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Abstract. The Pten gene was initially identified in
humans as a tumor suppressor. It has since been
shown to play important roles in the control of cell
size, cell motility, apoptosis, and organ size, and it
has also been implicated in aging. Pten is highly
conserved among organisms as diverse as nematodes,
insects, and vertebrates. In contrast, a phylogenetic
analysis by maximum likelihood of a 133-amino acid
region showed an average nonsynonymous-to-syn-
onymous rate ratio of 10.4 for Pten in the lineage
leading to parasitoid wasps of the Nasonia genus,
indicating very strong positive selection. A previous
study identified Pten as a potential QTL candidate
gene for differences in male wing size in Nasonia.
Most of the amino acid replacements that occurred in
the Nasonia lineage cluster in a small region of the
protein surface, suggesting that they might be in-
volved in an interaction between Pten and another
protein. The phenotypic changes due to Pten are not
yet known, although it is not associated with known
differences in male wing size. Introgression of Pten
from one species to another does affect longevity, but
a causal relationship is not established.

Key words: Positive selection — Pten— Nasonia—
Cancer genes — Aging

Introduction

Pten (phosphatase and tensin homologue deleted on
chromosome 10) was initially identified in humans
as a tumor suppressor gene (Li 1997; Steck et al.
1997) and is one of the most common targets of
mutation in human cancer (reviewed in Maehama
and Dixon 1999). The Drosophila homologue of the
mammalian Pten gene plays a critical role in the
control of cell proliferation, cell size, apoptosis, cell
motility, and organ size during development
(Yamada and Araki 2001). An important function
of Pten appears to be as a lipid phosphatase in-
volved in regulating important signal transduction
pathways, such as the insulin, focal adhesion, and
apoptosis pathways (Tamura et al. 1998; Podsy-
panina et al. 1999; Weng et al. 2002). Pten has also
been implicated in aging, possibly through its effects
on insulin signaling (Bringold and Serrano 2000).
The crystal structure of Pten has been determined,
and the Pten protein is composed of three primary
regions, a phosphatase domain, a C2 domain, and a
C terminal region (Das et al. 2003; Lee et al. 1999).
Pten is evolutionary highly conserved between
organisms ranging from nematodes to mammals to
insects. For example, the 133-amino acid region
under study here is identical between human and the
mouse Mus musculus (approximately 75 million
years diverged [Waterston et al. 2002]) and shows
only 8 amino acid changes between human and the
teleost fish Fugu rubripes (approximately 400 million
years diverged [Kumar et al. 1998]).
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We originally became interested in Pten because of
its possible involvement in a difference in male wing
size between two closely related wasp species of the
Nasonia genus. Males of N. vitripennis have small
vestigial forewings, whereas in N. giraulti, males have
more than twofold larger wings. This size difference is
due almost entirely to differences in cell size (Weston
et al. 1999; J. Werren, unpublished data). One of our
approaches was to study the genes of the insulin
pathway because they have been identified as being
important in regulating cell growth and cell size in
various organisms (Coelho and Leevers 2000; Kozma
and Thomas 2002). As the first step, we determined
whether some of those genes were located in regions
where quantitative trait loci (QTL) for wing size or
shape had been mapped in the Nasonia genome
(Gadau et al. 2002). Regions from five genes of the
insulin signaling pathway were amplified by degen-
erate polymerase chain reaction and sequenced for
N. vitripennis and N. giraulti. Among those, four
genes showed no replacement changes between the
two species. However, in the exons of the fifth gene,
Pten, we observed two replacement changes but no
synonymous change between N. vitripennis and N.
giraulti. Furthermore, Pten was found to map to a
region containing two QTLs for male wing size (J.
Werren, unpublished results).
The occurrence of nonsynonymous changes and the

absence of synonymous changes observed between the
two Nasonia species was suggestive of positive selec-
tion. However, because of the low level of divergence
between the two species, it was not possible to reach a
conclusion. We have thus performed a phylogenetic
analysis of Pten variation among related parasitoid
wasps to determine whether there is evidence of posi-
tive selection in the lineage leading to this group of
insects.We found a very high level of nonsynonymous/
synonymous substitution in the lineage leading to
Nasonia, demonstrating strong directional selection.

