the frequent pres-
ence of a protective covering, often of secreted wax, as
found on most mealybugs. Currently, about 52 extant
and extinct families are recognised within the Cocco-
morpha, of which the mealybugs form the second largest
family group, with 2,256 species in 291 genera in two
families: Pseudococcidae (2,012 species in 273 genera)
and Rhizoecidae (244 species in 18 genera) (BEn-Dov et
al. 2015). Of these, about 700 species in 106 genera are
known from the Palaearctic (KozAr 1998). Mealybugs
feed on a wide variety of woody and herbaceous plants,
and are often restricted to a specific part of their host.
Quite a few mealybug species are confined to beneath the
leaf sheaths of grasses, whilst the Rhizoecidae are mainly
confined to the roots and leaf litter.

Earlier workers classified all mealybugs in a single
family Pseudococcidae, which was divided into about five
subfamilies, namely Pseudococcinae, Phenacoccinae,
Trabutininae, Rhizoecinae and Sphaerococcinae (KoTEia
1974 a,b; DanziG 1980; WiLLiams 1985; TANG 1992). The
family Putoidae has been recognized as a separate family
since 1969 (BEARDSLEY 1969; TanG 1992), although there
is still some disagreement as to its status (GAVRILOV-ZIMIN
& DanziG 2012; Danzic & GavriLov-ZIMIN 2014). Here,
based on DNA evidence (Cook et al. 2002), adult male
morphology (Hopcson & FoLpi 2006) and the review by
WiLLiams et al. (2011) of the status of species then in-
cluded in the genus, we consider Putoidae to be a good
family and, along with members of the recently reco-
gnized Rhizoecidae (HopGson 2012) and an Acanthococ-
cus species, have used it as an outgroup in our analysis.

The purpose of this paper is to: (1) review the phylo-
geny of mealybugs, focusing on Palaearctic taxa; (2) im-
prove our understanding of mealybug molecular phylo-
geny based on Palaearctic mealybug taxa; (3) add mor-
phological characters not previously included in system-
atic analyses, and (4) identify morphological characters
that diagnose apparently monophyletic subgroups within
the Pseudococcidae. The results are discussed and com-
pared with earlier studies.

2. Materials and methods

2.1. Materials

Fresh specimens of 61 species (81 specimens) of Pseu-
dococcidae plus three species of Putoidae, two species
of Rhizoecidae and one species of Acanthococcidae (the
latter three families used as outgroup taxa) were collect-
ed in Bulgaria, Hungary, Russia and Turkey (Table 1) and
preserved in 95% ethanol.

The cuticle of each specimen used for the DNA
analysis was slide mounted and used as a voucher speci-
men. The specimens were mounted using KosztaraB &
KozAr’s (1988) methodology with some modification.
These specimens are deposited in the Coccoidea Col-
lection of the University of Cukurova, Adana, Turkey
(KPCT). Although these vouchers were often poor speci-
mens, they did allow accurate species determination, es-
pecially important where mixed-species collections are
suspected. Identifications were made using the plates and
keys in Danzig (1980, 1997, 1998, 2001, 2003, 2006,
2007), Danzic & MILLER (1996), KoszTaARAB & KozAR
(1988) and WiLLiams (2004). Only non-parasitised adult
females were used for DNA extraction.

2.2. Molecular studies

Prior to DNA extraction, all specimens were examined un-
der the microscope for the presence of parasitoids. DNA
was extracted from a single parasitoid-free adult female
with the DNA-easy tissue kit (Qiagen, Inc, Valencia, CA).

PCR products were generated from a mitochondrial
gene, cytochrome oxidase I (COI), and one nuclear gene:
a fragment of the D, and D, regions of the large subunit
ribosomal DNA gene (28S). Primers for both amplifica-
tion and sequencing were 5’ — CAA CAT TTATTT TGA
TTT TTT GG — 3’ (C1-J-2183 aka Jerry) and 5’ — GCW
ACW ACR TAA TAK GTA TCA TG -3’ (C1-N-2568
aka BEN3R, designed by T.R. Schultz, Smithsonian In-
stitution) for COI; 5’ — TCG GAR GGA ACC AGC TAC
TA -3’ (A335 REVERSE) and 5°- GAG AGT TMA
ASA GTA CGT GAA AC -3’ (S3660 FORWARD) for
28S. PCR reaction components and final concentrations
were 1.5-2.5 mM MgCl,, 0.2 mM dNTPs, and | unit Tag
polymerase in a proprietary buffer (PCR Master Mix,
Promega Biotechnology), 0.2 uM of each primer, and 5
pl DNA template in a final volume of 25 pl. The PCR cy-
cling protocol for COI was 95°C for 7 m, followed by 40
cycles of 95°C for 1 m, 45 °C for 1 m, and 72°C for 1 m
30 s with a final extension at 72°C for 5 m. The protocol
for 28S was 94°C for 4 m followed by 35—45 cycles of
94°C for 1 m, 49—-52°C for 1 m, and 72°C for 1 m, 30 s
with a final extension at 72°C for 4 m.

