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Phylogenetic datasets and results.

Sawflies

Among the nematine sawflies (Tenthredinidae) are gall-inducing lineages associated with Salicaceae (Euurina), Ribes (Bacconematus), Vaccinium (Pristolina) and Prunus (Micronematus) [1]. Nyman et al. [2] inferred a well-supported phylogeny of the nematine sawlfies based on sequences of elongation factor-1 alpha (EF1α) and cytochrome oxidase subunit I (COI) (81 taxa; 1587 sites). They provided their concatenated alignment as supplemental material that we downloaded from the Systematic Entomology website. For the ML birth-death model fitting, we excluded all taxa outside the Nematinae (because of uncertainty about the extant diversity associated with those branches) and pruned all but one lineage per clade of known diversity (as in [3]). In most cases this translated to one species per genus but, in the case of the diverse but paraphyletic genus Nematus, all but one taxon was pruned from each of the monophyletic species groups inferred by Nyman et al. [2]. The resulting tree contained a single polytomy that was resolved arbitrarily by adding a zero-length branch using Mesquite v. 2.72 [4]. The pruned sawfly dataset contained 44 taxa and 1587 sites.

Acacia thrips

More than 200 species of thrips are known from Acacia in Australia [5], including at least one gall-inducing lineage. We concatenated alignments of Acacia thrips EF1α, wingless, COI and the mitochondrial ribosomal subunit 16S [5,6]. The intron in the EF1α fragment was removed. All but one lineage per genus were pruned for ML birth-death model fitting. Our ML analysis of divergence rate variation requires an input tree that accounts for all of the extant diversity of the target group. DNA sequence data were unavailable for the Acacia thrips genera Akainothrips (33 described species), Csirothrips (21 sp.), Katothrips (35 spp.), and Kellyia (13 spp.), all of which are ‘opportunistic’ thrips that shelter within the abandoned galls and domiciles of other Acacia thrips species [5]. Without these taxa represented, our inferences should be considered provisional. The dimensions of the pruned Acacia thrips dataset are 19 taxa by 1969 sites.

McLeish et al. [7,8] used phylogenetic analyses of DNA sequence data to argue that Kladothrips diversification was driven by the diversification of host Acacia species brought about by Quaternary aridification of Australia. They included 29 undescribed Kladothrips taxa in their analyses, but did not explicitly delimit species. Here, we count only described species.

Aphids

Approximately 400 described species of aphids induce galls [9]. We estimated relationships among 611 aphid species with GenBank sequences from EF1α, long-wavelength opsin, COI, cytochrome oxidase subunit 2 (COII), cytochrome b, NADH dehydrogenase 1, ATP synthase subunit 6, and mitochondrial ribosomal subunits 12S and 16S [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25, 26]. The estimated tree (Additional file 2) had low bootstrap support (BS) but in general the monophyly of morphologically-delimited groups was recovered.  Two of the larger gall-inducing clades (Adelgidae + Phylloxeridae; Pemphigini + Fordini) could not be used in our host-specificity and diversification rates analyses because each had a sister group that contained a mixture of galling and non-galling species. The recovered non-monophyly of the Ulmaceae-galling Eriosomatini was at odds with strong morphological evidence [27, 28]; therefore, no sister relationship involving part of the Eriosomatini was considered.  A sister relationship between the gall-inducing Cerataphidini and the non-galling Thelaxinae was used in our comparisons.

Scale insects

Cook and Gullan [29] used DNA sequence data (small nuclear ribosomal subunit 18S; EF1α; COI) to infer relationships among felt scales (Eriococcidae), the scale insect (Coccoidea) family with the highest number and proportion of gall-inducing species – approximately 100 / 500 of the described species. They recovered at least five origins of gall induction within the felt scales, with most of the species diversity in two clusters, (1) Apiomorpha, and (2) a clade comprised of Lachnodius, Opisthoscelis and several related genera. 

Morse & Normark [30] inferred relationships among armored scale (Diaspididae) species from DNA sequence data from the loci EF1α and large ribosomal subunit 28S. Anderson et al. [31] refined this estimate with data from additional taxa and loci (COI and COII, as well as 16S sequences from the armored scale primary endosymbiont Candidatus Uzinure diaspidicola). Anderson et al. recovered support for a sister relationship between the species Maskellia globosa and a group containing most of the Aspidiotini, non-pupillarial Parlatorini, Pseudaonidina, and possibly the Odonaspidini. The genus Maskellia contains two described species, M. globosa and M. nigra [32], both of which are known to induce galls on the stems of Eucalyptus.

Gall wasps

The parasitic wasp family Figitidae was inferred to be sister to the gall wasps (Cynipidae) by parsimony analysis of morphological data [33], but in model-based analyses of DNA sequence (28S; 18S; and COI) and morphological data the monophyly of the Figitidae was not recovered [34]. Additional figitid and cynipid DNA sequence data were downloaded from GenBank [35,36, numerous unpublished sequences] and combined with those sequences used by Buffington et al. [34] for their inferences. After pruning redundant species and removing ambiguous regions in the alignment with GBlocks, our combined alignment consisted of the same three loci used by Buffington et al. [34] for 204 species and 2100 sites. 

