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Polydnaviruses are essential components mediating host–parasi-
toid relationships between some braconid wasps and their cater-
pillar hosts largely by suppressing or misdirecting the host immune
systems. The polydnavirus–wasp relationship is an unusual appar-
ent mutualism between viruses and eukaryotes and remarkably
has evolved to the stage where the two entities no longer can be
considered separate. Estimations of the age of the polydnavirus-
bearing clade of braconid wasps based on separate calculations
from the mitochondrial 16S rRNA and COI genes and the nuclear
28S rRNA gene, calibrated using fossil data, converge to indicate a
date of origin of '73.7 6 10 million years ago. This range provides
an upper bound on the time during which these wasps and viruses
have been functionally associated.

Some of the most complex and highly evolved interspecific
interactions known among the insects occur among endo-

parasitoid Hymenoptera and their host insects (1–3). In these
highly specialized systems, wasp larvae must survive and develop
inside the bodies of other insects, typically caterpillars of Lep-
idoptera, despite the challenges such a habitat presents (4, 5).
Among these challenges is the host cellular immune response (6,
7), which is designed to recognize, encase, and ultimately
suffocate such macroscopic intruders in layers of melanized and
fused hemocytes (8).

Several groups of endoparasitoid Hymenoptera have evolved
tools to defeat these defense mechanisms by incorporating the
services of symbiotic virus-like entities with which they coat their
eggs (reviewed in refs. 9–11). These viruses deliver genes into
host caterpillars that, when expressed, produce proteins impli-
cated in immune and developmental alterations in the caterpillar
(12–16). In addition, they also may wield proteins on their capsid
surface that disguise the parasitoid egg as it enters the caterpil-
lar’s hemocoel (17). In some cases, the viral genomes seem to
have incorporated genes of wasp origin, originally used as part
of the wasp venom (18), and to have ‘‘engineered’’ themselves in
a unique way to enhance gene expression in host caterpillars
(19). The most fully understood systems of this sort are those of
polydnaviruses (subclassified into bracoviruses and ichnovi-
ruses; ref. 11), which are found in some ichneumonoid wasps as
integrated proviruses. These proviruses are transmitted verti-
cally within the wasp chromosomal DNA (20, 21), and their
genes are exported into host caterpillars for expression.

Although all endoparasitoids are remarkable in some respects
in their adaptations for manipulating host organisms, these
virus-bearing wasps are unusual in having made use of one of the
few known mutualisms between viruses and eukaryotes (10).
What is even more remarkable is that this kind of association is
now known to characterize several tens of thousands of species
of parasitoid wasps that are virtually ubiquitous in terrestrial
environments (11).

Currently, the source virus (or viruses) is not known for any
of the waspyvirus associations. What does seem clear is that, at
least in some cases, the virus associations are found only within
certain phylogenetic lineages of the wasps and are pervasive
within those lineages (11). This relationship is especially well
established for the associations of polydnaviruses with braconid
wasps (22). In this paper, the phylogenetic interrelationships

between the symbiotic viruses and braconid wasps are reviewed,
and estimates are made of the age of this remarkable association
by using molecular clock-based extrapolations from DNA se-
quence data from three genes, calibrated with dates from wasp
fossils. It is shown that the wasps and viruses are likely to have
been associated with one another at least since the Cretaceous-
Tertiary boundary and perhaps for even longer.

Monophyly of the Polydnavirus-Bearing Clade Within
Braconid Wasps
The presence of a morphologically distinct class of polydnavi-
ruses in braconid wasps (bracoviruses), different from those in
ichneumonids (ichnoviruses), was recognized in the late 1970s
(23). It was first suggested that both groups of wasps carrying
polydnaviruses might themselves form evolutionary lineages.
This prediction was made on the basis of a series of early
experiments that appeared to show that viruses from more
closely related wasps were more genetically similar in general
than those from more distantly related wasps (24). It then was
hypothesized that the braconid wasps carrying bracoviruses form
a distinct evolutionary lineage (11), and this was supported by
phylogenetic analysis of morphological and 16S rRNA data from
the wasps (22, 25) and clinched by corroboration from analyses
of 28S rRNA (26, 27). This limitation of the bracoviruses to a
single lineage of wasps, although suggestive of phylogenetic
coevolution between the two entities, was not fully demonstra-
tive, because phylogenetic relationships among the viruses were
not established yet.