PCR products were purified and sequenced by ION-
TEK (istanbul, Turkey). Contigs were assembled using
CodonCode Aligner v.3.7.1 (CodonCode Corp.) and
multiple alignments were performed by using ClustalW
in BioEdit for each gene region. Each alignment was
controlled visually and cut if there were big gaps in the
alignments. Gaps of this kind can occur if there were too
many taxa in the study. All alignments and morphologi-
cal matrix were then combined by using MacClade 4.08
(MappisoN & Mabpbison 2005). Please see supplemen-
tary file for the combined data.
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2.3. Phylogenetic analyses

Maximum likelihood (ML) and Bayesian analyses were
used to estimate trees. The data were analysed for each
locus separately and with data for the two loci combined.
ML trees were constructed using Mega6, with four data
partitions: 3 codon positions for COI, and one partition
for 28S. A separate GTR, nucleotide substitution model
was applied to each partition. Ten thousand non-para-
metric bootstrap replicates were performed using GTR,
with every 100 bootstrap tree used as the starting tree
for ML optimisation. Phylogenies were also reconstruct-
ed with Bayesian inference methods using MRBAYES v.
3.1.2 (RonquisT & HUELSENBECK 2003) under the packed
program Geneious 5.6 by adding morphological charac-
ters. For this analysis, morphological character data were
concatenated to the DNA data using Python. The evo-
lution of the morphological data was modelled with an
mk1 model (character changes unordered), with coding
set to variable. We applied a separate GTR model with
gamma-distributed rates and a proportion of invariant
sites (GTR) to each partition, using default priors. Four
Markov chains, three hot and one cold (program default),
were run simultaneously for five million generations,
with trees sampled every 1000 generations. A plot of log-
likelihood over time was examined, and the first 1000
trees, generated before the analysis had achieved station-
ary, were discarded as ‘burn-in’.

2.4. Morphological studies

All specimens which had been used for molecular studies
were used for the morphological analyses. The characters
used for compiling the data matrix were those of HARDY
et al. (2008), with some modifications. The morphologi-
cal matrix was concatenated to the molecular data as ex-
plained above (2.3) and analysed using Bayesian infer-
ence methods.

2.5. Morphological characters

All characters refer to adult females. Those listed under
“Additional characters” below are additional to those in
Harpy et al. (2008). The morphological character matrix
is presented in Table 2.

Venter
1. Number of antennal segments: (1) 9; (2) 8; (3) 7; (4)
<7.

2. Apical antennal segments: total number of fleshy se-
tae: (0)>5; (1) 5; (2) <5.

3. Number of intersegmental setae on each antenna: (0)
3 pairs; (1) 1 pair.

4. Antennae: basiconic sensilla: (0) present; (1) absent.
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5. Antennae: coeloconic sensilla: (0) absent; (1) 2 pre-
sent on apical antennal segment, plus one on both of
segments II and V; (2) only on apical segment.

6. Antennae with clavate setae: (0) absent; (1) present.

7. Labium, number of setae on middle segment: (0) 2
pairs; (1) 1 pair.

8. Labium, apical segment: number of setae on anterior
surface (excluding fleshy subapicals) (see KoTesa
1974b): (0) >3; (1) 3.

9. Labium, apical setae (see KoTEia 1974b): (0) absent;
(1) present.

10. Labium, number of fleshy subapical setae (see
Koteia 1974b): (0) 2; (1) 4.

11. Ventral sclerotization on head: (0) absent; (1) pre-
sent.

12. Legs, development: (1) well developed; (2) absent.

13. Legs, number of campaniform sensilla on each side
of trochanter: (0) 4; (1) 2.

14. Legs, translucent pores on hind legs: (0) present; (1)
absent

15. Legs, distribution of translucent pores on hind legs:
(0) absent; (1) on coxa as a pore-plate only; (2) on
coxa and tibia; (3) on femur only; (4) on femur and
tibia; (5) on tibia only; (6) on coxa, femur and tibia.

16. Legs, denticle on claw: (0) present; (1) absent.

17. Legs, claw: (0) typical (broad basally, not extended);
(1) long and slender.

18. Legs, tarsal digitules: (0) undeveloped/absent; (1)
developed.

19. Multilocular disc pores with 6 or more loculi: (0)
present throughout venter; (1) confined to abdomen;
(2) absent; (3) present on abdomen and near spira-
cles; (4) near spiracles only.

20. Quinquelocular disc pores: (0) present; (1) absent.

21. Trilocular disc pores: (0) present; (1) absent.

22. Discoidal pores: (0) present; (1) absent.

23. Oral-collar ducts on dorsum: (0) present; (1) absent.

24. Circuli, structure: (0) evaginated and truncate; (1)
sessile.

25. Circuli, distribution: (0) more than one; (1) only one,
on abdominal sternite III; (2) only one, in interseg-
mental membrane between abdominal sternites I1I
and IV; (3) absent.

26. Spiracles: (0) small, typical size for coccoids; (1)
grossly developed, without shrunken trilocular
pores lining the atrium; (2) grossly developed, with
shrunken trilocular pores lining atrium.

27. Anal lobe bar: (0) absent; (1) present.

28. Posterior abdominal segments (V—VIII): (0) mem-
branous; (1) sclerotised.

29. Eyes: (0) present; (1) absent.

30. Multilocular disc pores and/or tubular ducts in clus-
ters: (0) absent; (1) present.

31. Vulva: (0) directed ventrally; (1) directed posteri-
orly.

Dorsum

32. Ostioles: (0) both pairs present; (1) posterior pair
present, anterior pair absent; (2) both pairs absent.
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33. Cerarii, surrounding cuticle: (0) sclerotised; (1)
membranous.

