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Mealybugs (Coccoidea: Pseudococcidae) are sap-sucking plant parasites that harbor bacterial endosymbi-
onts within specialized organs. Previous studies have identified two subfamilies, Pseudococcinae and
Phenacoccinae, within mealybugs and determined the primary endosymbionts (P-endosymbionts) of the
Pseudococcinae to be Betaproteobacteria (“Candidatus Tremblaya princeps”) containing Gammaproteobacteria
secondary symbionts. Here, the P-endosymbionts of phenacoccine mealybugs are characterized based on 16S
rRNA from the bacteria of 20 species of phenacoccine mealybugs and four outgroup Puto species (Coccoidea:
Putoidae) and aligned to more than 100 published 16S rRNA sequences from symbiotic and free-living
bacteria. Phylogenetic analyses recovered three separate lineages of bacteria from the Phenacoccinae, and
these are considered to be the P-endosymbionts of their respective mealybug hosts, with those from (i) the
mealybug genus Rastrococcus belonging to the Bacteroidetes, (ii) the subterranean mealybugs, tribe Rhizoecini,
also within Bacteroidetes, in a clade sister to cockroach endosymbionts (Blattabacterium), and (iii) the remaining
Phenacoccinae within the Betaproteobacteria, forming a well-supported sister group to “Candidatus Tremblaya
princeps.” Names are proposed for two strongly supported lineages: “Candidatus Brownia rhizoecola” for
P-endosymbionts of Rhizoecini and “Candidatus Tremblaya phenacola” for P-endosymbionts of Phenacoccinae
excluding Rastrococcus and Rhizoecini. Rates of nucleotide substitution among lineages of Tremblaya were
inferred to be significantly faster than those of free-living Betaproteobacteria. Analyses also recovered a clade
of Gammaproteobacteria, sister to the P-endosymbiont lineage of aphids (“Candidatus Buchnera aphidicola”),
containing the endosymbionts of Putoidae, the secondary endosymbionts of pseudococcine mealybugs, and the
endosymbionts of several other insect groups.

Many insect species possess specialized cells that contain
obligate mutualist bacteria, primary endosymbionts (P-endo-
symbionts). P-endosymbionts usually show an evolutionary his-
tory of codiversification with an insect host and are thought to
be essential to the survival of host species (4, 27). Insects with
P-endosymbionts are phylogenetically and ecologically heter-
ogeneous but commonly have a nutritionally unbalanced diet.
Endosymbiotic bacteria can provide nutritional supplements to
their host, permitting exploitation of otherwise inadequate
food sources. For example, tsetse fly P-endosymbionts
(Wigglesworthia glossinidia) synthesize B vitamins that are lack-
ing in vertebrate blood (1, 3, 32, 33). Several additional exam-
ples of blood-feeding insect groups that depend upon P-endo-
symbionts are known, but the greatest diversity of
P-endosymbionts is found in insects that feed on plant sap, a
food source poor in amino acids. More than 80% of the ap-
proximately 63,000 described insect species with P-endosymbi-
onts feed on plant sap and depend on P-endosymbionts to
enrich their diet with amino acids (4, 34, 35, 45, 46).

Insect P-endosymbionts are vertically transmitted (4, 9, 43),
and in general, the relationships among the bacteria are highly
congruent with those among host taxa due to codiversification.
Diverse clades of sap-sucking insects are associated with spe-
cific P-endosymbiont lineages. Major sap-sucking groups occur
in the hemipteran suborders Auchenorrhycha (11) and Ster-
norrhyncha (18). Auchenorrhynchan bugs have codiversified
with a Bacteroidetes P-endosymbiont lineage, Sulcia muelleri,
with just a few exceptions that are interpreted as losses (28). In
addition, a few auchenorrhynchan groups, mainly the sharp-
shooters, house a second P-endosymbiont, Baumannia cicadel-
linicola (Proteobacteria), in the same bacteriome as S. muelleri
(24, 27, 28, 38). Sternorrhynchan insect groups follow the pat-
tern of old and persistent associations with P-endosymbiont
lineages but are more heterogeneous, with each of several
family level or other higher taxa characterized by unique P-
endosymbiont lineages: Aphididae hosts with Buchnera aphidi-
cola P-endosymbionts (23), Diaspididae with Uzinura diaspidi-
cola (16), Pseudococcidae with Tremblaya princeps (5, 13),
Psylloidea with Carsonella ruddii (40), and Aleyrodoidea with
Portiera aleyrodidarum (39).

