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Abstract. We inferred the incidence of nucleotide evolved twice independently, once in the Orussoidea and
conversions in the COIl and 16S rRNA mitochondrial again in the Apocrita. The latter scenario is supported by
genes of members of the Symphyta and basal Apocritéthe observation that the evolution of parasitism was ac-
(Hymenoptera). Character-state reconstructions in botlkompanied by a tendency for the larvae to develop inside
genes suggested that conversions between A and T (Aplant tissues. Adaptations that accompanied the move-
transversions) occurred much more frequently than anynent of wasps into a confined, wood-boring habitat may
other type of change, although we cannot wholly dis-have preadapted them to becoming ectoparasitic.

count an underlying transition bias. Parsimony analysis

of COI nucleotide characters did not recover phylogeny;Key words: Transversion bias — Symphyta — Cyto-
e.g., neither the Tenthredinoidea nor Apocrita were rechrome oxidas | — 16S rRNA — Phylogeny — Para-
covered as monophyletic. However, analysis of COlsitism

amino acid characters did recover these relationships, as
well as others based on fossil and morphological evi-

dence. Analysis of 16S rRNA characters also recovereﬁmoduction

these relationships providing conversions between A an

T were down-weighted. Analysis of the combined dataParasitism has evolved independently within a number of

sets gave relatively strong support for various relat|on—insect orders, primarily in the wasps (Hymenoptera) and

ships, suggesting that both data sets supported similgy. . )
topographies. These data sets, both separately and coﬁﬁ—e s (Diptera), but also in the beetles (Coleoptera) and

. o several other orders. In the two main parasitic lineages
bined, suggested that the phytophagous Siricidae wer : . ) .
. . wasps and flies), there is strong phylogenetic evidence
more closely related to the predominantly parasitic Apo- - . g
) . : ; that endoparasitism evolved multiple times, probably
crita than were the ectoparasitic Orussoidea. This su

gests that the wasp parasitic lifestyle did not have %rom ectoparasitic ancestors (McAlpine 1989; Whitfield

. - o 6‘1992; Dowton and Austin 1994a). However, the origin of
single origin, unless the Siricidae have more recently

reverted to phvtopha Alternativel arasitism ectoparasitism (and hence parasitism per se) is not well
phytophagy. y. P understood. In the present study, we investigated the ori-

gin of ectoparasitism in the wasps—one of the largest
and most biologically diverse group of insects.

* Present AddressDepartment of Biology, The University of Wollon- The wasps are traditionally divided into the paraphy-
gong, Wollongong, N.S.W. 2500, Australia. The sequences reported ietic Symphyta (sawflies and woodwasps) and the mono-
tLrJ1|ls67pge;per are deposited in GenBank (accession numbers UlG?OﬁhyletiC Apocrita (flexible-waisted wasps) (Gauld and

Abbreviations: COI, cytochrome oxidase I; T-PTP, topology- Bolton 1988). Our recent molecular system_atic analysis
dependent permutation tail probability of the Hymenoptera recovered many apocritan relation-

Correspondence tayl. Dowton ships but was unable to recover symphytan relationships
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Table 1. Biologies of taxa for which sequence data were generated or obtained for the present study

Family Taxon Gene sequenced BiolGgy
Symphyta
Xyeloidea
Xyelidae Macroxyela ferruginegSay) Col Free-living, phytophagous
Tenthredinoidea
Pergidae Perga condeiBenson) COl, 1635 Free-living, phytophagous
Phylacteophaga froggat{Riek) COl, 1638 Leaf-mining, phytophagous
Tenthredinidae Undetermined 1%8S Free-living, phytophagous
Cephoidea
Cephidae Hartigia trimaculata(Say) COl, 168 Stem-boring, phytophagous
Siricoidea
Xiphydriidae Xiphydria mellipegHarris) COl Wood-boring, phytophagous
Siricidae Sirex noctilio(Fabricius) COl Wood-boring, phytophagous
Tremex columbdL.) 169 Wood-boring, phytophagous
Orussoidea
Orussidae Orussus terminaligNewman) COl, 163 Ectoparasitoid
Apocrita
Stephanoidea
Stephanidae Schlettererius cinctipegCresson) COl, 16S Ectoparasitoid
Trigonalyoidea
Trigonalidae Poecilogonalos costaliéCresson) COl, 16S Endoparasitoid
Orthogonalys pulchellfCresson) COl, 16S Endoparasitoid

2Data from Dowton and Austin (1994a)
b Data from Derr et al. (1992a,b)
¢ Biological information from Goule (1993).