Materials and Methods

Molecular Methods

Pteromalidae is a family of parasitic wasps in the chalcidoidea. We

analyzed seven species of pteromalid wasps: N. vitripennis, N. gi-

raulti, Trichomalopsis dubius, Urolepis rufipes, Dibrachys cavus,

Muscidifurax raptor, and Muscidifurax uniraptor. Genomic DNA

was extracted from one haploid male with the QIAgen DNAeasy

kit, following the manufacturer’s instructions (Valencia, CA). Pten

amino acid sequences from Drosophila melanogaster, Anophele

gambiae, Homos sapiens, Mus musculus, Fugu rubripes, and Danio

rerio were retrieved from GenBank and aligned using ClustalW.

The following degenerate primers were designed from conserved

regions of the alignment.

Pten-F: 5¢-AT(A/T/C)AT(A/T)GC(C/T)AT(C/G)GG(A/T/C)
T(A/T)TCC(A/T)GC-3¢

Pten-R: 5¢-AA(A/T/G/C)GT(A/G)TT(A/T/G/C)AGCCA(A/
G)AA(A/G)TG-3¢

Genomic DNA fromN. vitripennis and N. giraulti was amplified

by polymerase chain reaction (PCR) at an annealing temperature of

50�C. The PCR products were directly sequenced on both strands

using standard methods. PCR amplifications always produced only

one band and direct sequencing always resulted in a clean chro-

matogram, without multiple peaks at any positions, suggesting that

only one copy of Pten is present in the Nasonia genome.

The following Pten primers were designed using the following

Nasonia sequences.

Pten-N-F: 5¢-ATTACACGATTTACAATCTG-3¢
Pten-N-R: 5¢-AGAATGGCTTTATCAATTCC-3¢
Due to the relatively low level of amplification achieved with

the degenerate primers, for the other Pteromalid species, Pten se-

quences were obtained by performing a first PCR with the

degenerate primers, followed by a nested PCR with the Nasonia

primers. Using this procedure, we were able to amplify a 615-bp

fragment of the gene consisting of two introns and two exons

encoding 133 amino acids (GenBank accession numbers DQ324784

– DQ324790). Among those, 123 were from the phosphatase do-

main and include the phosphatase signature motif, and 10 were

from the C2 domain of the protein. It should be noticed that the

full PTEN protein contains 403 amino acids (Lee et al. 1999). The

133 amino acids fragment under study here thus represent about

one-third of the protein. Amplifications with several degenerate

primers designed to amplify other fragments of the protein in

wasps were unsuccessful, possibly due to the lower conservation of

the C2 domain of the protein (Goberdhan et al. 1999).

Tests of Positive Selection

We performed several analyses to determine if positive selection was

involved in the evolution of Pten in Nasonia. We first used MEGA

3.0 (Kumar et al. 2004) to compare the relative abundance of syn-

onymous and nonsynonymous substitutions between pairs of se-

quences. We estimated the number of synonymous substitutions per

synonymous site (dS) and the number of nonsynonymous substi-

tutions per nonsynonymous site (dN) using the method implemented

in MEGA 3.0 (Kumar 2004). This method is modified from the

original methods of Pamilo and Bianchi (1993), Li (1993), and

Comeron (1995) and is able to handle some problematic degeneracy

class assignments (Kumar et al. 2004). The variances of dS and dN
were computed by bootstrap (10,000 replicates). With this infor-

mation, we have tested the null hypothesis of neutral evolution (H0:

dN = dS) versus the hypothesis of positive selection (H1: dN > dS)

using a Z-test: Z = (dN – dS)/SQRT(Var(dS) + Var(dN)).