Cophylogeny of Polydnaviruses and the Wasps That
Carry Them
In 2000, parallel phylogenetic analyses of wasps in the genus
Cotesia based on partial sequences from the mtDNA 16S and
ND1 genes and of the bracoviruses they carry based on partial
sequences of the glycosylating transmembrane protein gene
CrV1 showed complete, statistically significant congruence be-
tween the histories of the two associated partners (28). Work is
ongoing to expand this cophylogenetic analysis to include all
major groups within the bracovirus-bearing clade of wasps. In
the interim, the phylogenetic congruence between wasps and
viruses within the genus Cotesia and the phylogenetic limitation
of the viruses to a monophyletic clade of the Braconidae strongly
suggest that there may have been a single origin of the associ-
ation of bracoviruses. It is of considerable evolutionary and
practical interest to know the age of the association between of
wasps and viruses. That is, how long has it taken for the complex
subtleties and interactive specializations to evolve? To estimate
this age with any certainty, it is necessary to make use of
information from available fossils and from comparative study of
DNA sequences.
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The Fossil Record of Braconidae
Fossils of braconid wasps are rare other than Miocene or more
recent inclusions in amber, which mostly appear to represent
genera still extant. This is especially true of braconid taxa
associated with lepidopteran caterpillars. The oldest indisput-
able ichneumonoid fossils are Praeichneumon townesi Rasnitsyn
and Eobracon inopinatus Rasnitsyn from the early Cretaceous of
Mongolia, '140 million years ago (mya; ref. 29). The former
fossil is not clearly assignable to either of the extant families
Braconidae or Ichneumonidae, whereas the latter was assigned
to the Braconidae. A variety of ichneumonoid fossils are known
from slightly younger deposits in Mongolia, the Transbaikal, and
Australia (29–32), and most of them have been assigned to the
extinct family Eoichneumonidae (31, 32).

Within Braconidae, more modern looking taxa have been
found from New Jersey and Baltic amber deposits. Protorhyssalus
goldmani (33, 34), from '93 mya, was considered assignable to
either the cyclostome (predominantly ectoparasitoid) lineage of
braconid wasps or alternatively to the predominantly endopara-
sitoid helconoid assemblage. The more recent ('45 mya) Baltic
fossils all are referable to extant subfamilies, some of which
possess polydnaviruses. Among these latter fossils are the Oli-
gocene microgastrine representatives Eocardiochiles fritschii
Brues (erroneously attributed in the original description to
Cardiochilinae) and Snellenius succinalis Brues (35).

The current placement of these fossils, which provide a
minimum age for the groups to which they belong, suggests that
the microgastroid lineage carrying polydnaviruses must have
originated and diversified between 93 and 45 mya. Estimation of
a more precise date of origin in the absence of additional
informative fossils requires the use of extrapolative methods
using molecular clocks.

Using Molecular Clocks to Estimate Divergence Times
Because the original suggestion that DNA sequences may act in
a more or less clock-like manner in recording substitutional
changes (36, 37), it has been realized that ‘‘molecular clocks’’
require both careful calibration (not all genes evolve at the same
rate; refs. 38 and 39) and testing to ensure that the assumptions
of rate constancy are met. A variety of methods have been
introduced to deal with various deviations from clock-like
behavior.