34. Cerarii, number of marginal pairs: (0) 0; (1) 18; (2)
16—-17;(3) 2—-15; (4) 1.

35. Cerarii, number of stout setae per anal lobe cerarius:
(0) 0; (1) 25 (2) >2.

36. Cerarii, additional cerarii on dorsum in mid-line: (0)
absent; (1) present.

37. Cerarii, auxiliary setae: (0) present; (1) absent.

38. Cerarii, with minute discoidal pores: (0) present; (1)
absent.

39. Cerarii, number of trilocular pores on each anal cer-
arius: (0) 5-10; (1) 11-20; (2) >30.

40. Hairlike/setose setae on derm surface apart from
those on cerarii: (0) present; (1) absent.

41. Lanceolate/conical spine-like setae on derm surface
apart from those on cerarii: (0) absent; (1) present.

42. Multilocular disc pores (those with more than 6 loc-
uli): (0) present; (1) absent.

43. Quinquelocular disc pores: (0) present; (1) absent.

44, Trilocular pores: (0) present; (1) absent.

45. Tritubular/bitubular pores: (0) absent; (1) present.

46. Oral-collar tubular ducts: (0) present, with collars;
(1) present, without collars; (2) as oral-rim ducts
(mushroom type); (3) absent.

47. Tubular ducts with satellite discoidal pores: (0) ab-
sent; (1) present.

48. Anal ring, development: (0) exposed, ring complete;
(1) exposed, with pronounced interruption along
anterior margin, appearing V-shaped; (2) deeply in-
vaginated.

49. Anal ring, cortex (outermost ring): (0) complex,
several pores deep; (1) simple, single row of round
pores; (2) lacking pores; (3) as a series of linear
pores; (4) as spinules.

50. Anal ring, medulla (inner ring): (0) simple, single
row of round pores; (1) reticulated network of large
polygonal pores; (2) several cells, especially those
along anterior margin, with a reticulate appearance,
reticulations not extending to lightly pigmented ar-
eas inside ring; (3) more pronounced reticulation,
extending onto the lightly pigmented area inside
ring.

51. Multilocular disc pores and/or tubular ducts: (0) pre-
sent together in groups; (1) not in groups, if both
present, then pores and ducts separate.

Additional characters

52. Ventral oral rim tubular ducts: (0) present; (1) ab-
sent.

53. Ventral multilocular disc pores and oral collar tubu-
lar duct present together in a cluster anterior to ante-
rior spiracle: (0) absent; (1) present.

54. Enlarged tubular ducts on margin of dorsum: (0) ab-
sent; (1) present.

55. Labium basal segment: (0) with two setae; (1) with
three setae.

56. Macrotubular ducts: (0) absent; (1) present.

57. Anal ring spinules: (0) setose; (1) dome-shaped.

Following the analyses, the morphological characters
diagnosing each clade were studied and further charac-
ters were identified which appeared to be apomorphic
for particular clades (see under each section below).

3. Results

3.1. Molecular alignment

The alignment obtained from the molecular analysis
comprised 1250 characters, of which 400 were from the
COI dataset and 850 from 28S (Fasta files in the elec-
tronic supplement: Files 1-3).

3.2. Phylogenetic trees

The maximum-likelihood tree (ML) recovered from
the analysis of the COI and 28S data is presented in Fig. 1,
with posterior probabilities (PP) values above each node.
The morphological character matrix is presented in
Table 2. The Bayesian analysis results support the re-
sults from the combined molecular and morphological
data analysis.

We obtained two principal clades within Pseudococ-
cidae from our Palaearctic samples, which we equate to
the Pseudococcinae and the Phenacoccinae, each with
strong support (99.9%). We also obtained strong support
for the division of the Pseudococcinae into three tribes
(Planococcini, Trabutinini and Pseudococcini).

3.2.1. Phenacoccinae

The apomorphic morphological character states that di-
agnose the adult females of this subfamily are: (i) tarsal
digitules setose “(18-0); (ii) claws with a denticle “(16-
0)”; (iii) presence of quinquelocular pores “(20-0); (iv)
antennae usually nine-segmented “(1-1)”; (v) anal ring
with dome-shaped spinules in outer ring “(57-1)”, and
(vi) spine-like setae on dorsum “(41-1)” (Fig. 2). Our
results strongly suggest that the genus Phenacoccus is
not monophyletic, as its species are currently included in
three of the main clades. Within the Phenacoccinae, we
recognise six clades (Clades A—F in Fig. 1), all but two
with Bayesian values greater than 95%.

Clade F includes two subclades, of which one has Ar-
temicoccus bispinus (Fig. 3), Coccidohystrix samui and
Pararhodonia amena (Fig. 4), all of which share the ab-
sence of dorsal ostioles “(32-2)”, and which are sister to
3 Peliococcus species (with 6 specimens), all of which
have dorsal spinose setaec with an associated trilocular
pore at their base (Fig. 1D). The species in this clade tend
to be found on xerophilous plants and are widespread on
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Phenacoccus incertus
Phenacoccus abditus
Longicoccus clarus
Phenacoccus phenacoccoides
Phenacoccus evelinae
Heterobrevennia kozari
Heterococcus nudus
Euripersia tomlinii
Euripersia europaea
Euripersia europaea
Peliococcopsis priesneri
Pelionella sp.