(Dowton and Austin 1994a), presumably because théVhitfield et al. 1989; Whitfield 1992; Dowton and Aus-
gene fragment used (16S rRNA) was too variable for thigin 1994a; Heraty et al. 1994).

deeper level. The Symphyta are widely accepted as the

group from which all other wasps were derived

(Rasnitsyn 1980), while the Apocrita are more special{\aterials and Methods

ized and contain all the parasitic wasps apart from the

ectoparasitic Orussoidea. The phylogenetic position 0kequence GeneratioBequences were obtained either from the litera-
the Orussoidea relative to the Apocrita is therefore cru-ure or generated from the superfamilies that appear in Table 1. For the
cial in distinguishing between a single and multiple ori- COI gene fragment, genomic DNA was extracted and amplified (Dow-
gin of ectoparasitism. A single origin for ectoparasitismton and Austin 1994a) with the primers COI-RLR (Roehrdanz 1993)

h b . lied by th | t of the O id and COI-MD (B-ATTGCAAATACTGCACCTAT-3'). These primers
as been implied by the placement of the Urussoldea ag o5 1o nucleotides 2496-2515 (COI-RLR) and 2934-2953 (COI-

the sister group to the Apocrita (Gibson 1985; Johnsonyp) of the honeybee mitochondrial genome (Crozier and Crozier
1988; Whitfield et al. 1989), while multiple origins are 1993). The PCR product was thus 458 base pairs. Double-stranded
implied by the placement of the Orussoidea within thePCR products were directly sequenced (Dowton and Austin 1993,
Siricoideasensu Iato(K('jnigsmann 1977: Smith 1979: 1994b). Outgroup sequences were obtained from GenBank from the
Rashitsvn 1980) Even if the Orussoid;aa are remO\}e iptera [Drosophila melanogasteveigen (de Bruijn 1983)Phormia

y e - = . gina (Meigen) (accession no. L14946)ucilia illustris (Meigen)
from the Siricoidea, there is conflicting evidence as t0(accession no. L14945)], as was the Lepidopt&hdfistoneura ro-
whether the remaining Siricoideaghsu strictp are a  saceana(Harris) (accession no. L19099)]. Details of the 16S rRNA
natural (monophyletic) group (Whitfield et al. 1989) or sequence generation appear in Dowton and Austin (1994a).
are paraphyletic (Gibson 1985; Heraty et al. 1994). The
lack of consensus between these studies may be due to Analysis.The fragment of the COI gene from all species studied
their reliance on relatively few anatomical structures andvas of the same length; alignment was therefore straightforward.
to the difficulty in distinguishing between informative Nucleotides homologous to positions 2532-2915 of the honeybee mi-

. . . tochondrial genome (Crozier and Crozier 1993) were translated before
and noninformative characters (Gibson 1985, 1993). W%hylogenetic analysis by maximum (protein) parsimony using PAUP

therefore examined this phylogeny using molecular Seversion 3.1.1 (Swofford 1993). The number of informative characters

guence data from the highly conserved COIl and 16Svas 44. Parsimony analysis employed a step-matrix that calculated the
rRNA genes (Simon 1991; Simon et al. 1994). We am-minimum number of substitutions needed to convert one amino acid to
plified and sequenced a fragment of these genes frorﬁnother, using th®rosophilamitochondrial code. Silent substitutions

those wasps that previous studies have indicated aré: - thus ignored.
P p For the 16S rRNA gene fragment, sequences were aligned based on

closely related to the Orussoidea “fg@smann 1977; ihe secondary-structure model of tBeosophila yakubal6S rRNA
Rasnitsyn 1980, 1988; Gibson 1985; Johnson 1988gene (Clary and Wolstenholme 1985), as outlined previously (Dowton
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Fig. 1. Strict consensus of the four shortest trees after protein parsistrap values are indicated above the branch, while nodes supported by
mony analysis of a fragment of the COI gene (128 amino acids) fromthe T-PTP test at the< 0.01 (**) level are indicated below the branch.
various Hymenoptera. Four most parsimonious trees of 178 steps werEhe majority-rule tree of the most and near-most parsimonious trees
found using the branch-and-bound algorithm. These differed only in thg194 trees within 1% of the most parsimonious trees (Smith 1989)] also
relationships between the dipteran outgroups and between the basgielded a topology congruent with that shown. The shortest tree that
Hymenoptera (Xyeloidea and Tenthredinoidea). Taxa close to theplaced the Orussoidea as the sister group to the Apocrita was five steps
Orussoidea were placed identically in each of the shortest trees. Bodonger than the tree shown (see Table 2).

