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Abstract. Mealybugs have an association with prokaryotic endosymbionts that are located in special-
ized cells called bacteriocytes. In order to compare the phylogeny of the host with that of the previously
published phylogeny of the endosymbionts, 3.1 to 3.2 kilobase DNA fragments containing mitochondrial
cytB (part), ndl,16S ribosomal DNA(rDNA), and 125 rDNA (part) were amplified and sequenced. A
phylogenetic analysis of the data and a comparison with the trees obtained from endosymbiont genes and
host 78S and 28S rDNA indicated that all the trees were similar. This result is consistent with an
infection of a mealybug ancestor with a precursor of the endosymbiont followed by the vertical
transmission of the endosymbiont to progeny. Comparison of the guanine + cytosine (G + C) contents of
the mealybug mitochondrial genes with the same genes from other members of Sternorrhyncha and
Arthropoda indicated that the mealybug genes had unusually low G + C contents in their DNAs (10.2 to

11.1 mol%).

Mealybugs (Hemiptera, Coccoidea, Pseudococcidae) are
plant sap-sucking insects within the suborder Stern-
orrhyncha that also contains psyllids, whiteflies, and
aphids [2, 3]. All of these insects are composite organ-
isms in that they consist of an obligatory association of
the host with different prokaryotic endosymbionts [2,
14]. The function of the endosymbionts appears to be
primarily the synthesis of essential amino acids that are
lacking in plant sap, the diet of these insects [4, 7].
There is evidence in psyllids, whiteflies, and aphids that
the association is the result of an infection of the insect
host with a different prokaryote followed by cospecia-
tion, that is, vertical transmission of the endosymbiont to
the progeny. This conclusion is derived from the
observation that phylogenetic trees based on endosym-
biont 16S-23S ribosomal DNA (rDNA) are congruent
with trees based on host genes [2, 6, 9, 11]. In a recent
study of whitefly endosymbionts, we used mitochondrial
DNA fragments of about 3 kb containing cytB (part)-
ndl-16S rDNA-12S (part) and obtained a phylogenetic
tree that was similar to that obtained with 16S-23S rDNA
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of Candidatus Portiera aleyrodidarum, the primary (P-)
endosymbiont of whiteflies [11]. More limited studies
with psyllids and aphids indicated that the phylogenetic
trees obtained using these genes were also congruent
with the trees obtained using P-endosymbiont rDNA
[12].

Mealybugs have within their body cavity aggregates
of specialized cells called bacteriocytes that contain
within them the P-endosymbiont Candidatus Tremblaya
princeps (here referred to as Tremblaya) that is a
member of the B-subdivision of the Proteobacteria [10].
This P-endosymbiont has the unusual property in that it
may contain within its cytoplasm secondary (S-) en-
dosymbionts that are members of the y-subdivision of
the Proteobacteria [13]. The acquisition of these dif-
ferent organisms has occurred multiple times and once
the association has been established, there was cospe-
ciation between Tremblaya and the S-endosymbionts
[10]. In this study, we compare the phylogenetic trees
obtained from Tremblaya 16S-23S rDNA to those ob-
tained from mealybug mitochondrial cytB-ndl-16S
rDNA. In addition, we compare these trees to those
obtained from mealybug /85-23S rDNA from a recent
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Table 1. GenBank accession numbers of the DNA sequences used in the phylogenetic analyses

Insect species Mitochondria cytB-ndI-16S rDNA

Tremblaya 16S-23S rDNA Host 18S-28S

Antonina pretiosa AY691417*
Australicoccus grevilleae AY691416°
Erium globosum AY691413"
Ferrisia gilli AY691415%
Maconellicoccus hirsutus AY691421°
Paracoccus nothofagicola AY691418*
Planococcus citri AY691419°
Planococcus ficus AY691420°
Vryburgia amaryllidis AY691414*
Puto albicans

Schizaphis graminum AY531391

. . . ... b
Neisseria menmgttldls

AF476079 AY426027, AY427314, AY427396
AF476077 AY426026, AY427328, AY427391
AF476084 AY426020, AY427333, AY427390
AF476086 AY426067, AY 179455, AY427398
AF476089 AY426033, AY427322, AY427403
AF476094 AY426077, AY427369, AY427433
AF476091 AY426042, AY179451, AY427375
AF476092 AY426055, AY427341, AY427405
AF476097 AY426049, AY427311, AY427382