Pelionella glanduliferus
Pelionella kansui
Pelionella kansui
Pelionella multipora
Phenacoccus alibotush
Mirococcus inermis
Phenacoccus aceris
Phenacoccus querculus
2.7] Phenacoccus transcaucasicus
100) Coccura comari
Coccura circumscripta
Ceroputo pilosellae

94 3= Phenacoccus pumilus
100 Phenacoccus tergrigorianae
48.0 Phenacoccus tergrigorianae
Phenacoccus emansor

Phenacoccus sp.
Phenacoccus nurmamatovi
Phenacoccus sp.
Phenacoccus chatakicus
Phenacoccus strigosus
Heterobrevennia gullanae
Phenacoccus kareliniae
Phenacoccus hordei
.Phenacoccus specificus
Phenacoccus sp.
Peliococcus chersonensis
Peliococcus chersonensis
Peliococcus chersonensis
Peliococcus turanicus
Peliococcus turanicus
Peliococcus latitubulatus
Artemicoccus bispinus
Pararhodania armena
Coccidohystrix samui
Atrococcus saxatilis
Atrococcus saxatilis
Atrococcus achilleae
Atrococcus paludinus
Atrococcus arakelianae
Atrococcus achilleae
Trionymus artemisiarum
Trionymus artemisiarum
Trabutina crassispinosa
Trabutina crassispinosa
Mirococcapsis multicirculus
New genus_MBK239
Fonscolombia tshadaevae
Antonina evelynae
Antonina graminis
Crisicoccus matesovae
Neotrionymus monstatus
Volvicoccus volvifer
Volvicoccus volvifer
Trionymus perrisii
Trionymus perrisii
Trionymus aberrans
Pseudococcus comstocki
Pseudococcus cryplus
Mirococcopsis ammophila
Trionymus multivorus
Pseudococcus viburni
Pseudococcus viburni
Chorizococcus malabadiensis
Planococcus ficus
Planococcus ficus
Planococcus ficus
Planococcus citri
Planococcus vovae

— Chaetococcus phragmitis
L — Spilococcus vashlovanicus

92 Puto superbus
Putoidae |”_“|_|: Puto superbus
‘°°| Puto megriensis
M Puto israelensi:
100 Ripersiella parva
N — Ripersiella sp.
Acanthococcus aceris

3.0

Phenococcinae

=
S

Trabutini

s

100

—

100

Pseudococcinae

o
S

Rhizoecidae

Fig. 1. Palaearctic pseudococcid phylogeny based on 28S and COI
gene regions plus morphological characters, with three species of
Putoidae, two species of Rhizoecidae and Acanthococcus aceris
(Acanthococcidae) as outgroup taxa. Figures above nodes refer to
posterior probabilities (PP).
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steppe flora. This clade is sister to the remaining Phena-
coccinae.

The remaining Phenacoccinae fall into two main
clades: clade E and the group of subclades A—D. Clade E
includes 12 species of Phenacoccus plus Heterobreven-
nia gullanae, all of which share: (i) spine-like setae on
the intersegmental membranes between antennal seg-
ments VI and VII “(3-0)” (Fig. 5), and (ii) multilocular
disc pores on the dorsum. Further work is needed to
clarify differences between the species in this clade and
those in clades A—D, including the possible transfer of H.
gullanae to whatever taxon is formed from the species in
clade E.

Clade A has four Phenacoccus species plus Longicoc-
cus clarus and Heterobrevennia kozari, all of which
share: (i) “dome-shaped” setae on the intersegmental
membranes between antennal segments VI and VII (Fig.
6), and (ii) a reduced number of pores in the anal ring
(generally with an inner ring of pores and an outer ring of
spinules: Fig. 7).

Clade C contains the genus Pelionella Kaydan (Kay-
DpAN 2015), with the following combination of charac-
ters: (i) multilocular disc pores each with two rings of
loculi, in clusters on dorsum, differing from those on
venter which have only a single ring of loculi; (ii) dorsal
setae spine-like, each lacking trilocular pores near their
base, and thus differing from cerarian setae; (iii) a cir-
culus on abdominal segment III “(25-1)” (rather than in
the intersegmental membrane between III and IV); and
(iv) multilocular disc-pore clusters with dorsal oral collar
tubular ducts of one or two sizes, each cluster with the
smallest ducts in the centre and the larger ducts among
the disc pores towards the outside (Fig. 8).

Clade D includes three Phenacoccus species (namely
P. aceris (the type species of Phenacoccus), P. querculus
and P, transcaucasicus), two Coccura species and Cero-
puto pilosellae, all of which have similarly-shaped, wide
circuli (sometimes more than one), which perhaps pro-
vide good attachment to their hosts (Fig. 9). The three
Phenacoccus species are found on Rosaceae, Fagaceae,
Oleaceae, etc and are regarded as wood feeding spe-
cies. It is clear from this study that Phenacoccus is not
monophyletic because there are several species groups
within the genus. The generic concept of Phenacoccus,
therefore, needs further study. Although the two Coccura
spp. and Ceroputo pilosellae are placed in the Clade D,
it is clear that these species do not belong to Phenacoc-
cus sensu stricto. It is here considered that their presence
in Clade D is due to lack of sampling and therefore that
their separation will be clear when further taxa are stud-
ied.

Thus, the genera which fell within the Phenacoccinae
in our study are Artemicoccus Balachowsky, Ceroputo
Sule, Coccidohystrix Lindinger, Coccura Sulc, Euriper-
sia Borchsenius, Heterococcus Ferris, Heterobrevennia
Kaydan, Longicoccus Danzig, Mirococcus Borchsenius,
Pararhodania Ter-Grigorian, Peliococcus Borchsenius,
Peliococcopsis Borchsenius, Pelionella Kaydan and
Phenacoccus Cockerell.
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Table 2. Character matrix of material examined.