That different genes evolve at different rates is not necessarily
a problem for time estimation. After all, the existing range of
variability allows for more efficient targeted analysis of phylo-
genetic relationships on different time scales by using different
genes as markers (40). However, the use of different genes for
estimating divergence times requires that each gene be calibrated
independently. It is a more serious problem for analysis if
evolutionary rates in the same gene are not similar among
different lineages (41, 42) or if they are not similar within
lineages over different time spans. To tackle these latter prob-
lems, methods have been developed to either prune out lineages
exhibiting highly divergent rates (43, 44) or allow rates to vary
among lineages by using rate-smoothing (45, 46) or Bayesian
estimation techniques (47–49). Relative rates and divergence
time estimates using any of these methods can then be ‘‘cali-
brated’’ (converted to absolute times of divergence) using fossils
to establish limits on the age of one or more nodes in the
phylogeny (50). A common type of calibration is to use relatively
recent fossils to extrapolate backwards in time to estimate dates
of earlier divergences, as in the ‘‘quartets method’’ of Rambaut
and Bromham (51). In practice, any node or nodes in the
phylogeny other than the terminal tips can serve for calibration,
depending on the availability of fossils.

Unless rates of evolution among lineages vary strikingly,
relative divergence time estimates from these various methods

tend to be fairly similar as long as multiple substitutions super-
imposed at the same site are adequately taken into account. A
more significant source of error in estimation of absolute
divergence times are the uncertainties associated with accurately
placing fossils relative to nodes in the phylogeny and with
determining the maximum age of taxa, because the fossils can
only represent minimum ages (52–54).

The assessment of potential error in estimation of divergence
times for particular nodes in a phylogeny can be strengthened by
employing multiple genes for estimating relative rates and
multiple fossils for calibration. In this study, portions of three
genes, two mitochondrial (16S rRNA and cytochrome oxidase I)
and one nuclear (28S rRNA), are used comparatively to estimate
rates of wasp gene evolution within the microgastroid lineage,
and three different fossil calibration points are used for each
gene. In addition, several different rate-estimation methods are
used for each comparison to obtain a ‘‘cloud’’ of divergence time
estimates for each node of interest. This cloud of more or less
independent estimates is likely to provide a more realistic view
of the accuracy of the divergence time estimates than would
standard confidence intervals based only on the error associated
with single extrapolations from the rate models.

Materials and Methods
Taxa Sampled. Table 1 provides a list of the taxa used for the
divergence time estimates with GenBank accession numbers for
DNA sequence data from each gene. The taxon representation
is essentially the same for all three genes for the microgastroid
complex of subfamilies but differs for some outgroups. Each
major internal node is represented by at least two (usually more)
taxa per lineage for each gene, giving a large number of pairwise
divergence estimates for each node of interest.

Obtaining Molecular Data. Sequence data were used primarily
from refs. 22, 55, and 56, but additional data from several other
studies using the same gene regions for some of the nonmicro-
gastroids were drawn from GenBank. The data were aligned as
described in detail in refs. 22 and 55, with the inclusion of the
additional outgroup sequences. Briefly, 16S sequences were fit to
secondary structure, whereas other sequences were aligned by
using CLUSTAL X (57) with the parameters described in ref. 56.
In summary, the data set comprised 438 aligned bp from the 16S
gene, 432 aligned bp from the COI gene, and 466 bp from the 28S
gene (incorporating portions of the D2 expansion loop).

Experimental Design for Comparisons. Pairwise comparisons were
made assuming the following basic relationships, which have
been supported strongly by many morphological and molecular
studies: Ichneumonidae 1 (cyclostome Braconidae 1 helconoid
complex 1 microgastroid complex). A sister-group relationship
between representatives of the helconoid and microgastroid
complexes was not assumed a priori but resulted from analyses.
The monophyly of the helconoid complex was not assumed,
because it was not necessary for the present analysis and is not
well established. However, monophyly of the microgastroid
complex is well supported (22, 26, 27) and was assumed a priori.
The taxon representation allowed comparisons that elucidate
the divergence times between (i) Braconidae and Ichneu-
monidae (providing age estimates for the braconid lineage), (ii)
microgastroid versus nonmicrogastroid lineages (providing age
estimates for the bracovirus-bearing lineage), and (iii) Micro-
gastrinae versus nonmicrogastrine microgastroids (providing age
estimates for the Microgastrinae).