Mealybugs (Pseudococcidae) are the second largest family
of scale insects (Hemiptera: Coccoidea), with ca. 2,000 identi-
fied species in more than 270 genera (http://www.sel.barc.usda
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.gov/SCALENET/classif.htm). They have a worldwide
distribution and feed on a broad range of hosts but are
concentrated in the tropics and favor grasses, legumes, and
composites (6, 12). Several mealybug species are serious pests,
especially of grapes, figs, apples, citrus, dates, bananas,
avocados, and mangos (25). Phylogenetic analyses have
identified two primary subgroups within mealybugs, the
subfamilies Pseudococcinae and Phenacoccinae (19). Munson
et al. (30) and Thao et al. (41) reported monophyly for the
mealybug P-endosymbionts, and Downie and Gullan (13)
inferred mealybug–P-endosymbiont codiversification, but these
studies included samples from only the Pseudococcinae (19).
Buchner (8, 9) observed microscopic anatomical differences
between the P-endosymbionts of mealybug genera that today are
placed in either Pseudococcinae or Phenacoccinae and also
considerable variation among phenacoccine species. Hardy et al.
(19) hypothesized that a bacteriome containing Tremblaya P-
endosymbionts is a synapomorphy (shared feature due to
common ancestry) of the Pseudococcinae and that a bacteriome
with Tremblaya P-endosymbionts containing Gamma-
proteobacteria S-endosymbionts (44) is a synapomorphy of the
Pseudococcinae, excluding Maconellicoccus and the Ferrisia group
. Here, we estimate relationships among 16S rRNA sequences
from the bacterial endosymbionts of Phenacoccinae and other
insects, as well as some free-living bacteria.

MATERIALS AND METHODS

Nomenclature. Most symbiotic bacteria of insects cannot be named formally
because the difficulty of culturing them outside their host means that character-
istics required for description according to the Bacteriological Code 1990 Revi-
sion (22) are not known. Instead, they are given names in the category “Candi-
datus” (22, 27). For example, the P-endosymbiont of Pseudococcinae should be
referred to as “Candidatus Tremblaya princeps.” However, most authors drop
the “Candidatus” part of the name and italicize the genus and species name (e.g.,
Tremblaya princeps), which is a practice that we have followed in this paper.

Taxon sampling. The data set included 140 sequences, of which 27 were
bacterial sequences from 23 species of Phenacoccinae and Putoidae. Puto, the
only genus in Putoidae, once was included in Pseudococcidae but now is recog-
nized as a distantly related group (10, 17). One host insect (Puto albicans) is
represented by three different bacterial sequences. The Phenacoccinae and Pu-
toidae sequences resulted from direct sequencing and cloning of PCR products
obtained using general bacterial primers. Voucher specimens of the insects from
which the bacterial DNA was extracted are deposited in the Bohart Museum of
Entomology, University of California, Davis, and voucher numbers for new data
and GenBank (7) accession numbers for all sequences are given in Table S2 at
http://bio.bd.psu.edu/gruwell/supplemental/.

The remaining 113 samples (see Table S2 at http://bio.bd.psu.edu/gruwell
/supplemental/) were included to help identify bacteria associated with species of

Phenacoccinae and Putoidae. These data include 16S rRNA sequences from all
known groups of scale insect endosymbionts (15, 16, 41), a diversity of other
insect endosymbionts, and various free-living bacteria.