Species name

000000000111111111122222222223333333333444444444455555555
123456789012345678901234567890123456789012345678901234567

Antonina evelynae 12-1-0111102----0-01000-31010001-00011-111100102001100100
Antonina graminis 12-1-0111102----0-01000-31010001-00011-111100102001100100
Artemicoccus bispinus 22111011110101000010000-300000020221123111100400001100101
Atrococcus achilleae 22111011110110110101000-300000001310111000100200001010100
Atrococcus arakelianae 22111011110110110101000-300000001310111000100200001010100
Atrococcus paludinus 22111011110110110101000-300000001310111000100200001010100
Atrococcus saxatilis 22111011110110110101000-300000001310011000100200001010100
Ceroputo pilosellae 122110111101110000100001200000000121112111100400001100101
Chaetococcus phragmitis 42-1-0111102----0-41000-31010002-00011-110100100001100100
Chorizacoccus malabadiensis 221110111101105101110001200000001310001001100200001000100
Coccidohystrix samui 22111011110101000010000-300000020221123111100400001100101
Coccura circumscripta 121120111101110000100001000000001410110111100100101100101
Coccura comari 121120111101110000110001100000001110120111100100001100101
Crisicoccus matesovae 221110111101101101110001200000001310010001100100001100100
Fonscolombia tshadaevae 32111011110111010111000-300000001000113001100400001100101
Euripersia europaea 42111011110111000010000-300000001410110111100000001100101
Euripersia tomlinii 321120111101110000100001000000001310110001100100001100101
Heterobrevennia gullanae 12111011110110400010000-300000001310110100000100001100101
Heterococcus kozari 121110111101110000010001200000001310120110000100000100101
Heterococcus nudus 12111011110110400000000-300000001410110110010100001100101
Longicoccus clarus 12211011110110600011000-300000001000110011100100101100101
Miracoccopsis ammophila 42111011110111010101000-300000001000110010100000001100101
Miracaoccopsis multicirculus 421110111101101101110001000000001410110001100200001100100
Mirococcus inermis 121110111101104000000001200000001000110000100100101100101
New Genus MBK239 42111011110111010101000-300000001000110010100200001100101
Neotrionymus monstatus 221100111101101101010001010000001010100000100100000100100
Pararhodania armena 22111011110101000010000-300000020221123111100400001100101
Peliococcopsis priesneri 12111011110110400030000-300001001310110110000100000100101
Peliococcus chersonensis 121110111101110000000101200000001111110110100100000100101
Peliococcus chersonensis 121110111101110000000101200000001111110110100100000100101
Pelionella kansui 121110111101110000110001200000001210110110100100000100101
Peliococcus multipora 121110111101110000110001200000001310111110100100000100101
Pelionella sp. 121110111101110000100001200000001110111110100100000100101
Pelionella glanduliferus 121110111101110000100001200000001110111110100100000100101
Peliococcus turanicus 121110111101110000010001200000001211100110100100000100101
Phenacoccus abditus 12111011110110100010000-300000001310110111100100001100101
Phenacoccus aceris 121110111101110000100002000000001110111111100100001100101
Phenacoccus alibotush 121110111101110000100001200000001210111111100100001100101
Phenacoccus chatakicus 12111011110111000000000-300000001310110110100100001100100
Phenacoccus emansor 12111011110110500011000-300000001310110110100100001100101
Phenacoccus evelinae 121110111101110000110001200000001310111111100100001100101
Phenacoccus hordei 12111011110110400010000-300000001210110110100100001100101
Phenacoccus incertus 12111011110111000011000-300000001310110111100100001100101
Phenacoccus kareliniae 121110111101110000100001200000001110110110100100001100101
Phenacoccus nurmamatovi 12111011110111000000000-300000001310110110100100001100100
Phenacoccus phenacoccoides 22111011110110500011000-300000001310110111100100001100101
Phenacoccus pumilus 12111011110111000011000-300000001310110110100100001100101
Phenacoccus querculus 121110111101103000100002200000001120101111100100001100101
Phenacoccus sp. 12111011110110400010000-300000001210110110100100001100101
Phenacoccus specificus 12111011110111000000000-300000001110111110100100001100101
Phenacoccus strigosus 121110111101110000100001200000001111111111100100001100101
Phenacoccus tergrigorianae 12111011110111000011000-300000001310110110100100001100101
Phenacoccus transcaucasicus 122110111101110000100002200000001110111111100100001100101
Planacoccus citri 221110111101101101310001201000000110001001100100001100100
Planococcus ficus 221110111101101101010001201000001110001001100100001100100
Planococcus vovae 221110111101101101110001200000001110001001100100001100100
Pseudococcus comstocki 221110111101106101010001200000000210002001100210001000100
Pseudococcus cryptus 221110111101106101110001200000000210002001100200001000100
Pseudococcus viburni 221110111101104101310001200000000210012001100210001100100
Spilococcus vashlovanicus 221110111101103101110001200000001410002001100200001000100
Trabutina crassispinosa 42111011110110110131010-300000001000103110100101001100100
Trionymus aberrans 221110111101101101110101200000001410012000100100001100100
Trionymus artemisiarum 32112011110110110111000-300000001310110001100100001100100
Trionymus multivorus 221110111101110101110001100000001310012000100100001100100
Trionymus perrisii 221110111101101101110101200000001410012000100100001100100
Volvicoccus volvifer 32112011110110110111010-30000001100011-000100000101100102
FPuto israelensis 120110111101010000100002200000000521112111100400001100101
Puto megriensis 120110111101110000100101200000000521112111100400001100101
FPuto superbus 120110111101110000100101200000000521112111100400001100101
Ripersiella parva 42101111111111011011011010000000-00011-000101100311100100
FRipersiella sp. 42101111111111011011011010000000-00011-000101100311100100
Acanthococcus aceris 3211-011110110100121011-3000000000-011-101110400101101012
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3.2.2. Pseudococcinae