Testing for Constant Rate Across the Tree. Relative rate tests were
conducted on all possible triplets of taxa by using both the
model-based method of Wu and Li (58) and the nonparametric
(model-free) method of Tajima (59) as implemented in the
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program R8S (available at http:yyginger.ucdavis.eduyr8sy,
ref. 46).

Divergence Time Estimation. Uncorrected distances (p distances or
observed percentage differences between pairs of sequences)
underrepresent the divergence of anciently diverged lineages
because of the problem of saturation of substitutions at variable

sites. Observed distances thus were corrected by using several
models that take saturation and various substitution biases into
account with PAUP* 4.0b4a (60). Those models used in divergence
time estimation were the Kimura two-parameter (61) model for
all genes, the HKY85 (62) model incorporating g-distributed
rates among sites (63) for the 28S gene, and the general
time-reversible model (64) with g-distributed rates among sites
(for the two mtDNA genes to accommodate the AT-rich bias).
The above estimates all assumed a molecular clock with no
lineage-specific rate variation (following ref. 65). To accommo-
date lineage-specific rate differences, the latter two models also
were used by using the nonparametric rate-smoothing method of
Sanderson (45) as used in the program R8S (46).

Calibrating the Clocks with Fossils. Three calibration points were
used independently for each gene in each analysis. First, the age
of the ichneumonoid lineage can be estimated minimally at 150
mya based on the ages of the Praeichneumon and Eoichneu-
monidae fossils. Second, the age of the Braconidae could be set
minimally at 130 mya based on the fossil of Eobracon. Finally, the
fossil Protorhyssalus indicates that the modern cyclostome lin-
eage might extend back at least 93 mya (this fossil was not
considered to be unambiguously cyclostome in oral morphology
but has otherwise entirely cyclostome morphological charac-
ters). Each of these calibration points was used in the program
R8S to fix the age of the appropriate node for estimation runs
using each geneymodel combination.

Results
Relative Rate Tests. All tests indicated nonsignificant variation in
rates among lineages except some combinations of exemplars of
cyclostomeyichneumonidymicrogastroid using the COI gene. In
these cases, the COI gene showed larger divergence estimates
between cyclostomes and microgastroids than between ichneu-
monids and braconids. Fig. 1 shows how the divergence estimates
from COI, even when corrected for ‘‘multiple hits,’’ appear to
saturate at higher levels of divergence. Thus, it would be
expected that COI comparisons would overestimate divergence
times for more recent divergences when older fossils are used for
calibration and underestimate older divergence times when
younger fossils are used.

Table 1. Source sequences for the calculations of divergence
times in this study (with GenBank accession numbers)

Taxon 16S COI 28S

Ichneumonidae
Venturia canescens

(Gravenhorst)
U06961 U59221 AJ245958

Dusona egregia
(Viereck)

— AF146682 AF146670

Ichneumon
promissorius Erichson

U06960 — —

Pimpla aequalis
Provancher

— AF146681 AF146665

Xorides sp. AF003520 — Z83612
Cyclostome Braconidae

Aphidius ervi Haliday AF176067 — Z83582
Dolopsidea sp. — AF379990 —
Bracon sp. Z93722 — AJ296037
Jarra maculipennis

Marsh & Austin
AF003485 AF379991 Z97970

Helconoid Braconidae
Agathis sp. — AF078468 —
Meteorus sp. U68146 — Z97953
Neoneurus mantis

Shaw
U68147 — AF029133

Peristenus pallipes
(Curtis)

— AF189242 —

Microgastroid Braconidae
Adelius sp. AF029111 — AF029117
Chelonus

(Microchelonus) sp.
U68150 AF102723 AF029123

Mirax lithocolletidis
Ashmead

AF102765 AF102722 AF102747

Cardiochiles fuscipennis
Szepligeti

AF029112 AY044207 AF029118

Toxoneuron nigriceps
(Viereck)