DNA extraction and gene amplification. All genomic DNA samples of
Phenacoccinae and Putoidae were the same as those used by Hardy et al. (19).
Sequences of 16S rRNA were amplified with two sets of general PCR primers,
8fBAC-1492BAC and 16SA1-16SB1, which cover almost the entire gene (ca.
1,200 bp). Two PCR protocols were used: a standard three-step PCR protocol
with a 52°C annealing temperature, and the EFTD touchdown protocol of
Moulton and Wiegmann (29). If initial amplifications did not produce bands that
could be sequenced, reamplifications were done using PCR products as the DNA
template and the internal primers S30Buch and a1271Diasp (15, 16). Internal
primers were used for double coverage in sequencing: TremINTF, TremINTR
(Tremblaya-like bacteria), RhizINTF, RhizINTR (bacteria from Rhizoecini),
RastINTF, RastINTR (bacteria from Rastrococcus), and S688DIASP (designed
from Uzinura diaspidicola, the primary symbiont of armored scale insects). All
primer sequences are given in Table 1.

Each PCR was run with a total volume of 25 �l made up of 13 �l double-
distilled water (ddH2O), 2 �l 50 mM MgCl2, 3 �l 10� buffer, 2.5 �l of 10 mM
deoxynucleoside triphosphate (dNTP), 2.5 �l loading dye, 1 �l each primer (10
pmol/�l), 0.1 �l Taq polymerase, and 1 �l of genomic DNA. Each PCR was run
with negative controls. Reactions were confirmed as successful using agarose gel
electrophoresis and sent to the High Throughput Genomics Unit (Seattle, WA)
for cleaning and DNA sequencing.

The samples PG48, NH12, NH59, PG96, and NH57 were cloned using a
TOPO One Shot cloning kit (Invitrogen Corp.) and sequenced with M13 forward
and reverse primers. The samples were chosen for cloning to obtain coverage
across the Phenacoccinae and Putoidae. Only PG48 returned multiple distinct
sequences during cloning.

Sequences and alignment. Sequences were edited, assembled, and proofread
in Sequencher 4.2 (GeneCodes Corp., 2003). Sequences were aligned using
MAFFT (version 6), with default parameter values under the E-INS-i strategy
that is optimized for sequences with multiple conserved domains and long gaps.
The alignment was edited by eye, and ambiguous regions were excluded using
MacClade (version 4.08; Sinauer Associates).

Phylogenetic analysis. Phylogenies were estimated using maximum likelihood
(ML), maximum parsimony, and Bayesian methods via the Cipres Portal (http:
//www.phylo.org/). Bayesian analyses were run in MrBayes 3.04b (21) using a
general time-reversible (GTR) model with gamma-distributed among-site rate
variation, as selected by MrModeltest (version 2; distributed by J. A. A.
Nylander, Evolutionary Biology Centre, Uppsala University). Two runs of
10,000,000 generations were completed. Burn-in (250,000 generations) was de-
termined by visual inspection of a graph of likelihood values. Trees sampled
before burn-in were discarded using Mesquite (version 2.6; http:
//mesquiteproject.org). RAxML (37) ML searches consisted of 1,500 bootstrap
pseudoreplicates under GTR with CAT approximation of gamma-distributed
among-site rate variation. Every fifth bootstrap tree was used as a starting tree
for ML inferences on the original alignment under GTR � �. Parsimony runs
were completed under Fitch optimization using heuristic searches implemented
with a ratchet algorithm (31) in PAUP* (version 4.0b10; Sinauer Associates,
Sunderland, MA) as a batch file in PAUPRAT (version 1; distributed by D. S.
Sikes and P. O. Lewis, Department of Ecology and Evolutionary Biology, Uni-
versity of Connecticut, Storrs, CT). For each of 2,500 iterations, 20% of charac-
ters were reweighted. Trees were filtered for length and duplication.