and Austin 1994a). One region, equivalent to nucleotides 910-965 ofy |evel of identity of 70—91% between 280 and 90 Myr
the fruitfly gene, was excluded due to its excessively high AT contentago respectively (Simon et al. 1994). As such, it should

(as much as 98% for some taxa). The number of informative character% iate for th t stud th itic H
was 215. Uninformative characters were not included in the analysis. A € appropriate Tor the present study, as the parasiiic Ry-

tree-length distribution of 100,000 randomly sampled trees was leffN€noptera first appeared in the fossil record during the
skewed ¢, = -1.29), indicating that the data contained significant early Jurassic (130—-160 Myr ago: Rasnitsyn 1980). We
phylogenetic informationd < 0.01 (Hillis and Huelsenbeck 1992)]. found that the COI gene was highly conserved in the

Parsimony analysis employed a step-matrix that weighed conversion . . . .
between A and T as one step, with all other conversions given aweigthmenOptera’ of the 128 amino acid positions sampled,

of four (due to the approximately fourfold higher incidence of conver- Only 56_Were Va”able: )
sions between A and T). COI and 16S rRNA characters were analyzed Parsimony analysis of COIl nucleotide characters

both separately and combined. For the combined analysis, informativ¢first, second, and third positions analyzed separately, or
characters in both gene regions were placed into a single data matri)h” positions analyzed) did not recover phylogeny gener-

Character-state changes were weighted as described above, accordinﬂ ted f f i d holoaical id .
to the gene region from which the informative characters came. TheAllY accepted from fossil and morphological evidence,

degree of support for various nodes was assessed by the bootstr& ., the Xyeloidea and Tenthredinoidea: Pergidae should
(Felsenstein 1985) and T-PTP (Topology-dependent Permutation Tabe among the most basal of the Symphyta (Rasnitsyn
Probability) (Faith 1991) tests. For these tests, 100 randomized o980, 1988). Recovery of relatively deep phylogenetic

resampled data sets were assessed using the following search optios; oo | sing nucleotide sequences may be confounded
heuristic search, taxa added using the “closest” option, ten trees hel

at each step, and “steepest descent” option in effect. However, for th?y the disparate evolutionary rates of synonymous and
bootstrap analysis of the combined data set, the branch-and-boundonsynonymous sites, particularly in the presence of
algorithm was used to ensure that the shortest tree was found in each gompositional bias (Loomis and Smith 1990), which is
the bootstrap replicates. A comparison of these two search strategies cmgh in this gene fragment (Dowton and Austin 1995)'

the combined data set revealed that bootstrap proportions were slight% . id f din th diti
higher (1-2%) with the branch-and-bound strategy. For the T-PTP test; mino acld sequences are preierred In these conaiions

outgroup sequences were not randomized. In this test, the decay inddk-00mis and Smith 1990). Parsimony analysis of COI
(Bremer 1988) for each node is determined in the actual and each of thamino acid characters recovered the Xyeloidea and Per-

La”d""_“zded _da“’l‘j SEts-dFF’rtﬁaCh ”;F"é_s ”;edpif’p‘”ttiot”h Otf‘“mes "I"t gidae:Tenthredinoidea as the most basal of the lineages
e et ot fhcluded, as well as the nested pattern of reationships
among the Symphyta (i.e., paraphyly; Fig. 1) that have
been postulated from anatomical studies (Rasnitsyn
Results and Discussion 1980, 1988; Gibson 1985; Johnson 1988; Whitfield et al.
1989; Heraty et al. 1994). These results similarly sug-
gested that COI amino acid sequences were most appro-
priate for parsimony analysis for the evolutionary time-
The COI gene is the most highly conserved mitochon-frame assessed in the present study. Of the remaining
drial protein-coding gene (Simon et al. 1994). It exhibits sawflies, the Cephoidea were placed as least related to