To test for positive selection, we also used codon-based models

of sequence evolution (Yang et al. 2000). We first used likelihood

ratio tests (Huelsenbeck and Rannala 1997) to determine which

model of DNA sequence evolution was the most appropriate for

the Pten data. We used Modeltest 3.06 (Posada and Crandall 1998)

to test hierarchically the effect of unequal base frequencies, differ-

ent rates between transitions and transversions, different rates be-

tween all substitutions, and rate variation over nucleotide sites. The

model that best fit the dataset included unequal base frequencies

and a transition/transversion rate of 5.03, i.e., a HKY85 model

(Hasegawa et al. 1985). There was also significant rate heteroge-

neity among sites (gamma distribution with a shape parameter of

0.990). Maximum likelihood estimates of the Pten phylogeny

(Fig. 1) were obtained with PAUP*4.0 (Swofford 2002) assuming

this model of nucleotide substitution. Bootstrap proportions (Fel-

senstein 1985) were obtained from 500 pseudoreplicates. Neighbor-

joining (assuming the HKY85 model of nucleotide substitution)

and unweighted parsimony were also used to estimate phylogenetic

relationships among the genes. In both cases, the trees had the same

topology as the maximum likelihood tree shown in Fig. 1. We then

used likelihood ratio tests to evaluate two codon-based models of

sequence evolution, as described by Yang and coworkers (Yang
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2000; Yang et al. 2000). We compared the model M0, which as-

sumes a single x ratio (dN/dS = x) for all nucleotide sites and
branches of the phylogeny, with a model that estimates two dif-

ferent x ratios, one for the lineage of interest (‘‘foreground line-

age’’) and another for all the other lineages (‘‘background’’

lineages) (Yang 1998). The two-ratio model is an extension of the

M0 model with one more parameter, i.e., the two models are nes-

ted. In this case, twice the difference between the likelihood of the

two models will be asymptotically distributed as a chi-square ran-

dom variable (Goldman and Yang 1994) with one degree of free-

dom (the difference in the number of parameters between the two

models). The CODEML program in the PAML version 3.14

computer package (Yang 1997) was used for this analysis, assum-

ing the tree shown in Fig. 1.

Finally, we also employed the method of Zhang et al. (1998) to

test for the presence of positive selection in Nasonia. Briefly, this

method consists of inferring nucleotide sequences at all ancestral

nodes, deducing the numbers of synonymous and nonsynonymous

substitutions for each branch of the phylogeny, and then com-

paring these numbers with their expected values under the

hypothesis of neutral evolution. To reconstruct ancestral se-

quences, we performed a joint reconstruction by maximum likeli-

hood using the algorithm of Pupko et al. (2000).

Results and Discussion

We performed several analyses to determine if posi-
tive selection was involved in the evolution of Pten in
Nasonia. We first used MEGA 3.0 to calculate the

nonsynonymous-to-synonymous substitution rate
ratio (dN/dS = x) for all pairs of sequences by the
Kumar method (Kumar et al. 2004). Because the se-
quences of N. giraulti, N. vitripennis, and T. dubius
are very closely related, we included only the se-
quence of N. giraulti in this analysis. Using N. vit-
ripennis or T. dubius produced almost-identical
results. A Z-test of positive selection was performed
to determine whether dN was significantly greater
than dS. dN was greater than dS in 2 of 10 sequence
pairs, and significantly so in 1 case (Table 1). Note,
however, that the probabilities reported in Table 1
were not adjusted for multiple testing and should
therefore be interpreted with caution. The high values
of x for some sequence pairs suggested that positive
selection might been involved in the evolution of Pten
in these Pteromalid wasps. x was very variable be-
tween sequence pairs, with values ranging from 0 to
2.52, which suggests heterogeneity between the evo-
lutionary lineages. We therefore used likelihood ratio
test to compare codon-based models of sequence
evolution, in order to determine whether selective
pressures differed between the lineage of interest and
the other branches of the phylogeny.
We compared the model M0, which assumes a