TABLE 1. Primers designed for 16S rRNA gene sequences from bacteriaa

Primer name Description Sequence

8FBAC Universal bacteria AGAGTTTGATCCTGGCTCAG
1492RBac Universal bacteria GGTTACCTTGTTACGACTT
S30 Buch16S Universal bacteria GGCGGCAAGCCTAACACATGCAAGTCG
A1446 Buch16S Universal bacteria CTCCCATGGTGTGACGGGCGGTGTG
s688DIASP Universal bacteria GGAATGTATGGTGTAGCGGTGAAATGC
TremintF Tremblaya internal CTACTGCCAGCAGCAGCCGCGG
TremintR Tremblaya internal CCGCGGCTGCTGCTGGCAGTAG
RHIZINTF Brownia internal GCAAACAGGATTAGATACCCTGG
RHIZINTR Brownia internal CCAGGGTATCTAATCCTGTTTGC
RastintF Rastrococcus internal GCCGTAAACGAATGATCACTAG
RastintR Rastrococcus internal CTAGTGATCATTCGTTTACGGC

a Universal primers were used for amplification, and internal primers were used for sequencing.
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Estimated branch lengths among samples of Tremblaya were conspicuously
greater than those among closely related free-living lineages of Betaproteobacte-
ria. To test if the rate of 16S rRNA evolution was significantly different between
Tremblaya and its free-living sister group, we compared two molecular clock
models: a null 1-rate model and an alternative 2-rate model in which Tremblaya
and its sister group were each assigned a unique rate (as in reference 36). A
rooted ML topology was inferred from an alignment of Betaproteobacteria 16S
rRNA sequences with RAxML (detailed phylogenetic tree available; see Fig. S1
posted at http://bio.bd.psu.edu/gruwell/supplemental) (37). The RAxML analysis
consisted of 500 bootstrap replicates under GTR � CAT, with every fifth boot-
strap tree used as a starting tree for more thorough optimization under GTR �
�. We used the baseml module of PAML 4.2b (47) to estimate branch lengths
under HKY � � and to calculate the likelihoods of the null and alternative clock
models. We evaluated the difference between the likelihoods of our clock models
with a likelihood ratio test (14).

Assigning P-endosymbiont status. It was unclear that the amplified 16S rRNA
sequences were from bacteria occurring within the host bacteriome. Direct
assessment of endosymbiotic properties of bacteria was not undertaken. Endo-
symbiont status was allocated to bacterial sequences on the basis of three criteria:
(i) relationships among P-endosymbiont sequences should reflect those of their
hosts, (ii) P-endosymbiont lineages should be related to other known P-endo-
symbiont lineages, and (iii) it should be possible to amplify P-endosymbiont
sequences consistently from closely related specimens. These premises assume
that (i) P-endosymbionts are vertically transmitted, (ii) the likelihood of a host’s
successful acquisition of an endosymbiont increases if the candidate bacterium is
already an endosymbiont, and (iii) P-endosymbionts are always present in the
host bacteriome.

RESULTS

P-symbiont identities. Three groups of bacteria were recov-
ered from phenacoccine mealybugs (Fig. 1), as detailed in the
next three paragraphs.

Bacterial sequences from the Phenacoccinae, excluding
Rastrococcus and the Rhizoecini, belonged within the Be-
taproteobacteria, as sister to Tremblaya princeps, the pseudo-
coccine endosymbiont lineage (bootstrap support [BS] �
100; posterior probabilities [PP] � 100). Relationships
inferred among these bacterial sequences reflected those
inferred among their hosts (19). We propose the designation
“Candidatus Tremblaya phenacola” for the P-endosymbiont
of mealybug species in the Phenacoccinae, excluding Ras-
trococcus and Rhizoecini. This lineage has unique sequences
at the following 16S rRNA sites that distinguish it from
Tremblaya princeps (homologous to the Escherichia coli po-
sitions): positions 466 to 469 are AATT (ACCA in T. prin-
ceps), 817 is G (C in T. princeps), 831 is A (G in T. princeps),
848 and 849 are TT (AA in T. princeps), and 1257 to 1261
are AGTT (GGTC in T. princeps).

Bacterial sequences from the mealybug tribe Rhizoecini
were recovered as a clade within Bacteroidetes. A sister rela-
tionship with cockroach endosymbionts (Blattabacterium) was
weakly supported. We propose the designation “Candidatus
Brownia rhizoecola” for the P-endosymbiont of mealybug spe-
cies in the tribe Rhizoecini. The genus name is in honor of
Spencer W. Brown, who was a pioneer of scale insect cytoge-
netics, and the species name is in reference to the host taxon.
This bacterial lineage has sequences that differ from its sister
taxon Blattabacterium at the following loci, which correlate to
the E. coli positions of 16S rRNA: positions 729 to 736 are
GGCAAGCT (AGCAGGT in Blattabacterium), 1037 to 1048
are AACGCAAG (AGTACAAG in Blattabacterium), 1117 to
1121 are GTCG (ATTG in Blattabacterium), and 1138 to 1140
are GCT (GTC in Blattabacterium).