The apomorphic morphological character states that ap-
pear to diagnose the adult females of this subfamily are:
(i) all tarsal digitules apically knobbed “(18-1)”; (ii) claws
without a denticle “(16-1)”; (iii) quinquelocular pores ab-
sent “(20-1)”; (iv) antennae generally with eight or fewer
segments “(1-2,3,4)”; (v) anal ring with setose-like spi-
nules “(57-1)”, and (vi) hair-like dorsal setae “(40-0)”
(Fig. 10). As in the Phenacoccinae, some genera appear to
be non-monophyletic, particularly Trionymus, species of
which occur in two main clades, but also Pseudococcus
Westwood which has species in two separate subclades.
In this study, the Pseudococcinae were divided into eight
clades (clades G—L, Fig. 1).

The Trabutinini are considered to be represented by
the species in clades G + H, and includes the genera An-
tonina Signoret, Atrococcus Goux, Crisicoccus Ferris,
Fonscolombia Lichtenstein, Mirococcopsis Borchse-
nius, Neotrionymus Borchsenius, Trabutina Marchal
and Volvicoccus (Goux). This group is diagnosed by the
following character states: (i) their blue-black colour
both when alive and especially when in KOH, and (ii)
tubular ducts of rather variable size but with a distinctly
sclerotized structure (sclerotized collar or rim, or with a
sclerotized inner part) “(46-0)” (Fig. 11). The five species
of Atrococcus (A. saxatilis with two specimens) in clade
G all have oral rim ducts “(46-2)” (Fig. 11a) and form
a well-supported monophyletic clade (99.9%). Clade G
also contains Trionymus artemisiarum, the only Triony-
mus species in this clade. Unlike most other Trionymus
species (which are in clade I, Figs. 13, 14), T. artemisiar-
um (Fig. 12) has: (i) oral collar ducts with a sclerotized
inner end to the duct; (ii) fewer setae on the hind tibia (a
total of nine on 7. artemisiarum; 12 on T. perrisii: Fig. 13;
20—-22 on T. multivorus: Fig. 14) and (iii) T_ artemisiarum
also has a different placement and number of coeloconic
sensilla on each antenna (i.e., two on each apical segment,
and one on segment IV, compared with two on each apical
segment, and one on both segments II and IV on T. multi-
vorus and T. perrisii) (Figs. 12, 13, 14).

Clade I is considered to equate to the Pseudococcini,
and here includes three species of Trionymus, three spe-
cies of Pseudococcus plus Mirococcopsis ammophila.
These species share the following character states: (i)
each anal lobe cerarius with a large number of trilocular
pores, hair-like setae and simple discoidal pores “(38-0),
(39-2)”; (i) dorsal setae similar to those on the venter, all
hair-like/setose; and (generally) (iii) tubular ducts with
associated discoidal pores. In addition to Trionymus and
Pseudococcus spp., DowNIE & GuLLAN (2004) and Har-
Dy et al. (2008) also included some Dysmicoccus Ferris
species in the Pseudococcini (D. brevipes (Cockerell), D.
neobrevipes Beardsley, D. boninsis (Kuwana) and Dys-
micoccus sp.). Their tribal diagnosis was “adult females
.... with 16 or 17 pairs of cerarii with auxiliary setae” (and
this also applies to all species included in our clade I). No
Dysmicoccus were available in our study although a few
species do occur in the Palaearctic. The three Pseudococ-
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Fig. 2. Diagnostic features of adult females of Phenacoccinae: (A)
nine-segmented antennae, (B) legs (tarsal digitules setose; claw
with denticle); (C) presence of quinquelocular pores; (D) dorsal
setae spine-like; (E) anal ring with an outer ring of dome-shaped
spinules.

cus species included in this study occur in two separate
subclades, i.e., P. viburni in one subclade, diagnosed by
the presence of simple pores next to the eyes, and P. cryp-
tus and P. comstocki in another subclade that lacks simple
pores next to the eye (WiLLiams 2004).

Clade J contains only Chorizococcus malabadiensis
Kaydan (described recently by Kaypan et al. 2014; Fig.
15), diagnosed by the following combination of charac-
ter states: (i) oral rim ducts on both dorsum and venter
“(46-2)”; (i) translucent pores present on hind femur and
tibia “(14-0)”, and (iii) cerarii restricted to the last two
abdominal segments “(34-3)”. In the Palaearctic region,
Chorizococcus species share the presence of oral rim
tubular ducts with Atrococcus, Spilococcus Ferris and
Pseudococcus. However, of these four genera, only Atro-
coccus 1s believed to be restricted to the Palaearctic, the
other three genera (Chorizococcus, Pseudococcus and
Spilococcus) are thought to have originated from else-
where. These four genera occur in separate clades in our
analysis and further studies are needed to resolve their
generic position.

Clade K equates to the tribe Planococcini, which
is here monophyletic and well supported (100%). The
tribe is well characterized in having: (i) an anal lobe bar
“(27-1)”; (ii) 18 pairs of marginal cerarii “(34-1)”, and
(iii) slightly flagellate cerarian setae (Cox 1989; DaNzIG
& GavriLov-ZIMIN 2010). In our study, the Planococcini
clade included only Planococcus species.