single x ratio (dN/dS = x) for all nucleotide sites and

Fig. 1. Phylogenetic relationships among Pten
sequences from pteromalid wasps. The Nasonia
lineage (see text) is in boldface. Tree topology was
estimated using maximum likelihood (HKY85). All
nodes have bootstrap values of 100% except the
N. giraulti/N. vitripennis node (bootstrap value of
67%). Branch length is proportional to estimated
number of nonsynonymous (A) or synonymous (B)
changes. C The numbers of nonsynonymous (n)
and synonymous (s) substitutions per sequence per
branch are presented as n/s above each branch of
the phylogeny.
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branches of the phylogeny, with a model that esti-
mates two different x ratios, one for a ‘‘foreground
lineage’’ and one for all the other lineages (Yang
1998). The foreground lineage needs to be a priori
specified. In our case, we were interested in testing the
existence of positive selection in the two Nasonia
species. The foreground lineages should thus have
been the terminal branches leading to these species.
However, the two species are very closely related and
these two branches do not show any synonymous
substitutions. In order to be able to estimate the
nonsynonymous/synonymous rate ratio, we therefore
included in the foreground lineage the branch leading
to the N. vitripennis and N. giraulti node and the
branch leading to T. dubius (Fig. 1). This foreground
lineage is hereafter referred to as the Nasonia lineage.
The LRT statistic for the comparison of model M0
with the two-ratio model was 2 (diff. lnL) = 27.5
(df = 1; p < 0.001). This highly significantly better
fit of the two-ratio model to the data indicates that
the Nasonia lineage has experienced different levels of
selective pressure than the other Pteromalid wasps.
The estimated x values for the two-ratio model were
0.042 for the background lineage and 10.37 for the
foreground lineage. The value of x well above 1
estimated for the Nasonia lineage indicates that it has
probably experienced strong positive selection. Note
that maximum likelihood methods can mistake
recombination as evidence for positive selection (e.g.,
Anisimova et al. 2003), but as our data set consists of
interspecific sequences, this is unlikely to be a prob-
lem here.
Several studies have shown that inferences of po-

sitive selection based on maximum likelihood analy-
ses are sometimes unreliable (e.g., Suzuki and Nei
2004; Zhang 2004; but see Wong et al. 2004).
Therefore, to assess the robustness of our result to the
methods used, we also employed the method of
Zhang et al. (1998) to test for the presence of positive
selection on the Nasonia lineage. This method con-
sists of inferring nucleotide sequences at all ancestral
nodes, deducing the numbers of synonymous (s) and
nonsynonymous (n) substitutions for each branch of
the phylogeny and then comparing the s and n values
with their expected numbers under the hypothesis of
neutral evolution.
We inferred the ancestral nucleotide sequences by

a maximum likelihood joint reconstruction using the

algorithm of Pupko et al. (2000). The posterior
probability of the inference was usually high
(average value per codon of 0.995) except for one
codon, number 68, at which there were two almost
equally probable ancestral sequences (p = 0.57 and
p = 0.42). We then calculated the numbers of non-
synonymous and synonymous substitutions for each
tree branch (see Fig. 1). On the Nasonia lineage,
there were 17 nonsynonymous substitutions and 0 or
1 synonymous substitution, depending on the
ancestral sequence of codon number 68. To test the
null hypothesis of neutral evolution (equal rates of
synonymous and nonsynonymous substitutions), we
estimated the numbers of potential synonymous sites
(S) and potential nonsynonymous sites (N) for the
sequences compared using the method of Nei and
Gojobori (1986). We obtained approximately
S = 93 and N = 306 for all sequences. We then
applied Fisher’s exact test for examining the statis-
tical significance of the difference between n/N and s/
S in the Nasonia lineage. The test showed that the
difference is significant (p = 0.006 or p = 0.012,
depending on the ancestral sequence chosen at co-
don number 68). This result supports the fact that
positive selection operated during the evolution of
Pten in the Nasonia lineage.
Typically, adaptive evolution in a protein occurs at