AY426051, AY427338, AY427379
AE002098

#Sequences obtained in this study.
PBacterial species belonging to the B-subdivision of the Proteobacteria.

extensive study on the phylogeny of mealybugs and
related organisms [5]. Comparisons of the mealybug
mitochondrial DNA fragment with those from other
members of the Sternorryncha and other arthropods
indicates that mealybug mitochondrial DNA has some
unusual properties.

Materials and Methods

The source of the DNA samples and their preparation have been de-
scribed [10]. The methods used for the purification of polymerase
chain reaction (PCR)-amplified fragments, their cloning into pBlue-
script (Stratagene Inc., La Jolla, CA) or direct nucleotide sequence
determination, as well as phylogenetic analyses have been previously
described [9, 12]. For each mealybug species, two overlapping DNA
fragments were obtained by PCR consisting of cytB-ndl-16S rDNA
and 16S-12S. For the cytB-ndl-16S rDNA fragments, the oligonu-
cleotide primers used were 5-GAG GAT CCG GAA AAA TAT TAT
TAA ATT GAA TTT GAG G-3’ (BamHI) and 5-GAG GTA CCA
TTA CTT TAG GGA TAA CAG G-3’ (Kpnl). For the 16S-12S DNA
fragments, the following oligonucleotide primers were used: 5-GAG
GTA CCG ATA GAA ACC AAC CTG GCT TAC ACC GG-3’ (Kpnl)
in conjunction with either 5-GTG GAT CCG TGC CAG CAG TTG
CGG TTA AAC-3’" (BamHI) or 5-CAG TAA TAA ATT TTA AGG
GGA-3’. PCR amplification was carried out in 10 pL reaction mixture
containing 10 ng insect DNA, 3.5 mM MgCl,, 0.15 mM deoxynu-
cleoside triphosphate mix, 5 pmol of each primer, 0.4 U Bio-X-Act
DNA polymerase in Opti Buffer (Bioline, London, UK). The following
conditions were used: initial denaturation 95°C, 5 min; 30 cycles of
94°C, 20 s (denaturation); 45°C, 30 s (annealing); 68°C, 2.5 min
(extension), followed by 68°C, 10 min.

The GenBank accession numbers of the sequences determined in
this study as well as those used in the phylogenetic analyses are given
in Table 1.

Results and Discussion

Figure 1 presents the results of the phylogenetic anal-
ysis using (a) Tremblaya 16S-23S rDNA (4102 char-
acters), (b) mealybug mitochondrial cytB-ndI-16S

(1710 characters), and (c) mealybug /8D-23S rDNA
(2050 characters). More groupings are resolved with
the endosymbiont genes (Fig. 1a), followed by mito-
chondrial (Fig. 1b) and host genes (Fig. 1c). All of the
three trees are similar and there are no major con-
tradictions in the order of branching. The one differ-
ence between Fig. 1a and b is based on the relatively
low bootstrap value of 70%. A phylogenetic analysis of
the combined data from Fig. la—c results in a tree
identical with Fig. 1a. These results are similar to those
previously observed with the P-endosymbionts and
their hosts in whiteflies, psyllids, and aphids, and are
consistent with an infection of a mealybug ancestor
with a free-living Tremblaya precursor followed by
cospeciation between the P-endosymbiont and the host
[6, 9-11].