Analysis of the COl Gene Fragment
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Table 2. Bootstrap support and the shortest trees for various hypotheses concerning the closest relative to th& Apocrita

Shortest tree Bootstrap support
Closest relative
to the Apocrita Col 16S COI/16S Col 16S COIl/16S
Siricidae 178 1,220 1,269 46 34 72
Orussoidea 183 1,251 1,306 1 0 0
Xiphydriidae 181 ND ND 0 ND ND
Cephoidea 179 1,238 1,288 9 0 5

2 Informative characters were independently resampled, with replacement [bootstrapping (Felsenstein 1985)] prior to parsimony analysis (Swoff
1993). ND: not determined

the Apocrita, in agreement with certain anatomical studpower of such analyses (Hillis et al. 1994). For example,
ies (Gibson 1985; Johnson 1988; Rasnitsyn 1988; Whittransversions are often given higher weight because they
field et al. 1989; Heraty et al. 1994). The Siricoidea occur less frequently than transitions; analysis is thereby
sensu latdincludes Siricidae, Xiphydriidae, Orussoidea) restricted to the more slowly evolving positions of the
were found to be an unnatural group (i.e., paraphyletic)gene fragment. Measurement of the observed character-
as has been previously suggested (Gibson 1985). Thistate changes in the hymenopteran 16S rRNA gene
analysis placed Siricida&irexas the most basal of the (Table 3), indicated that such weighting was inappropri-
Symphyta, not the Orussoidea. Surprisingly, Lepidop-ate in this instance, as transitions occurred less frequently
tera: Choristoneurafell inside the Hymenoptera, than transversions. Instead, conversions between A and
whereas we expected it to fall outside the Hymenopterar were observed much more frequently than any other
with the Diptera. Although this disrupts the Panorpida,character-state change (on average, four times more fre-
the result could reflect that this taxon is more closelyquent|y than any other type of change). This result did
related to the Hymenoptera than are the Diptera. Furtheiot appear to be an artefact of assessing relatively remote
the sister relationship between Xyeloideddacroxyela  taxa Analysis of the most closely related clade of taxa
and LepidopteraChoristoneurafailed the T-PTP teSt.  (the Tenthredinoidea) indicated that AT transversions
The observation that even randomized data tended tg.cyrred six times more frequently than any other
support this relationship indicates that this node shouldpange. Similarly, AT transversions occurred five times
be collapsed. This leads to a polytomy between the Mosf,,e frequently than any other change in the COI gene.

basal hymenopteran and a member of the Lepidoptergs ey 4 |ack of transition bias was also observed in the
with the relationships of the Panorpida and Hymenopteref:)rotein_Coding genes of the mitochondrial genome of

unresolved. : : . .
- . Apis when compared with that dbrosophila (Crozier
Although the T-PTP test indicated that the Varous ng crozier 1993). These authors similarly suggested

. That changes between A and T are most frequent in the
of the data, bootstrap proportions were generally low,

. : : .~ "hymenopteran mitochondrial genome.
(Fig. 1), a likely result of the low number of informative o : i
characters used in the analysis (Hillis et al. 1994). Tabl%eIt has been argued that transitions universally outnum

S . . r transversions, even when transversion bias is indi-
2 indicates the relative evidence for alternate hypothesesé.ated_ assessment of more closelv related species should
Although the bootstrap supported Siricid&exas the ' y P

sister to the Apocrita five times more than any Otherreveal transition bias (Simon et al. 1994). Our evidence

hypothesis, only one additional step was needed to CO|f_0r AT-transversion bias, even within the Tenthredinoi-

lapse the Siricidae + Apocrita node to a polytomy in_dea, cannot disregard this contention. Even if an under-

cluding CephoideaHartigia. Clearly, additional data lying transition bias operfates in these mltqchondrlal
LS . genes of the Hymenoptera: Symphyta, our evidence sug-

were necessary to discriminate between these vario . .