only a few sites, as most amino acids are under
structural and functional constraints. Several meth-
ods have therefore been developed to test selection on
individual codon sites over an entire phylogenetic tree
(Nielsen and Yang 1998; Suzuki and Gojobori 1999;
Yang et al. 2000). We have not used these methods
here because, given the relatively low level of diver-
gence and low number of sequences of our dataset,
these analyses would have had very low power
(Anisimova et al. 2002). However, we have examined
the position in the protein of the 15 amino acids
corresponding to the 17 nonsynonymous changes
that took place in the Nasonia lineage according to
our ancestral sequence reconstruction, to see if it
could help us determine which selective pressure have
occurred. In the region under study here, 63 amino
acids are conserved among human, Drosophila, and
hymenopteran (Fig. 2). None of the replacements
that occurred in the Nasonia lineage belong to this
category of highly conserved sites (Fig. 2), suggesting
that the function of Pten is not dramatically altered in

Table 1. dN/dS ratio for pairs of sequences: dN and dS values were calculated with MEGA using Kumar’s method (Kumar et al. 2004)

N. vitripennis U. rufipes D. cavus M. uniraptor

U. rufipes 2.52*

D. cavus 1.89 0.54

M. uniraptor 0.30 0.04 0.14

M. raptor 0.35 0.05 0.17 0.00

Note. Statistical significance of the positiveness of dN – dS was determined by one-tailed Z test: *P < 5%.
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the Nasonia lineage. Mapping the observed replace-
ments onto the three-dimensional structure of Pten
(Lee et al. 1999) reveals that 11 of them occur in a
small region of the protein surface (Fig. 3). This may
indicate that these amino acids are involved in an
interaction between PTEN and an unknown protein,
though this would need to be confirmed by further

experiments. The last four replacements amino acids
are located at the junction between the phosphatase
and the C2 domain (Fig. 3) and could potentially
affect the 3D structure of the protein.
The selective forces favoring the accelerated evo-

lution of Pten in the Nasonia lineage remain unde-
termined. The x values estimated by maximum
likelihood represent average rates over the different
branches that make up the Nasonia lineage, and they
do not make it possible to pinpoint when exactly the
phase of adaptive evolution occurred. By backcross-
ing the N. giraulti allele of Pten into N. vitripennis, we
have been able to show that it is not associated with
male wing size differences between the species
(J. Werren, unpublished results). The three species of
the Nasonia lineage differ from other Pteromalid
wasps in a number of other features, including
activity level, diapause tendency, male longevity and
morphology. Furthermore, Pten is known to affect a
range of functions, including cell proliferation, cell
size, apoptosis, cell motility, organ size, and aging
(Bringold and Serrano 2000; Hwangbo et al. 2004;
Yamada and Araki 2001). This makes difficult to
infer which selective forces operated on Pten.
Nevertheless, preliminary experiments are consis-

tent with Pten having an influence on longevity in
Nasonia. N. giraulti males have shorter lifespans than
do N. vitripennis males under conditions where the
males are provided with water but no nutrition. To
investigate the possibility that Pten influences lon-

Fig. 2. Sequence alignment of predicted partial PTEN proteins
from seven Pteromalid wasps—Apis mellifera (GenBank accession
no. NW_623685), Drosophila melanogaster (AAF23235), Xenopus
laevis (AAD46165), Fugu rubripes (AAL08419), Mus musculus
(NP_032986)—and human (AAD13528). The analyzed fragment
encompasses 123 amino acids of the phosphatase domain and 10
amino acids of the C2 domain of the PTEN protein. The signature

motif of protein tyrosine phosphatase, C-(X)5-R, is indicated by a
line below the protein sequence. The three species that make up the
Nasonia lineage (see text) are in boldface. The 15 amino acids that
underwent replacements in the Nasonia lineage are shaded in gray.
Note that positive selection analyses were performed on the pter-
omalid wasps sequences exclusively.