We failed to recover the monophyly of the Figitidae (Additional file 3), a result consistent with the model-based inferences of Buffington et al. [34] and the varying history of Figitidae classification [33]. The Cynipidae was monophyletic, with the exclusion of sequences labeled Eschatocerus acaciae, Diplolepsis rosae, Pediaspis aceris and Liebelia fukudae. The D. rosae and L. fukudae sequences were recovered without support as sister to a species of Mytopsen (Figitidae). The E. acaciae exemplar was sister to a species of Thoreauella (Figitidae) (low BS support, 41%). The P. aceris exemplar was sister to a clade containing E. acaciae, D. rosae, P. aceris, L. fukudae, and their sister groups, four Liopteridae species and a few additional figitids (Aspericera sp., Paraspicera sp., Plectocynips sp.)

In contrast to published phylogenies of the Cynipidae [33,36] the Synergini were inferred to be sister to the rest of the gall-wasps, although with only 47% BS support. Species in the Synergini are phytophagous inquilines capable of inducing the development of nutritive plant tissue inside galls of other cynipids [37]; thus, they are biologically more galler-like than non-gallers, and here we treat them as gallers. Five sequences attributed to gall-inducing species in the genera Cynipis, Neutoterus and Trigonaspis (Cynipini) were recovered as a clade deeply-nested within the Synergini. None of these sequences was included in a published study. Each of these genera was represented by additional species that were recovered within the Cynipini. Here, we assume that these sequences are from synergine inquilines mistakenly identified as the inducer of the gall from which they were collected. Because we have treated Synergini biology as gall-inducing, uncertainty associated with the relationship between the Synergini and other gall wasps should not bias our analyses.

The sister group of the Cynipidae was inferred (without BS support) to be a group of figitid taxa including exemplars from the subfamilies Anacharitinae, Aspicerinae, Charpinae, and Figitinae. We failed to recover monophyly for Aspicerinae; exemplars of the genera Callaspidia and Omalaspis were recovered within the Cynipidae sister group, but exemplars of Aspicera and Paraspicera were distantly related. Thus it is unclear what fraction of the known Aspicerinae species diversity (ca 100 species) should be allocated to the Cynipidae sister group. Given the non-directionality of our tests, and the knowledge that in this comparison the gall-inducing group contains 1369 species, the allocation that minimizes our chance of rejecting the null hypothesis is to allocate all of the un-sampled Aspicerinae diversity to the Cynipidae sister group.
Fig wasps

Relationships among the pollinating fig wasps (Agaonidae) and other chalcidoid taxa are unclear. To infer the sister group to the pollinating fig wasps, we analyzed an alignment of 444 chalcidoid 28S sequences [38,39,40,41,42,43,44,45,46, 47]. The matrix contained 500 sites after removing ambiguous region from the alignment with GBlocks. Family diversity estimates for the Chalcidoidea followed those given in the Universal Chalcidoidea Database (http://www.nhm.ac.uk/research-curation/research/projects/chalcidoids/), and FigWeb (http://www.figweb.org/). 

The monophyly of the pollinating fig wasps (Agaonidae) was recovered with strong support (BS=0.86) (Additional file 4). The non-pollinating fig wasp subfamily Otitesellinae (Pteromalidae) was inferred to be the sister group of the agaonids, although without BS support. Sister to this group was a group of exemplars of the Sycoryctinae (Pteromalidae), parasitoids of gall-wasps. Monophyly of the Sycoryctinae was not recovered, Sycoscapter was sister to the rest of the Sycoryctinae + the fig-gall wasps, but there was little for these relationships. 

Non-monophyly was recovered for several chalcidoid families: Aphelinidae, Eucharitidae, Myrmaridae, Perilampidae, Pteromalidae, Tetracampidae. 

Gall midges and gall flies

Although the gall midge (Cecidomyiidae) supertribes Cecidomyiidi and Lasiopteridi, each with about 2000 described species, contain the most diverse gall-inducing lineages known [48], little is known about relationships within these groups and there are too few data available to analyse them here. 

Gall fly (Tephritidae) relationships are also uncertain but a phylogeny of the subfamily Tephritinae based on 16S sequences [49] provided two comparisons: (1) Asteraceae-galling subtribe Eurostina sister to non-galling Asteraceae-feeding species in the subtribe Euaresta; and (2) Asteraceae-galling subtribe Oedapidina sister to species in the subtribe Tephrellini that develop on species of Acanthaceae, Lamiaceae and Verbenaceae. A few species classified within the Tephrellini have been reported to induce galls, although invariably these are singletons sister to non-galling species. Here we have treated the Tephrellini as non-galling.
Leaf-mining flies

The genus Hexomyza (Agromyzidae) is composed of fourteen described gall-inducing species. Scheffer et al. [50] used DNA sequence from COI, 28S, and the carbamoylphosphate synthase domain of CAD to estimate phylogenetic relationships among leaf-mining fly lineages. They recovered Ophiomyia + Tropicomyia as sister to Hexomyza. The sister group to Agromyzidae are Fergusoninidae [50]. Each of the approximately 20 species in the fly family Fergusoninidae is closely associated with nematodes that induce galls on myrtaceous hosts [51]. The diversity and host-specificity of fergusoninid flies were not compared to that of the leaf-mining flies because the latter group includes at least one gall-inducing lineage. 
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