hypotheses gests that one particular type of transversion has pre-

dominated during the evolution of this group, a likely
reflection of the high AT content of this genome. As
Evidence for AT-Transversion Bias such, down-weighting these mutations should have the
same effect as down-weighting transitions when assess-
Our previous analysis of a broad range of hymenopteraing more recently diverged lineages; i.e., the analysis
16S rRNA sequences did not resolve symphytan relawill be restricted to the more slowly evolving positions
tionships (Dowton and Austin 1994a), presumably be-of the gene fragment, extending the time frame for which
cause the gene is too variable for this evolutionary timethe gene can recover phylogeny. Our finding that the
frame. However, differential weighting of character-statedown-weighted 16S rRNA parsimony analysis recovered
changes (according to their empirically determined fre-a phylogeny very similar to a distinct data set in which
guency of occurrence) greatly increases the resolving\T-transversion bias was not presumed (see below) sup-
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Table 3. Number of nucleotide substitutions observed after parsi—Although bootstrap proportions were generally lower
mony analysis (Swofford 1993) of a 16S rRNA gene fragriient than for the COI analysis, no support was found for
alternate hypotheses with this test, while 18 more steps
were necessary to disrupt the sister relationship between
From A G C T Siricidae: Tremexand the Apocrita. Although evidence
from this analysis was more discriminating than the COI

To

A — 51.3 73.6 136.0 . .
G 28.2 - 48 300 analysis, the absolute bootstrap proportions were too low
c 61.6 4.8 _ 19.7 to constitute strong support. Evidence from simulation

T 156.5 58.1 30.3 — studies indicates that the bootstrap is a conservative es-

T . . _ timate of phylogenetic confidence limits (Zharkikh and
Details of the analysis appear in Dowton and Austin (1994a). The%i 1992: Hills and Bull 1993)’ with bootstrap proportions

present analysis was restricted to those wasps that appear in Fig. 2. o . - .
Values were calculated from the average of all equally parsimoniousOf =70% correspondlng toa pmbab'“ty that a part'CUIar

character-state reconstructions (Maddison and Maddison 1992)¢lade is real o= 95% (Hillis and Bull 1993).
Changes between A and T occurred, on average, four times more
frequently than any other change

Combined Analysis of the 16S rRNA and COI
Gene Fragments
ports our contention that down-weighting transversions
between A and T is appropriate in this instance. We subsequently assessed phylogenetic relationships in
the Symphyta/basal Apocrita after combining the COI
. and 16S rRNA data sets. We did not assess the relation-
Analysis of the 16S rRNA Gene Fragment ships of Xyeloidea and Xiphydriidae in the combined

We subsequently analyzed symphytan/basal apocrita%nalyS's as sequence data were not available for both

relationships using the 16S rRNA gene fragment with9ene regions. The combined analysis was identical to the

changes between A and T weighted as a single step a sdaparate 16S rRNA gene analysis .(F|g. 3). However,
rl)footstrap proportions were much higher for the com-

all other changes weighted as four steps. Such a model Yined analysis (Table 2), probably due to the addition of

analysis, in the presence of compositional bias, has beelrr111°ormative characters that supported a similar topogra-
recently suggested (Collins et al. 1994). Whereas un- PP hog

weighted parsimony did not resolve certain well- phy. This analysis again suggested that the Siricidae, not

accepted relationships within the Symphyta (Fig. 2, Ieftf{he O_russmdga, were the sister group FO the Apocrita,
ferring multiple origins of parasitism in the wasps.

panel, e.g., the Apocrita should be monophyletic anc{r)

more recently diverged than any of the Symphyta, and ery “ttl.e. su;.)port was found for a monophyletic origin
of parasitism; Orussoide@russusvas not recovered as

ths;iﬁgmrz(:]m%'f t?]i i?k?grlﬂntt:l rggr;%?cglee“dc) ?Eg (;];c\:ﬁ_he sister to the Apocrita in any of the bootstrap resam-
y 9 yea), led data matrices, and 37 additional steps were required

weighted analysis placed these lineages appropriatel ; : .
(Fig. 2, right panel). Most importantly, Stephanidae: 0 make Orussoide®russusthe sister to the Apocrita.