Fig. 3. Three-dimensional structure of PTEN visualized with
Swiss-PdbViewer (http://www.expasy.org/spdbv/). The amino
acids that correspond to the nonsynonymous changes of the
Nasonia lineage cluster in a small region of the protein surface
(white residues at the left) or at the junction between the phos-
phatase and the C2 domain (light-gray residue on the center of the
molecule).
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gevity, we introduced the Pten allele from N. giraulti
(hereafter Pten-g) into an N. vitripennis background
by six generations of backcrossing. Each generation,
heterozygous Pten-g/Pten-v females were selected and
crossed to N. vitripennis males. The alternative Pten
alleles were identified by PCR-RFLP. After six gen-
erations, a homozygous Pten-g strain was established
by crossing Pten-g males to Pten-g/Pten-v females
and selecting for homozygous females, which were
then crossed to Pten-g males. By this point, the aver-
age proportion of Ng within the genome of the
backcrossed line is expected to be 3%, whereas the
lines are fixed for Pten-g and tightly linked N. giraulti
alleles. Males of the Pten-g strain showed significant
reduction in longevity relative to the standard N.
vitripennis line from which it was derived
(109.7 ± 32.2 versus 144.3 ± 26.6 hr; t-test, p <
0.05).
To test for whether longevity effects are associated

with Pten, Pten-g males from one line were crossed to
N. vitripennis females to create heterozygous females.
These were then set as virgins to produce F2 haploid
males. One set was genotyped as young adults, and
another provided with water until approximately 90%
had died. The survivors were then genotyped. Al-
though 43.6% of young males were Pten-g (N = 39),
only 14.3% of survivors were (N = 42; v2 = 8.55,
1 df; p < 0.01).
These results suggest that introgression of the

genomic region of N. giraulti (reduced male longev-
ity) containing Pten into N. vitripennis decreases male
longevity, although it is not yet determined whether
this can be attributed to Pten or flanking genes.
Furthermore, it will need to be established whether
this is due to an interspecies genetic incompatibility
versus a specific longevity effect of Pten. Given the
importance of Pten in several cellular and organismal
phenotypes in diverse organisms, it is worthwhile to
determine what phenotypes are affected by rapid
evolution at this locus. Furthermore, the entire Pten
in these lineages should now be sequenced to deter-
mine whether other portions are involved in direc-
tional selection. Examination of known interacting
proteins (e.g., FAK and Shc [Yamada and Araki
2001]) could reveal whether complementary adaptive
changes are occurring suggestive of specific protein-
protein interactions.
For a long time, well-established cases of positive

selection have remained rare. More recently, partly
due to the development of more powerful statistical
analyses (reviewed by Yang and Bielawski, 2000),
numerous cases of positive selection have been iden-
tified. In a wide range of species, significantly elevated
dN/dS ratios have frequently been described among
two main gene categories: those involved in host-par-
asite arm race (Bishop et al. 2000; Ford 2001; Jiggins et
al. 2002; Urwin et al. 2002) and those involved in

reproduction (reviewed by Howard 1999; Swanson
and Vacquier 2002). Though much less frequently,
positive selection has also been reported in various
genes, like those involved in digestion, in electron
transport, or hormones (e.g., Ward et al. 1997; Gold-
berg et al. 2003; Wallis 2001). In primate lineages,
positive selection has been reported for the genes an-
giogenin and BRCA1, which are involved in the reg-
ulation of cell division (Huttley et al. 2000; Zhang and
Rosenberg 2002). In addition, Nielsen et al. (2005)
recently found several genes involved in tumor sup-
pression and apoptosis among those showing the
strongest signs of positive selection between human
and chimpanzee. Our study suggests that strong po-
sitive selection among genes involved in cell growth
and proliferation might not be restricted to primates.
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