Thus, the genera that fall within the Pseudococcinae
in our study are Antonina Signoret, Atrococcus Goux,
Chaetococcus Maskell, Chorizococcus McKenzie, Cri-
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Fig. 3. Artemicoccus bispinus (Borchsenius), paratype, female, original (after DanziG et al. 2012) (Note: absence of dorsal ostioles).
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Fig. 4. Pararhodania armena Ter-Grigorian (after Kaypan & KozAr 2010) (Note: absence of dorsal ostioles, presence of a large denticle
on the claw, reduced antennae and an anal ring with dome-shaped spinules).
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Fig. 5. Antennae of (A) Phenacoccus nurmamatovi Bazarov and
(B) Phenacoccus specificus Matesova showing the spine-like setae
on membrane between segments VI and VII.

Fig. 6. Antennae of (A) Phenacoccus incertus (Kiritshenko), (B)
Phenacoccus phenacoccoides (Kiritchenko), (C) Longicoccus cla-

rus (Borchsenius) and (D) Heterobrevennia kozari Kaydan show-
ing dome-shaped setae on membrane between segments VI and
VIL

sicoccus Ferris, Fonscolombia Lichtenstein, Mirococ-
copsis Borchsenius, Neotrionymus Borchsenius, Plano-
coccus Ferris, Pseudococcus Westwood, Spilococcus
Ferris, Trabutina Marchal, Trionymus Berg and Volvicoc-
cus (Goux).

4. General discussion

Downie & GurLaN (2004) undertook the first molecular
phylogenetic study of the Pseudococcidae, using 64 spe-
cies from 35 genera, plus an aclerdid, a monophlebid and
four putoids as outgroup taxa, and recognised three major
clades which more or less equated to the Pseudococcinae,
Phenacoccinae and Rhizoecinae. However, the bounda-
ries of these clades differed from those of earlier authors,
apart from Kotesa (1974c¢). In addition, DownNie & Gut-
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Fig. 7. Anal rings of (A) Longicoccus clarus, (B) Phenacoccus

evelinae (Tereznikova), (C) Phenacoccus phenacoccoides (Kir-
itchenko) and (D) Heterobrevennia kozari Kaydan showing shape
of spinules in outer ring (Note: pores restricted to inner ring only;
outer ring composed of spinules, number of both [i.e pores and spi-
nules] reduced compared with other clades in Phenacoccinae).

LAN (2004) distinguished four Pseudococcinae subclades
which they equated to the tribes Planococcini, Trabu-
tinini, Pseudococcini and an informal Ferrisia group.
These relationships were largely poorly resolved, apart
from Rhizoecinae appearing to be sister to the other taxa.
DownNiE & GuLLan (2004) included the genera Pseu-
dococcus, Dysmicoccus, Trionymus and a few smaller
genera in the Pseudococcini; Planococcus and possibly
Planococcoides Ezzat & McConnell in the Planococcini;
Amonostherium Morrison & Morrison, Antonina, Bal-
anococcus Williams, Nipaecoccus Sulc, the non-African
species of Paracoccus Ezzat & McConnell, plus a few
other genera in Trabutinini, and Ferrisia Fullaway and
Anisococcus Ferris in the Ferrisia group. They consid-
ered that Antonina and Chaetococcus Maskell were not
sister taxa and therefore that the Sphaerococcinae either
did not exist or was paraphyletic. In addition, in DowNIE
and GurLan’s study, the Phenacoccinae contained just
Phenacoccus and Heliococcus Sulc.

Harpy et al. (2008) did a further large study (as an ex-
tension of that of DownNIE & GuLLAN 2004) that included
a further 33 species from 27 genera, giving a total of 97
species in 35 genera and, in addition to analysing molec-
ular data, they added a morphological data matrix based
on adult females, adult males and first-instar nymphs.
Their results basically agreed with those of DowNIE &
GuLLAN (2004) except that the Rhizoecinae fell within
the subfamily Phenacoccinae. However, more recently,
HobaGson (2012) compared the morphology of the adult
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Fig. 8. Pelionella glanduliferus (Borchsenius) (after Danzig 2001, with modifications) (Note: (i) dorsal multilocular disc pores, each with
two rings of loculi, in clusters; (ii) ventral multilocular disc-pores with only a single ring of loculi; (iii) spine-like dorsal setae, each lack-
ing trilocular pores near their base; (iv) a circulus apparently on abdominal segment III; and (v) oral collar tubular ducts of two sizes on

dorsum).
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Fig. 9. Phenacoccus aceris (Signoret), original (Note: presence of three circuli, one unusually large).
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Fig. 10. Diagnostic features of adult female Pseudococcinae: (A)
antennae with eight or fewer segments; (B) anal ring with setose-
like spinules; (C) legs with knobbed tarsal digitules and claws
without a denticle; and (D) dorsal setae hair-like.

e
i

Fig. 11. Tubular ducts as found in three pseudococcid genera:
(A,B) Atrococcus; (C) Volvicoccus, and (D,E) Trabutina.
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males of the rhizoecine, phenacoccine and pseudococcine
mealybugs and concluded that the hypogaeic mealybugs
formed a separate family, Rhizoecidae Williams, sister to
the Pseudococcidae. Examples of the Rhizoecidae were
therefore included as outgroup taxa in our analysis.