Schlettereriusvas resolved within the Apocrita (making
the Apocrita monophyletic), while a member of the Ten- |mplications for the Evolution of Ectoparasitism
thredinidae was resolved as the sister to the Pergidae,
making the Tenthredinoidea monophyletic. We suggesWithin the Hymenoptera, the Apocrita contain all the
that the down-weighting of conversions between A and Tparasitic wasps apart from the ectoparasitic Orussoidea.
may generally increase resolution when analyzing highThe phylogenetic placement of the Orussoidea therefore
AT-content genes by parsimony. distinguishes between a single and multiple origins of
The pattern of relationships recovered by the down-parasitism in the wasps. In the present study, parsimony
weighted 16S rRNA analysis was similar to the COl analyses of COI and 16S rRNA sequences, both sepa-
analysis and was identical to those recovered by the conrately and combined, suggested that the Siricidae were
bined analysis (see below). The Tenthredinoidea werenore closely related to the Apocrita than the Orussoidea.
recovered as the most basal symphytan group included;his phylogenetic arrangement allows one to infer that
while Siricidae:Sirexwas recovered as the sister to the the ectoparasitic lifestyle did not have a single origin, in
Apocrita. Further, the pattern of relationships recoveredlisagreement with certain other studies. The validity of
was identical when conversions between A and T werghe few anatomical characters that have been identified
down-weighted across a broad range (four to ten timeas synapomorphic for an Orussoidea + Apocrita relation-
all other conversions). ship relies on the accurate deduction of the groundplan
Similar to the COI analysis, bootstrap proportions for structure of those characters (Gibson 1993). This in turn
the various relationships were generally low (Table 2),relies on the identification of the sister group to the Hy-
perhaps due to the relatively few informative charactersmenoptera, a relationship that is still extremely unclear
Evidence for alternate hypotheses appears in Table 3jiven the isolated nature of the Hymenoptera relative to
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Fig. 2. Alternate phylogenies of the Symphyta/basal Apocrita basedlacteophaga;Tenthredinidae) nor the Apocrit&¢hlettererius, Poecil-

on analysis of a 16S rRNA gene fragment (Left) with all state changesogonalos, Orthogonalysvere recovered as monophyletic, whereas in
weighted equally, and (Right) with changes between A and T down-(the right panel) both natural groups were recovered. Further, in (the
weighted fourfold relative to all other changes. A single most parsi-right panel) the Tenthredinoidea fall out as the most basal of the in-
monious tree was found with both data sets using the branch-and-bounduded Symphyta, while the Apocrita were the most recently diverged
algorithm. In (the left panel) neither the Tenthredinoidear@a, Phy- lineage, in accord with morphological and fossil evidence.

other endopterygote and panorpid orders (Kristensen Assuming the Siricidae are the sister group to the
1991). This limitation applies to both morphological and Apocrita, two equally parsimonious descriptions for the
molecular studies and stresses the need for further invegvolution of parasitism are possible. The first hypothesis
tigation of higher phylogenetic relationships. maintains a single origin of parasitism (in the common
Our discrimination between these two alternate hy-ancestor of the Orussoidea + Siricidae + Apocrita), with
potheses relies on single exemplars from both the Siria reversion to phytophagy in the Siricidae. Although it
cidae and Orussoidea, and must be considered as preray seem implausible that a highly specialized parasitic
liminary evidence only. Since it is, we do not proposelineage should revert to phytophagy, there are a number
taxonomic revision of the Symphyta. Nevertheless, theof lineages within the Apocrita that have discarded para-
only way to maintain the Orussoidea as sister group obitism to adopt specialized forms of phytophagy (e.g.,
the Apocrita in our analyses is to argue that the two gendees, seed wasps, gall wasps). The second hypothesis
fragments have convergently evolved in the Apocrita anccontends that parasitism had two independent origins,
two members of the Siricidaes{rexand Treme). Fur-  once in the Orussoidea and again in the Apocrita. Sup-
ther, evidence from analysis of both COI and 16S rRNAport for this hypothesis comes from the observation that
genes separately and combined indicated that the modelke evolution of the Apocrita from their symphytan an-
of analysis employed were appropriate; most well-cestors was accompanied by a tendency for the larvae to
accepted relationships were recovered. The only relationdevelop in relatively confined situations, such as within
ships that were questionable were the apparent sister réhe stems of soft plant tissues and within woody tissues
lationships between Lepidopter&horistoneuraand (Gibson 1985). The closest relatives (Xiphydriidae and
Hymenoptera: XyeloideaMacroxyela (COIl analysis) Siricidae) of these two ectoparasitic lineages share a
and between Cephoidé#artigia and Orussoide@rus-  number of anatomical structures related to their wood-
sus(16S rRNA and combined gene analyses). Howeverboring habitat (Benson 1955). Thus adaptations that ac-
bootstrap support for the latter relationship was clearlycompanied the movement of wasps into a confined,
lower than for any other relationship, while both rela- wood-boring habitat may have preadapted them to be-
tionships failed the T-PTP test. The observation that raneoming ectoparasitic. Given that anatomical (reviewed in
domized data tended to support these relationships indWhitfield 1992), biological (Whitfield 1992), and mo-
cates that these nodes are indeed questionable and sholgdular (Dowton and Austin 1994a) data confirm that
be collapsed. endoparasitism in the wasps had multiple origins, it is