Bacterial sequences from the genus Rastrococcus were re-

covered within Bacteroidetes, in a clade containing a bacterial
sequence from Cryptococcus ulmi (Eriococcidae) (15). Strong
support (BS � 76; PP � 100) was discovered for a sister rela-
tionship between this clade and a group of symbiont sequences
from two other scale insect families (Monophlebidae and Dias-
pididae). In this case, relationships among the bacteria do not
mirror those among hosts. Therefore, we do not propose a name
for this putative P-endosymbiont of Rastrococcus.

Most sequences from species of Putoidae were recovered
from within the Gammaproteobacteria, in a weakly supported
group comprised of symbiont sequences from Tetropium cas-
taneum (Cerambycidae) (S. Gruenwald, unpublished data),
Sitophilus oryzae (Dryophthoridae) (20), Glossina austeni (the
symbiont Wigglesworthia glossinidia) (2), Paromenia isabellina
(the symbiont Baumannia cicadellinicola) (38), and Pseudococ-
cinae mealybugs (secondary symbionts) (41). Sequences from a
psyllid secondary symbiont (Arsenophonus) (40, 42) and an
uncharacterized soft scale (Coccidae) symbiont were sisters to
this group with weak support. Monophyly was not identified
for the putoid-associated bacterial sequences within this group.
One sequence from Puto albicans was quite distantly related; it
was recovered as sister to a Spiroplasma (Mollicutes) lineage
from Drosophila with an unknown function.

Rate differences. A significant difference (P � 0.0001) in the
rate of 16S rRNA evolution between Tremblaya lineages and
free-living Betaproteobacteria was inferred from comparison of
the null 1-rate clock model (log likelihood score [lnL] �
�10,007.11) to an alternative 2-rate model (lnL � �9,942.20)
in which the rates of Tremblaya and its sister group were
independent. The estimated local clock rate for Tremblaya was
more than 7-fold faster than that of the included free-living
Betaproteobacteria.

DISCUSSION

Sap-sucking insect lineages have had relationships with P-
endosymbionts characterized by persistence and stability.
Nearly all of Auchenorrhyncha share a P-endosymbiont in
Sulcia muelleri, and three of four Sternorrhyncha superfamilies
are each thought to have a single lineage of P-endosymbiont.
In contrast, among scale insects (Coccoidea), mealybugs alone
have three distantly related P-endosymbiont lineages.

Contrary to the hypothesis of Hardy et al. (19) that Tremblaya
P-endosymbionts were a synapomorphy of the Pseudococcinae,
many species in the Phenacoccinae also possess Tremblaya P-
endosymbionts. It is the specific lineage of Tremblaya princeps that
is synapomorphic of the Pseudococcinae, with Tremblaya
phenacola occurring in all Phenacoccinae mealybugs other than
Rastrococcus and the Rhizoecini. This suggests an endosymbiotic
relationship between Tremblaya and mealybugs that evolved in
conjunction with or predates the mealybug radiation.

The drastically elevated rates of 16S rRNA evolution ob-
served among Tremblaya samples in comparison to rates
among closely rated Betaproteobacteria lineages are consistent
with the results of other empirical studies (e.g., references 26
and 42) and with theoretical predictions centered on small
populations sizes and a lack of lateral gene transfer in endo-
symbiont lineages (reviewed in reference 45).

This work further establishes the mealybugs and in particu-
lar the Phenacoccinae as a system in which to study compara-
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tive endosymbiosis. Obligate relationships with P-endosymbi-
onts have been more fundamental in the evolutionary history
of mealybugs than historical biogeography or host associations
(19). Therefore, mealybugs should be an ideal model for re-
searchers wishing to isolate the history of endosymbiosis from
other historical and ecological processes.
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