U68151 AF102724 AF029120

Microgastrinae s. s. (10)
Apantelescanarsiae

Ashmead
AF102750 AF102703 AF102728

Diolcogaster schizurae
(Muesebeck)

AF102759 AF102716 AF102741

Dolichogenidea
lacteicolor (Viereck)

AF102760 AF102717 AF102742

Glyptapanteles
indiensis (Marsh)

AF102757 AF102713 AF102738

Hypomicrogaster
ectdytolophae
(Muesebeck)

AF102756 AF102712 AF102737

Microgaster canadensis
Muesebeck

U68154 AF102708 AF102733

Microplitis maturus
Weed

U68155 AF102702 AF102727

Parapanteles paradoxus
(Muesebeck)

AF102753 AF102709 AF102734

Pholetesor ornigis
(Weed)

AF102755 AF102711 AF102736

Sathon falcatus (Nees) AF102764 AF102721 AF102746

Fig. 1. Plots of corrected (HKY85 1 g for 28S and GTR 1 g for 16S and COI)
sequence divergence in the three genes against estimated time. Note that COI
loses its linear relationship at more ancient divergence times.
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Divergence Time Estimates. Fig. 2 plots the range of divergence
time estimates for the three nodes of interest, including the
principal focus, in the base of the bracovirus-bearing microgas-
troid lineage. Table 2 provides the actual divergence time
estimates for each of the three genes by using each of the three
fossil calibrations using the HKY85 1 g model for 28S and the
GTR 1 g model for 16S and COI, either assuming a molecular
clock or compensating for rate differences by nonparametric rate
smoothing.

Considered broadly, the mean estimate of the age of the
microgastroid lineage is 73.7 mya. The actual individual esti-

mates ranged from a minimum of 49.8 mya (28S assuming a clock
using Protorhyssalus to calibrate) to 141 mya (COI assuming a
clock using Praeichneumon and Eoichneumonidae or Eobracon
to calibrate). Excluding these obvious outliers (the exclusion of
which does not affect the overall mean values), the estimates
were bimodally distributed, either concentrated tightly around
the Cretaceous–Tertiary boundary at 65 mya or spread over a
broader range between 76 and 88 mya. The range of estimates
for the age of the subfamily Microgastrinae is similarly broad
with clusters of estimates and a mean of 49.7 mya (thus slightly
older than the known Baltic amber fossils from this group).

Fig. 2. Plots of divergence time estimates for the age of the microgastroid and microgastrine lineages for different combinations of assumptions, fossil
calibrations, and genes. PAL, Paleocene; EO, Eocene; OLI, Oligocene; MIO, Miocene; PLEI, Pleistocene.

Table 2. Divergence time estimates based on various geneymodelyfossil combinations

16S Clock, mya 16S NPRS, mya COI Clock, mya COI NPRS, mya 28S Clock, mya 28S NPRS, mya

Using Praeichneumon 1 Eoichneumonidae to calibrate (base 150 mya)
Base of tree 150 150 150 150 150 150
Braconidae 130 97.1 130 130 150 150
Microgastroid lineage 84.5 64.6 141 104.1 76.3 85.9
Microgastrinae 55.8 53.4 49.5 87.6 48.6 41.7

Using Eobracon to calibrate tree (Braconidae . 130 mya)
Base of tree — 200 150 150 150 150
Braconidae 130 130 130 130 130 150
Microgastroid lineage 84.5 86.6 141 104.1 66.1 85.9
Microgastrinae 55.8 71.5 49.5 87.6 42.1 41.7

Using Protorhyssalus to calibrate (cyclostomeynoncyclostome . 93 mya)
Base of tree — 153.6 — — — —
Braconidae 99.4 99.4 98.5 98.5 97.9 97.9
Microgastroid lineage 64.4 66.2 106.8 78.8 49.8 64.7
Microgastrinae 42.5 54.7 38.9 52.8 31.7 31.4

Means excluding outliers
Base of tree 156
Braconidae 130
Cycloynoncyclo split 102
Microgastroid lineage 73.7
Microgastrinae 49.7
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Estimates for the timing of the divergence between cyclostome
and noncyclostome lineages (centered around 100 mya) fall far
short of the oldest fossil (Eobracon) attributed to the Braconidae
unless one uses Eobracon to calibrate the divergence times to
begin with.