Earlier, Cook et al. (2002) and GurLan & Cook
(2007) had undertaken a molecular study of most fami-
lies in the Coccoidea and concluded that Pufo was not
a neococcoid but might be sister to or part of a sister
group to the neococcoids. Although this conclusion has
not been accepted by all authors (e.g., GAVRILOV-ZIMIN &
Danzic 2012; Danzic & GavriLov-ZIMIN 2014), Puto has
been shown to have eubacterial endosymbionts in differ-
ent genera from those of the Pseudococcidae (BUuCHNER
1965; TreEmBLAY 1989), and the Putoidae was recognised
by Hopason & FoLbi (2006) based on adult male charac-
ters. Since then, WiLLIAMms et al. (2011) have reviewed the
taxonomic history of Puto and concluded that Putoidae
Tang is a valid family. Moreover, WiLLiAMms et al. (2011)
considered that Ceroputo was not a putoid but belonged
to the Phenacoccinae, supporting the observations of
several earlier workers (e.g., KoTeja 1974b; TanG 1992;
Harpy et al. 2008). Thus, the “mealybugs” are currently
considered to include two families: Rhizoecidaec Wil-
liams and Pseudococcidae Westwood.

These two previous studies (DowNIE & GULLAN 2004;
Harpy et al. 2008) had included mainly species from the
Holarctic and Australasia, whereas our analysis used spe-
cies collected entirely within the western Palaearctic. Of
the 61 pseudococcoid species (81 specimens) used in the
present analysis, only seven had been included in the ear-
lier studies. Nonetheless, our results have much in com-
mon.

The present analysis produced a well-supported tree,
with about 65% of all internal nodes with Bayesian sup-
port greater than 90% (and with 44% of nodes greater
than 95%). This proportion is slightly less than obtained
by Harby et al. (2008). On the other hand, both of the
earlier studies had constructed two major clades, which
they equated to the subfamilies Phenacoccinae and Pseu-
dococcinae and our analysis produced 100% support for
the monophyly of both subfamilies. This division was
also recently supported by an analysis of adult male mor-
phology (HopGson & Harpy 2013). Within the Phena-
coccinae, we obtained at least three well-supported clad-
es, one (clade F) with several Peliococcus species, one
(clade E) with mainly Phenacoccus species (although
Phenacoccus appeared to be non-monophyletic) and a
third clade (consisting of subclades A—E) with a wide
range of genera including the recently described genus
Pelionella Kaydan. It is clear that some of the system-
atic relationships suggested by these clades need further
study. HARDY et al. (2008) provided a list of genera that
they considered belonged to the Phenacoccinae. To this
list can be added Artemicoccus Balachowsky, Heterobre-
vennia and possibly Euripersia Borchsenius. This latter
genus had been included in the Pseudococcinae by HARr-
DY et al. (2008) but the two species included in this study
clearly fall within the Phenacoccinae (but they may, of
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Fig. 12. Trionymus artemisiarum (Borchsenius) (after TER-GRIGORIAN 1973, with modifications) (Nofe: (i) oral collar ducts with a scle-

rotized inner end; (ii) only nine setae on hind tibia; and (iii) two coeloconic sensilla on apical antennal segment, plus one sensillum on
segment IV but none on segment II).
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Fig. 13. Trionymus perrisii (Signoret) (after TER-GRIGORIAN 1973 with modifications) (Nofe: (i) oral collar ducts lacking a sclerotized

inner end; (ii) a total of 12 setae on each hind tibia; and (iii) two coeloconic sensilla on each apical antenna segment, plus one on both
segments I and IV).
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Fig. 14. Trionymus multivorus (Kiritchenko) (after TER-GrIGORIAN 1973 with modifications) (Note: (i) oral collar ducts lacking a sclerotized

inner end; (ii) a total of 20—22 setae on each hind tibia; and (iii) two coeloconic sensilla on each apical antenna segment, plus one on both
segments Il and IV).
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Fig. 15. Chorizococcus malabadiensis Kaydan (after Kaypan et al. 2014) (Note: (i) oral rim ducts on dorsum and venter; (ii) translucent
pores present on hind coxa and tibia; and (iii) cerarii restricted to the last two abdominal segments).
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course, not be congeneric with E. amnicola, the type spe-
cies of Euripersia).

Within the Pseudococcinae, our analysis provides
strong support for the tribes Trabutinini (100%), Plano-
coccini (100%) and Pseudococcini (90%). The possible
characters diagnosing these tribes are discussed above.
Our study did not include any species related to Ferrisia
or to Antonina and Chaetococcus and so we can offer no
comment on the Ferrisia group of the earlier studies or
on the Sphaerococcinae. As in the previous studies, there
is much non-monophyly in many of the genera, particu-
larly Phenacoccus in the Phenacoccinae and Trionymus
and Pseudococcus in the Pseudococcinae.

Very recently, DaNziG & GavrIiLOV-ZIMIN (2014) pub-
lished a new concept of Pseudococcidae phylogeny based
on their morphological studies. Their results are very dif-
ferent from those of the present work, particularly in the
generic concepts of Atrococcus, Phenacoccus and Euri-
persia and the relationships between Chaetococcus and
Antoninia.
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File 1: kaydan&al-coccoideaphyl-asp2015-electronicsupplement-
1.fas. — Combined alignment of 28S and COI gene regions plus
morphological characters, with three species of Putoidae, two spe-
cies of Rhizoecidae and Acanthococcus aceris (Acanthococcidae)

as outgroup taxa.

File 2: kaydan&al-coccoideaphyl-asp2015-electronicsupplement-
2.txt. — Alignment (uncleaned) of 28S gene region with outgroup
taxa.

File 3: kaydan&al-coccoideaphyl-asp2015-electronicsupplement-

3.fas. — Alignment (uncleaned) of COI gene region with outgroup
taxa.
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