The guanine + cytosine (G + C) contents of the
DNAs of the 3.1 to 3.2 kb mealybug cyzB (part)-nd1-16S
rDNA-12S rDNA (part) fragments were 9.6 to 10.5
mol%. We have combined the DNA corresponding to
mitochondrial cytB (part), ndl, and 16S rDNA from
mealybugs, whiteflies, psyllids, and aphids as well as 48
arthropods and determined their G + C contents. A plot
of the distribution of the % G + C content for the dif-
ferent members of the Sternorrhyncha is presented in
Fig. 2. The most extensive data is for whiteflies (19
species) that span the range of 13.6-33.0 mol%. The
combination of aphids and phyloxera (5 species) and
psyllids (4 species) spanned the range of 15.7-17.0 and
24.1-27.9 mol%, respectively. Mealybugs (nine species)
spanned the range of 10.2-11.1 mol%, below that of the
other members of the Sternorrhyncha (Fig. 2). The G +
C span of 48 representative arthropods was 14.6-38.0
mol%. These results indicate that, in their low mol% G +
C contents, the mitochondria of mealybugs are rather
unusual.
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Fig. 1. Comparisons of phylogenetic trees based on maximum-likelihood analyses of mealybug-associated genes from (a) Tremblaya 16S-23S
rDNA, (b) mitochondria cytB-nd1-16S rDNA, and (c) insect /8S-23S rDNA. The numbers at the nodes are bootstrap percentages based on 1000
replicates; only bootstrap values of 70% or over are shown. The outgroups are (a) Neisseria meningitidis, (b) Schizaphis graminum, (c) Puto
albicans. (d) Approximate position of the runs of ““Ts” that disrupt the open reading frame corresponding to nd/; +, addition of a ““T” results
in a “correct” ORF; —, removal of a “T,” results in a correct ORF; arrow, indicates similar position of required “‘correction’ in two or more

species.
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Fig. 2. Distribution of the G+C contents of combined mitochondrial cytB (part)-ndI-16S rDNA (2.5-2.8 kb) of whiteflies (WF), psyllids (PS),
aphids (AP), and mealybugs (MB). The bars are placed in the intervals corresponding to the G+C percentages.

In cytB of Planococcus ficus, there is a stop codon
that disrupts the open reading frame (ORF). The manual
insertion of an “A” in a row of 9 ““As” “corrects” this
frameshift and makes a complete peptide. The ndl
from the mitochondria of three mealybug species has
an ORF corresponding to the expected ND1 protein.
In the case of the remaining species, there are multi-
ple frameshifts in ndl that are summarized in Fig. 1d.
In all of these cases, the defect is in a region corre-
sponding to rows of “Ts”” and can be corrected by the
manual insertion or removal of a “T.” Some of these

defects are found in the same region and are grouped
in the same manner as the mealybug species based on
relationship of Tremblaya, mitochondrial or host
genes (Fig. la—c). For example, the run of “Ts” at
about nucleotide (nt) position 525 is found in the
mitochondria of five mealybug species. Five runs of
“Ts” at about nucleotide positions 310, 350, 525, 670,
and 725 are found in the closely related species Pla-
nococcus citri and P. ficus. Some of the “corrections”
in approximately the same position in the gene in-
volve the removal of a “T” in one species and the
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addition of a “T”” in another species (Fig. 1d). Of the
total of 17 runs of “Ts” that require a ‘“‘correction” to
obtain an intact ORF, two runs have 10 nt, five have
9 nt, eight have 7 nt, and one run each of 7, 6, and 4
nt.

The significance of these observations is not
understood. They do not appear to be simple PCR er-
rors since five separate PCR amplifications of Plan-
aococcus citri cytB-ndI-16S rDNA-12S rDNA resulted
in the detection of the same defects. The fact that some
defects are grouped according to relationships suggests
a single occurrence in an ancestor and subsequent
inheritance by the progeny. ndl is an essential com-
ponent of the mitochondria of cells and it would seem
unlikely that it is replaced by another protein in some
mealybug species but not in others. A very similar
situation was found in the case of pseudogenes for cell
wall and cysteine synthesis of Buchnera (the P-endo-
symbiont of aphids) [8]. On the basis of an analysis of
the ratios of non-synonymous and synonymous substi-
tutions in defective and non-defective DNAs, it was
concluded that the frameshift is overcome and that in
Buchnera an intact protein is made. The rationale for
this interpretation is that if the encoding regions are
defective and do not make a functional protein, the
frequency of non-synonymous substitutions would rise
since the functional constrains that restrict changes in
the sequence of proteins would be eliminated. This and
other possible interpretations are considered in [1, 8].
A resolution of this issue would require the isolation of
a functional protein from the organisms that have the
frameshift.
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