Discussion
Convergence of Estimates from Different Genes. In general, the
divergence time estimates from the three genes overlap and
accord well with the exception of some point estimates from COI
and to a lesser extent from 28S. The difficulty with COI in
tracking the older divergences probably can be attributed to the
apparent lineage-idiosyncratic saturation of sites free to vary
(Fig. 1); thus in this gene rate constancy is violated most strongly,
at least in observable differences (as detected by the relative
rates tests). The remainder of the spread in estimates is less
because of disagreement among genes than extrapolation from
different fossil calibrations.

Uncertainties and Limitations of the Clock Assumptions. In general,
nonparametric rate smoothing (relaxing the assumption of a
molecular clock) tended to reduce estimates of the age of the
microgastroid lineage for the 16S and COI genes and to increase
them for the 28S gene. The magnitude of these effects clearly
depends on the fossil date used for calibration of the underlying
clock (Table 2; Fig. 2). It is not clear that relaxing the assumption
of a molecular clock led to any increase in accuracy overall. The
use of the date from Protorhyssalus, the most recent calibration
fossil and the one closest to the braconidyvirus lineage age being
estimated, seems to provide the strongest congruence among
genes.

Uncertainties About Placement and Dating of Fossils. One clear
anomaly in this study is the discrepancy between the younger
estimated age of the basal splits within the Braconidae using
molecular data and the far older age of the Eobracon fossil
attributed to Braconidae. One is forced to conclude that (i)
Eobracon is attributed erroneously to Braconidae, (ii) its age is
overestimated, or (iii) the Braconidae existed for a long time
before its major extant lineages diverged. None of these scenar-
ios can be ruled out at present, although scenario ii is less likely
considering the apparent accuracy of the geological source. The

other (older) fossils provide estimates from the three genes that
are more in agreement with one another except COI, which tends
to systematically overestimate the age of the microgastroid
lineage.

It is possible that eventually the fossil calibration issue will be
circumvented by more accurate rate estimation procedures
based on many genes and using only 4-fold degenerate (silent)
sites, which have been shown to behave in a remarkably clock-
like manner (66). However, the current genetic database for
parasitoids is not adequate for such an analysis yet.

Assumptions About Extent of Cophylogeny. These estimates of the
age of the microgastroid lineage (73.7 6 10 million years), which
should provide minimum estimates of the age of the braconidy
bracovirus symbiosis, depend on the critical assumption that the
two lineages have been associated at least since the origin of the
wasp lineage that currently carries the viruses. This seems to be
the case, and given the known biology and mode of inheritance
of the viruses, it would be difficult to explain alternative routes
to the current association. Nevertheless, it should be kept in mind
that any data suggesting horizontal transmission of bracoviruses
at any point in the evolutionary history of the wasps might cast
doubt on these conclusions about age of the association.

The tight biological linkages we see today between wasp and
virus are among the most remarkable interspecific integrations
known in nature and have evolved into bewilderingly sophisti-
cated functional complexes. However, it should be kept in mind
that the association between bracoviruses and wasps, throughout
its history, may not have played the important role in wasp–
caterpillar interactions that it does today. Indeed, it is quite
possible that the tight biological linkages we see between wasp
and virus today were assembled over time from genes of both
wasp and viral origin, the principal role of the viruses being a
‘‘delivery system’’ of functional genes into host caterpillars.

I would especially like to thank Mike Sanderson for help with using his
program R8S, Mike Sanderson, Chris Simon, and John Huelsenbeck for
discussions of divergence times methods in general, and Donald Quicke
for information concerning the fossil Protorhyssalus. Sydney Cameron
and three anonymous reviewers also provided valuable comments on the
manuscript. This work was supported by National Science Foundation
Grant DEB 02-96147.
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