404

Drosophila — honeybeeApis mellifera:complete sequence and genome organi-
Diptera zation. Genetics 133:97-117

Aedes — de Bruijn MHL (1983) Drosophila melanogaster mitochondrial DNA,
a novel organization and genetic code. Nature 304:234-241

Perga - Derr JN, Davis SK, Woolley JB, Wharton RA (1992a) Variation and

:I Tenthredinoidea the phylogenetic utility of the large ribosomal subunit of mitochon-
Phylacteophaga drial DNA from the insect order Hymenoptera. Mol Phylogenet
) ) Evol 1:136-147
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based on combined COI and 16S rRNA data sets. A single most parpqyton M, Austin AD (1995) Increased genetic diversity in mitochon-
simonious tree was found, using the branch-and-bound algorithm 5| genes is correlated with the evolution of parasitism in the
(1,269 steps). Bootstrap values are indicated above the branch, while Hymenoptera. J Mol Evol 41:958-965
_”O‘?es supported by the T-PTP test at fhec 0.01 (*7) level are Faith DP (1991) Cladistic permutation tests for monophyly and non-
indicated below the branch. Only one other tree was found within 1% .

) . . monophyly. Syst Zool 40:366-375

of the most parsimonious tree. This tree (1,276 steps) had a topolog
identical to that depicted in Fig. 1 for the taxa included, itartigia
and Orussuswere paraphyletic rather than sister groups. The shortest
tree that placed the Orussoidea as the sister group to the Apocrita Wa(é
37 steps longer than the tree shown (see TabléByrmiaindicates
that this composite outgroup taxon consistedPtformia COI with
Aedesl6S rRNA sequence, due to the unavailability of a second dip-
teran outgroup in which both gene regions have been sequenced. Simi- used for the structures. Can Ent 117:1395-1443
larly, Sirex/Tremexconsisted ofSirex COIl with Tremex16S rRNA  Gibson GAP (1993) Groundplan structure and homology of the pleuron

sequence; both are from the family Siricidae (see Table 1). in Hymenoptera based on a comparison of the skeletomusculature
of Xyelidae (Hymenoptera) and Raphidiidae (Neuroptera). Mem

Soc Can 165:165-187

perhaps less surprising that ectoparasitism might havguouletH (1993) Superfamilies Cephoidea, Megalodontoidea, Orussoi-

multiole origins. The transition from an ectoparasitic to dea, Siricoidea, Tenthredinoidea, and Xyeloidea. In: Goulet H,
p gins. p Huber JT (eds) Hymenoptera of the world: an identification guide

an endOPar?SitiC lifestyle is an Order' Of' magnitude more g families. Research Branch, Agriculture Canada, Ottawa, Canada,
complex, given that the endoparasitoid must not only pp 101-114
deal with the behavioral defences of its host but alscHeraty JM, Woolley JB, Darling DC (1994) Phylogenetic implications

avoid the host’s immune response (Whitfield 1992). of the mesofurca and mesopostnotum in Hymenoptera. J Hymenop
Res 3:241-277

Hillis DM, Bull JJ (1993) An empirical test of bootstrapping as a
method for assessing confidence in phylogenetic analysis. Syst Biol
42:182-192

Orthogonalys

}éelsenstein J (1985) Confidence intervals on phylogenies: an approach
using the bootstrap. Evolution 39:783—-791
auld ID, Bolton B (eds) (1988) The Hymenoptera. Oxford University
Press, Oxford
Gibson GAP (1985) Some pro- and mesothoracic structures important
for phylogenetic analysis of Hymenoptera, with a review of terms
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